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Chapter 1

Introduction

The crucial concepts pertaining to the physics of ABOs-type oxides are de-
scribed briefly. A critical evaluation of the existing literature on the CMR

manganites is followed by the aim and scope of the thesis.

1.1 Introduction

The understanding of the complex behaviour of transition-metal oxides (i.e.,
manganites, cobaltates, cuprates, nicklets, etc.) and related compounds
has proved to be a daunting task due to degeneracy of the d-orbitals and
the strong interactions between electrons. There has been enormous in-
terest in the study of mixed-valence manganites and of strongly corre-
lated electron systems, in general, because they show i) an unexpectedly
large magneto-transport, ii) rich phase-diagram, and iii) intrinsic inhomo-
geneities (nanoscale phase separated states), which are thought to be the
consequences of the coexistence and competition between different kinds of

order involving charge, orbital, lattice and spin degrees of freedom. The



tunability of the properties can be achieved by varying ionic sizes, chemical
composition, etc., i.e., small changes in them can bring about large changes
in material properties. Magneto-resistance (MR) is defined as the relative

change in the resistivity of material produced on the application of magnetic

field.
MR = Ap/p(0) = (p(H) — p(0))/p(0) (L1)

where p(H) and p(0) are resistivities in the presence and absence of mag-
netic field at a given temperature, respectively. MR can be positive or
negative. In non-magnetic pure metals and alloys, it is positive, showing
quadratic dependence on H. MR can be negative in magnetic materials and
highly resistive alloys due to the suppression of spin disorder and quantum
mechanical interference by field, H. The large/giant magneto resistance
(GMR) was first observed in magnetic superlattices [1] and magnetic semi-
conductors [2]. GMR is a result of reduction of extra resistance due to
scattering of electrons by non-aligned ferromagnetic (FM) components in
zero field. The negative colossal magneto resistance (CMR) [3-8] was dis-
covered in rare earth manganates with pervoskite structure whose order of
magnitude was many fold greater. The basic question-why CMR actually
occurs has not yet been settled although basic ingredients (like double ex-
change, lattice distortion, magnetic localization, etc.,) leading to CMR have

been identified.

1.2 Crystal Structure

The crystal structure of ideal TMnOs (ABOs3) is pervoskite structure as

shown in figure 1.1. The mixed-valence manganites can be considered as



the solid solutions between the end members such as TMnQOs and DMnQOs
where T stands for a trivalent rare earth (La, Pr, Nd, Sm, Fu, Gd, Ho,
Tb, etc.,) element and D denotes the divalent alkaline earth (Sr, Ca, Ba,
etc.,) element, with formal valence states, T3 Mn** 03~ and D** Mn**t 03,
resulting in (7% D>T)(Mn3" Mn2t)O3~. The nominal electronic config-
uration of Mn3* and Mn*t is 3d* and 3d®, respectively. Each of the end
member (z = 0 and z = 1) is an insulating antiferromagnet, but mostly a
metallic ferromagnet for compositions around = = 0.3. Thus, depending on
the values of z, the mixed valence manganites crystallize in various slightly
distorted forms of ABOj3 pervoskite structure. Chemically, the system can
be characterized by a wide range of cations occupying A site, which can
be set as body center or cube corner. In general, the structure can be
considered as a cubic closed packed array formed of O?~ anions, large A
(T3, D*") cations and small B (Mn*" or Mn3") cations. Manganese,
smallest of the ions involved, is the one that is electrically and magnetically
important while the other elements merely play a role in determining the

precise crystal structure and charge density on the Mn site. The important
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Figure 1.1: Schematic view of the ABOs pervoskite structure



geometrical quantity related to the ionic radius of the ion at A site, < r >,
and thus to the crystal structure due to ion mismatch on A site, is the
Goldschmidt tolerance factor I" [9]:

_Tra+To
V2(rp + o)

where, r; (i = A, B, O) represents average ionic radius of each element. I'

(1.2)

is unity for ideally sized ions. However, for mixed-valence manganites, I' is
a density-weighted average of individual tolerance factors. If the A ions are
too small to fill the space in the cube centers then oxygen tends to move
towards center reducing the distance between A site and the nearest oxygen
and also the Mn—O—Mn bond angle (< 180°). As a consequence, tolerance
factor (I' < 1) decreases resulting in the increase of charge localization due
to reduced carrier mobility. When I' # 1, pervoskite structure adjusts the
misfit in ionic sizes and electronically induced deformations by various kinds
of distortions arising from cooperative rotation of BOg octahedra besides
the Jahn-Teller effect, due to Mn3" ion, which distorts MnOg octahedra in
such a way that there are long and short Mn — O bonds.

1.3 Electronic Structure

The electronic structure of transition-metal oxides is usually dictated by
the competition between several interactions comparable in magnitude, all
of the order of 1 eV.

i) The Mott-Hubbard interaction Uy, which is cost of creating a d"*1d"*
charge excitation in an array of d" ions.

ii) The charge transfer interaction U,4, which is the energy cost of trans-

5dn+1

ferring oxygen p electron to neighbouring d ion to create a p charge



excitation from the p®d", parent configuration.

iii) The transfer integral ¢ resulting in the d-electron bandwidth W = 27t.
iv) The Hunds onsite exchange interaction U,, (= 2Jy), the energy required
to flip a d-electron spin.

v) The crystal field A.; and Jahn-Teller §,7 interactions.

Besides the classical Bloch-Wilson insulator, where Fermi-level falls within
the gap in the one-electron density of states (DOS), transition-metal oxides
may be Mott-Hubbard insulators (Uzgy > W) or Charge-transfer insulators
(Upa > W) depending on the electron correlation [10,11]. Most of the oxides
of early 3d metals are Mott-Hubbard insulators while many oxides of late
3d metals are Charge-transfer insulators. At the end of the 3d series, the
charge-insulator gap goes to zero and oxides then become metallic. In the

middle of series where Uy ~ U,q, the nature of the gap is not clear.

1.3.1 Crystalline Electric Field

Ionic model is employed to study the electronic structure of manganese
ions occupying B site coordinated by an octahedron of oxygen neighbours,
assuming that there is an integer number of d electrons per site. The inter-
electronic correlations which give rise to Hund rules for the free ion are
weakly perturbed by the crystalline electrostatic field (CEF). Crude calcula-
tions have been performed using the wavefunction ¥ = R(7) (n—3,=2)Y5" (6, ¢)
(for m = £2,+1,0) with the assumption that wavefunctions of the active
electrons (partially filled shells) are not dramatically distorted by the crys-
tal environment and electrons are in fairly localized state centered at their
ions even in a crystal. As a consequence of these calculations, the five d

orbitals, each of which can accommodate one electron per spin, are split



into triplet to, (d.)- duy,dy.,d,, orbitals, which have their lobes oriented
between the oxygen neighbours and doublet e, (d,)-d,2_,2, ds,2_,2 orbitals,
which are directed towards oxygen neighbours. The ?, orbital has a lower
energy because of electrostatic repulsion of electrons on neighbouring sites
and the crystal field splitting, A.s, is of the order of 1.5 eV. The diva-
lent ion Mn®" has a very stable 3d° (f3¢2") configuration with S = 5/2
and a spherically symmetric electron density. Trivalent manganese ion has
3d* (t‘;’geg) electrons with S = 2, whereas quadravalent manganese ion has

3d3(t§g) electrons with S = 3/2. The spin-only magnetic moments of these

ions are Sup, 4up and 3up, respectively.

1.3.2 Jahn-Teller Effect

As already mentioned, in cubic symmetry, the splitting due to CEF leads
to an e, doublet and a ?y, triplet. The remaining symmetry is usually
broken by the lattice distortion. The ligand ions surrounding the transition
metal ion under consideration (say, Oxygen around Manganese) slightly
readjust their locations, creating an asymmetry between different directions
that effectively removes the degeneracy. This lifting of degeneracy due to
the orbital-lattice interaction is called Jahn-Teller effect (JTE). In other
words, the distortion of Oxygen octahedron lowers the symmetry of the
cubic crystal field in such a way that the centre of gravities of ¢y, and e, are
unchanged and hence has no effect on Mn?* and Mn*" but Mn3" tends
to lower its energy in proportion to the distortion spontaneously because
the energy penality of the lattice distortion grows as the square of that
distortion. For example, the tetragonal elongation of octahedron stabilizes

ds.2_,2 orbital relative to d,2_,2 as shown in figure 1.2. A.¢ decreases with



increase in Mn — O distance and has the values of 2.5 eV, 1.8 eV and 1.0
eV for Mn*t, Mn®** and Mn?*" in oxides, respectively. The Jahn-Teller
splitting of e, levels is in the range of 26,7 =0.5 - 1.5 eV in various Mn**
minerals [12]. The Jahn-Teller distortions can be static (for small z) or
dynamic, namely a given ion is not frozen in one distorted configuration but
evolves among several configurations as a function of time. The static JTE is
the distortion of orbitally degenerate configuration to achieve a lower energy,
observed in O’ orhorhombic structure (e.g., low x in Fig.1.8), whereas the
dynamic one is the hopping of the distortion from one orientation to the
other. If there are large number of JTE cations, JTE can be cooperative and
long-ranged and therefore can result in measurable changes in the crystalline
symmetry. There are six normal modes of JT distortion (Q1, Q2, Q3,
Q4, Q5 and Q6) of the oxygen atom cage containing the transition-metal
(Mn) ion of which only Q2 and Q3 change Mn — O distance, Mn — O —
Mn bond angle and lift the e, orbital degeneracy as well. The Q2 mode
is the orthorhombic distortion where opposing Mn-O bond lengths in the
plane become longer and the other two become shorter so that E(d,z_,2) <
E(d3.2_,2) while the Q3 mode is the tetragonal distortion, as displayed in
figure 1.2, where the in-plane Mn-O bond lengths become shorter (or longer)
and bond lengths for the apical oxygens become longer (or shorter) resulting

in E(dﬁ,yz) > E(d3z2,r2).

1.3.3 Charge ordering

Charge Ordering (CO or Wigner crystallization), is driven by interatomic
coulomb interactions. If the interelectronic coulomb interactions become

comparable to conduction bandwidth, W, mobile d electrons get localized



free ion cubic tetragonal orbitals

Figure 1.2: Splitting of the energy levels of the d-orbitals of a Mn3T-ion due to
the cubic crystalline electric field and the Jahn-Teller effect.

on certain manganese ions resulting in a regular lattice for particular oc-
cupancies of d band [13]. The effect is accentuated by small displacements
of oxygen atoms to accommodate the ordered cation lattice. CO is most
likely to occur when x is a fraction (1/8,1/2,3/4, etc.,) and the tempera-
ture is low. The extra fourth d electron may then be localized on alternate

manganese sites in a plane, as shown in figure 1.3(a).

1.3.4 Orbital ordering

The carriers in mixed-valence manganites may strongly couple with local

lattice distortions [14]. Orbital Ordering can occur at certain carrier con-



Figure 1.3: (a) Charge ordering of Mn3t and Mn*t in a mized crystal with
x = 0.5. (b) Orbital ordering of the ds,2_,> orbitals of Mn3* when x = 0. (c)
Combined charge and orbital ordering when x = 0.5.

centration x, when d electron occupies an asymmetric orbital, as shown in
figure 1.3(b). The driving force is partly direct electrostatic repulsion of
the charge clouds, but coupled Jahn-Teller distortions of adjacent octahe-
dra stabilize the effect. The figure 1.3(c) shows coupled charge and orbital
ordering for z = 1/2. The CO/OO phenomena tend to be most stabilized
when the band filling coincides with a rational number for the periodicity

of the crystal lattice.
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1.4 Indirect exchange interactions

it yi)ystly
@@

Figure 1.4: Schematic magnetic unit cell configurations in manganites.

(&)
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First paper on pervoskite manganites was published in 1950 by Jonker
and van Santen [15] where the results for polycrystalline LaMnO3 with sub-
stitution on La by Ca, Sr, Ba were reported. In 1955, Wollan and Koehler
[16] characterized the magnetic structure of (La;_,Ca,)MnOs3 in the en-
tire range of composition using neutron diffraction technique and arrived
at different possible magnetic structure configurations that are schemati-
cally depicted in Fig. 1.4. Interest in the study of mixed valence man-
ganites dramatically accelerated in 1990 due to the large MR observed in
(Ndo.5Pbos5)MnOs [17], in the films of (Lay/sBayj3) MnOs [3], (Lai—,Cay) MnOs
[4] and (Laj_,Sr,)MnOs [18]. Optimized films of (Lag7Cag33)MnOs,
showed remarkable MR effects near 7. (which coincides with metal-insulator

transition) termed ‘colossal magneto-resistance by Jin et al [19]. Since then
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the field of manganites is evolving at a rapid pace.
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Figure 1.5: Predicted saturation magnetization Mg, and semiempirical phase
diagram for the system LCMO according to Goodenough [24] based on covalent
bond and semicovalent-exchange model.

Though study of La;_,.Ca, MnO3; manganites dates back to 1950s, only
recently it has been systematically studied as a function of density and
temperature. Figure 1.5 shows a semiempirical phase diagram for LCMO
due to Goodenough and Wollan-Koehler. As the concentration of x is in-
creased from zero to one, a sequence of structural (magnetic ) transitions:
a(A) — B (B) — v (CE) — § (C) — € (G) occurs, where «, 3, v,
0 and € denote orthorhombic, cubic (with minimum resistivity), tetragonal

(¢c/a < 1), tetragonal (¢/a > 1) and cubic structures, respectively. The
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system is ferromagnetic-metal in a narrow z range (0.2 < z < 0.4) and has
a moment close to spin only value [15]. The double-exchange interaction
adequately describes the ferromagnetic behaviour in this x range. The sub-
lattice magnetizations of antiferromagnetic phases at z = 0 and x = 1 are

also close to spin only values.

. Ty e
* O
m% VYt

Figure 1.6: Schematic representation of double exchange mechanism.

1.4.1 Double exchange

In 1951, Zener [20] interpreted ferromagnetism as arising from indirect cou-
pling between the unpaired d shells via conduction electrons. He considered
that the intra-atomic Hund rule exchange was strong and the carriers do
not change their spin orientation while hopping from one ion to the other,
so that they can hop only if the spins of two ions are parallel. On mini-
mizing the total free energy of the system, he found that ferromagnetic in-
teractions are favoured when magnetic atoms are fairly well separated and
conduction electrons are present. The theory was applied to manganese
pervoskite [21] with the aim of explaining the strong correlation between

ferromagnetism and conductivity and also the value of zero-temperature
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magnetization which corresponds to the sum of all the unpaired electrons
spins.

Starting from the insulating antiferromagnetic (AFM) LaMnQOg3, where elec-
trons are localized on the atomic orbitals, Zener showed that how system
should gradually become more ferromagnetic upon hole doping (introduc-
tion of Mn** ions). He considered the problem of the interaction between
the Mn*" and Mn*" ions through an oxygen ion and introduced the con-
cept of simultaneous transfer of electron from Mn3* to oxygen ion and from
oxygen ion to the neighbouring Mn** ion, as shown in figure 1.6. Such a
transfer was called the Double Exchange (DE). In the case of manganites,
the configurations Mn?t — O?~ — Mn** and Mn*" — O?>~ — Mn?* are
degenerate if the spins on d shells are parallel and the lowest energy of
the system (ground state) corresponds to the parallel alignment of spins of
two adjacent cations. DE always leads to a ferromagnetic metallic state
while super-exchange, involving virtual electron transfer, frequently results
in AFM insulating state.

Anderson and Hasegawa [22] generalized the DE mechanism by taking spin
orientations of the ty4 electrons on the adjacent magnetic ions into account.
They calculated the transfer integral ¢ (hopping amplitude of the e, elec-

trons) as

t =t,cos(0/2) (1.3)

where ¢, is the normal transfer integral which depends on the spatial part
of the wave functions and the term cos(6/2) is due to the spin part of the
wave functions, 0 is the angle between the t5, electron spin directions on the
neighbouring Mn3* and Mn** ions. By contrast, in Mn3* /Mn*t — 0% —

Mn3* /Mn** super-exchange, the coupling is proportional to cosf).
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De Gennes [23] studied the case of low hole-doping of the end member
LaMnQO3 and showed that mobile electrons in an antiferromagnetic lattice
produce some canting of spin arrangements. Although this conclusion has
been questioned recently, he successfully explained the values of saturation
magnetization and the non-zero susceptibility at high fields and a canted
structure, in accord with the neutron diffraction data. He also considered
the case of mobile carriers localized in the vicinity of divalent A-site ion.
The bound hole interacting with spins on the eight B sites neighbouring the
impurity produces a local ferromagnetic distortion of spin system leading

to the formation of bound magnetic (spin) polaron.

1.4.2 Super- and semicovalent exchange

Goodenough [24] rationalized the magnetic phase diagram of (La;_,Ca,)MnOs3
(mixed-valence manganite, in general), obtained by Wollan and Koehler, in
terms of indirect exchange between manganese ions by invoking the semi-
covalent and covalent bond/exchange based on the so-called Goodenough-
Kanamori rules, schematically represented in figure 1.7. Mn3* orbitals
hybridize into dsp? orbital forming square coplanar bonds while Mn** hy-
bridizes into d?sp® orbital forming octahedral bonds to six near neighbours
(oxygen). They can form bonds of different nature with surrounding oxygen
through which magnetic interaction is mediated.

1) Covalent bonds are formed when two empty /half-filled Mn orbitals point
towards an O?~ ion. This leads to an AFM super-exchange between two
manganese ions (i.e., Mn*™ —0?~ — Mn*" and Mn3t —O* — Mn3") form-
ing strong short covalent bonds with a common oxygen atom, where each

electron of bond has the same spin as its corresponding manganese due to
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Figure 1.7: A schematic representation of of Goodenough-Kanamori rules for
the dy2_ 2 (shadowed)-p, - d2-orbitals (to the left and right) forming a Mn-O-Mn
bond. The small arrows in the orbitals describe the itinerant electrons, the three
arrows outside the orbital denote the total core spin S = 3/2 of the three not shown
tog orbitals. According to the realized occupation, either an antiferromagnetic
(AF) (a,b) or a ferromagnetic (FM) (c,d) coupling will be established.

Hund rule coupling and antiparallel spin of two electrons of common oxygen
atom as they belong to same 2p orbital (the cases (a) and (b) of Fig. 1.7).
2) Semicovalence arises when only one out of the two manganese atoms sur-
rounding an 0%~ has a hybridized orbital available pointing towards oxygen.
In such a case, full covalence is not possible because only one side of O*~ or-

bital can share electron with neighbouring manganese ion. The other bond
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is ionic and the oxygen ion is displaced towards the first manganese, with
which it forms a covalent bond. One of the electrons is then localized on
the oxygen ion, whose spin is antiparallel to that of the covalent electron.
Because of the Hunds rule, the manganese ion participating in the bond has
its moment parallel to the electron shared with the oxygen. On this side of
ionic bond, there is a direct (therefore AFM) exchange interaction between
the magnetic moments of anion and that of the neighbouring manganese.
The resulting configuration is FM arrangement (case (c) of Fig. 1.7) of spins
on the manganese ions with an antiparallel spin on oxygen between them.

3) Tonic bonds are obtained when the empty Mn3" (dsp?) orbitals point
away from the O% ions. This is a long bond appearing only between two
Mn3* ions. There is no indirect exchange in that case.

4) Double Exchange the last possibility involving the simultaneous transfer
of an e,—electron from Mn** to oxygen ion and an electron from oxygen ion
to the neighbouring Mn**. Such hopping of e, electrons is greatest only if
the spins of the ty, electrons on the two d shells are parallel, hence the lowest
energy of the system at low temperature is obtained for ferromagnetic ar-
rangement of spins on the two adjacent Mn3* and Mn** manganese ions. In
that case, the configurations Mn3t — 0% — Mn** and Mn*t —O?* — Mn3*
are degenerate.

The above interactions can account for the observed Mn — Mn coupling
[15,16]): AFM between two Mn** (covalent), FM between Mn*™ and Mn3*"
(DE) and AFM (covalent) or FM (semicovalent) between two Mn?*. Typi-
cal charge ordered arrangements were observed for the special ratio of Mn**
to Mn3* ions:

a) Pure DMnO3, D = Ca with 100% of Mn** ions, contains only Mnt*

ions which couple antiferromagnetically. The spin order is then nearest-
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neighbour or three-dimensional antiferromagnetic (G-type) order (Fig.1.4)
with no lattice distortion.

b) For 75% of Mn**, the arrangement is one of the planes of Mn** alter-
nating with planes containing equal proportions of Mn3* and Mn**. In
the planes, the ordering is purely AFM but along the chains running in
the c-direction (C-type in Fig.1.4), the coupling is on average FM (some
Mn** — Mn** bonds being mismatched).

¢) For 50% of Mn*", case is more complex since three possible ordered bond
arrangements are electrostatically equivalent. The minimum elastic energy,
however, corresponds to a CE type ordering of semicovalent bonds.

d) For 30% of Mn**, the magnetic order is ferromagnetic with a moment
almost equal to the spin only value. This is due to DE between Mn3*t
and Mn*t via conduction electrons. The DE is optimized for a disordered
composition which has largest number of ions Mn3" and only one Mn**
near-neighbour. The corresponding content of Mn*t ~ 31%. The transi-
tion temperature follows the relation T ~ 22:(1 — x) — 2%, Tt is interesting
to note that, for an ordered lattice, the optimum value would be 25% [24].
e) For 0% of Mn** (pure TMnOs, T = La), the arrangement is A-type
AFM (Fig.1.4) where all the bonds in ¢ direction are covalent (J; < 0),
while the in-plane orbital arrangement maximizes the number of FM semi-
covalent bonds (J; > 0), i.e., the structure has FM planes coupled antifer-
romagnetically with ¢ axis shorter than a and b (the covalent bond is short).
Goodenough predicted that semicovalent bonds would order in O’ structure
below a certain temperature, reducing elastic energy associated with differ-
ent Mn—Mn distance. This semicovalent-bond ordering (Orbital Ordering)
is a cooperative effect that occurs well above Curie temperature, T¢.

Transitions between aforementioned magnetic phases are continuous. They
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are realized either by inhomogeneous mixing in a two-phase region or by a
homogeneous progressive magnetic transition involving canting, as in the
low x region. It is observed that the MR resulting due to resistivity-
magnetization (p — M) correlation cannot be explained solely by DE [20,
22,23]. Both resistance and associated MR are thought to be related to
hopping of lattice polarons in the paramagnetic state while below T, po-
larons breakup and the effect is due to individual electrons. The presence or
absence of polarons is very sensitive to the ratio of electron-lattice coupling
07 and the hopping energy t (relative to kinetic energy gain for electrons to
delocalize). The greater the distortion, the more localized are charge carri-
ers. Results indicating the formation of small dielectric polarons [17,25-27],
magnetic polarons [3,17,28-30], and elastic (Jahn-Teller) polarons [31-35]
and the effect of isotope substitution on ESR [36] have been reported.
One can write the Hamiltonian for manganites based on known interactions
as:

H=Hgp+Hyg+ Hap + He—pn + Hej—g (1.4)

Where Hgp corresponds to kinetic energy of e, electrons, Hy for Hunds
coupling between the spins of e, and ty, electrons, H,p for inter-atomic
Hunds coupling, H;_p, for coupling between electrons and J-T distortion
of MnOg and Hg . for coulomb interactions among e, electrons. The
structural transitions of manganites depend on the temperature, doping,

cation mismatch, pressure, size effects, etc.

1.4.3 Electronic phase separation

Electronic phase separation, in general, refers to the coexistence of two or

more phases with distinctly different electronic properties, which does not
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originate from chemical inhomogeneity or chemical phase separation. Many
systematic studies of various manganites now indicate that the insulating
nature above the Curie temperature is always associated with the presence
of charge/orbital correlated nano-clusters, existing only in orthorhombic
crystallographic structures. Thus, the nano-clusters will play a key role in
producing CMR near the insulator-metal transition of the manganites. In
other words, sensitive collapse of nano-scale charge/orbital ordering under
a small magnetic field will essentially produce a huge drop in resistivity, in-

ducing large negative magnetoresistance just above the Curie temperature.

1.5 Literature survey

It is widely accepted that colossal magnetoresistance (CMR) results from
a magnetic-field-induced shift of the ferromagnetic Curie temperature, and

the accompanying metal-insulator transition.

1.5.1 Lal,beanOg

A detailed study of magnetic phase diagram in the La;_, Pb, MnO3 (LPMO)
(0.25 < = < 0.45) single crystals, due to Morrish and co-workers [39-44],
dates back to 1969. In the composition range studied, all the compounds
were found to be ferromagnetic with Curie temperatures ranging from 315
to 350 K and exhibit a sharp drop in resistivity at temperatures just below
the Curie temperature. Ferromagnetism in these systems was understood

in terms of the Zener double-exchange mechanism. Following the discovery

of CMR in Nd— Pb— Mn—0O, La—Ba—Mn—0O and La—Ca— Mn— O,
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CMR in bulk polycrystalline La;_, Pb,MnO3 (0 < x < 1) was investigated
by Zhao et al., [45] with the main finding that MR goes through a maximum
at © ~ 0.4. Subsequent studies were mainly confined to the compositions
near the optimally hole-doped LPMO and as in the other manganites, sev-
eral theories have been proposed for the CMR phenomenon in LPMO. The
realization that a partial substitution of Mn by Fe, Co, Ni in the optimally
hole-doped LPMO can provide a srtingent test for such theories by changing
the charge and spin states of Mn in a controlled fashion led to a flurry of
scientific activity [46-55] in Lag7PbysMn,_,TM,O3 (I'M = Fe,Co, Ni).
However, the charge and spin states of C'o and N7 and the nature of mag-
netic order in Fe-doped LPMO near the critical concentration for ferromag-

netism remained obscure.

1.5.2 La;_,Ca,MnOs;

La;_,Ca,MnO;3; (LCMO) manganites, main subject matter of the current
thesis, presents some characteristics of large bandwidth manganites like the
presence of a robust ferromagnetic metallic phase and also the features that
indicate strong deviations from double-exchange behavior, including the
existence of charge/orbital-ordered phases. For this reason, the it is often
regarded as ‘intermediate-bandwidth manganite’. This compound is par-
ticularly interesting because it has one stable structure for the whole range
of substitution, due to the high tolerance factor (the ionic radii of La*"
and Ca*" being similar). The T — x phase diagram in figure 1.8 [56-58]
presents an intriguing combination of structural, magnetic and electronic
transitions. An important observation is that the phase diagram presents

the electron-hole asymmetry. At very high temperature, the compound ex-
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Figure 1.8: Phase diagram for the LCMO manganite based on magnetization
and resistivity measurements [58].

hibits paramagnetic-insulating (PI) behaviour with rhombohedral structure
which transforms to the orthorhombic one below 700K while at low tem-
peratures, three different regimes can be discerned: 1) for 0 < x < 0.10,
the material is ferromagnetic-insulator (FMI); 2) for 0.20 < xz < 0.45, the
material is a ferromagnetic-metal (FMM) and displays the CMR effect; 3)
for 0.45 < z < 1, the compound is AFM insulator (AFI). The end mem-
ber parent compounds LaMnQOs and CaMnQO3 are AFIs characterised by

cubic structures. However, due to the mismatch of the cation radii, tilting
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of the oxygen octahedra occurs which together with local J-T type dis-
tortions produces the orthorhombic symmetry characteristic of the entire
doping range. LaMnQOs becomes an insulator below the Jahn-Teller dis-
tortion temperature 758 K, because Mn* is a good Jahn-Teller ion, and
the doubly degenerate e, bands split due to the Jahn-Teller distortion. In
this special O’-orthorhombic structure, LaMnQOs3 is known to become an
A-type antiferromagnet below 140 K, wherein ferromagnetic coupling exists
in the orthorhombic basal plane and antiferromagnetic coupling perpen-
dicular to the basal plane. For x = 1, antiferromagnetic superexchange
interaction between Mn** ions via an intervening oxygen makes CaMnOs;
a normal G-type antiferromagnet. Therefore, the initial C'a substitution in
LaMnQOs produces hole carriers in the Jahn-Teller split e, band, and the
low doping of La in CaMnQOs3 induces electrons in the empty e, band. For
0.08 < x < 0.2, the system is still insulating but with ferromagnetic or
canted antiferromagnetic (CAF) coupling. Similarly, the samples with high
Ca doping (z > 0.875), i.e., low La doping into CaMnQOs, also exhibits
CAFTI behaviour. In samples with 0.2 < 2 < 0.5, where the CMR has been
observed, a PMI-FMM transition occurs and can be adequately described
by the DE mechanism. For the higher doping range with x > 0.5, doped
charge carriers localize and order with stripe modulations at a charge or-
dering temperature Tp and an antiferromagnetic ordering occurs at lower
temperatures (at the Néel temperature Ty). The charge ordering is accom-
panied by a sharp increase of resistivity for doping ranges 0.5 < x < 0.875.
The striped ordering of charge carriers reflects a generic tendency toward
microscopic (nano-scale) electronic phase separation in the system, due to

strong electron-lattice and electron-electron interactions.
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N /8 anomalies

As is evident from the phase diagram, there are well-defined features at
the commensurate carrier concentrations of x = N/8 (N = 1,3,5,7) in
La;_,Ca,MnO3. x = 1/8 shows a Tro maximum below the PMI-FMI tran-
sition temperature, To. The CO that is seen in this composition is more
of JT distorted Mn3" ion dominated one while the one seen at x = 5/8 is
Mn** dominated with higher resistivity. T becomes maximum at z = 3/8
while Too peaks at © = 5/8 with similar values of ordering temperatures.
For z = 3/8, the electron hopping/transfer intergral attains its maximum
value within the framework of the DE mechanism. Therefore, in the context
of existing strong electron-lattice coupling in the manganites, it can be in-
ferred that the maximum electron hopping at = 3/8 is closely associated
with the minimized local lattice distortions and maximized ferromagnetic
correlation. It is also observed that lattice parameters at this concentra-
tion are isotropic [56]. For x = 3/8 the dominant interaction is FM DE
that leads to metallic behaviour while in = 5/8 the dominant interaction
is super-exchange leading to an insulating nature. It is noteworthy that
the transition temperatures from O-orthorhombic (Pbnm) to rhombohedral
(R3c) structure display an interesting electron-hole symmetry as a function
of carrier concentration. In other words, a minimum temperature for the
structural transition occurs near x = 2/8 (hole doping), while a maximum
exists near = 6/8 (2/8 electron doping). Those temperatures become
lower below z = 0.50 and higher above x = 0.50, forming an asymmetric
phase line centered at x = 0.50. It is an interesting question to be an-
swered how the evolution of high temperature structural transition is linked

to the ground state properties of the system. Interestingly, the compound
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x = 4/8 is located at the x -dependent first-order phase-transition line be-
tween FMM (2 < 0.5) and COI (z > 0.5) at low temperature. The z = 0.5
sample exhibits both ferromagnetic and charge ordering at 220 K and 180
K, respectively. It turns out that the FM metallic and CO insulating phases

coexist even at the lowest temperature.

1.6 Aim and objectives

Following the realization that the critical behavior of a spin system in the
vicinity of a magnetic order-disorder phase transition is solely governed by
the nature of the magnetic ordering present, critical phenomena have been
investigated in a large number of manganite systems. However, conflicting
reports about the critical exponents, that characterize the ferromagnetic -
paramagnetic (PM) phase transition, have rendered such studies inconclu-
sive. The nature of interactions that sustain FM order below T remains
obscure. Consequently, the basic issue of whether or not the percolation
picture or the two-fluid model forms a correct description of (a) the ferro-
magnetic metallic (FMM) and paramagnetic insulating (PMI) states, (b)
the transition between these states, and (c¢) the associated metal-insulator
transition, cannot be unambiguously resolved.

A partial substitution of Mn by TM (T'M = Fe,Co, Ni) ions in an op-
timally hole-doped Lag 7 PbysMmn,_, T M,0Os manganite alters the magnetic
and transport properties of the host Lag7Pby3MnOs; (LPMO) in a specific
fashion depending on the charge and spin states of the TM solute ions, and
thereby provides a fertile testing ground for the theoretical models proposed

hitherto. Though La;_,Ca, MnOs,s (LCMO) [57-59] is one of the most ex-
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haustively studied manganite systems, even in this system, many aspects
of physics are still poorly understood. For instance, no general consensus
has emerged so far on how the ferromagnetic insulating (FMI) state at low
doping levels x ~ 1/8 evolves from the AFM insulating state at = = 07
or why the FMM-PMI phase transition temperature, 7., and the charge
ordering temperature, Too, peak at x = 3/8 and = = 5/8, respectively, in
LCMO, as opposed to z = 1/3 and x = 1/2 in other manganites? These
gaps in understanding the physics of manganites prompted us to undertake

extensive investigations with the following objectives in mind.

e To investigate the charge and spin states of 3d transition metals, Co
and Ni, substituting Mn in optimally hole-doped manganite, LPMO,
and the influence of these states on the magnetic and transport prop-

erties.

e To unravel the nature of magnetic order in random Fe-substitued

LPMO.

e To exploit the extreme sensitivity of non-linear magnetic susceptibility
to local magnetic inhomogeneities in the study of the phenomenon of

phase separation.

e To unambiguously identify the type of interactions that stabilize FM
order in the insulating state in LCMO at very low hole-doping levels.

e To ascertain whether or not magnetic order-disorder and electronic
transitions have a common origin. If so, what is the underlying mech-

anism?
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e How does the reduction in the crystallite size to nanometre regime
affect the magnetically-ordered, charge-ordered and orbitally-ordered
states, the metal-insulator and insulator-insulator transitions at dif-

ferent hole doping levels in LCMO?

e Attempt a thorough understanding of the magnetization processes:
irreversibility in magnetization, magnetization reversal, magnetic re-
laxation and approach-to-saturation, as well as of low-lying magnetic

excitations in nanocrystalline LCMO.

1.7 Organization of the thesis

In the current chapter, a critical evaluation of the existing literature on the
CMR manganites is followed by the aim and scope of the thesis.

Chapter 2 gives a brief description of the synthesis and characterization of
nanomanganites and the physical property measurement techniques used in
this work.

The experimental signatures of the FM-PM phase transition in nonlinear
magnetic susceptibilities are established in chapter 3 from the mean-field
calculation of nonlinear susceptibilities for ferromagnets of arbitrary spin.
Chapter 4 deals with the changes in the magnetic order in a conventional
double-exchange ferromagnet, Lag7PbysMnO3z (LPMO), brought about by
a partial substitution of Mn atoms by 3d transition metal atoms. It is ob-
served that the Co and Ni doped samples show a crossover from 3d isotropic
dipolar to 3d isotropic Heisenberg behaviour in the asymptotic critical re-
gion.

Extreme sensitivity of nonlinear magnetic susceptibility to the nature of
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magnetic order (FM, AFM, SG, etc.,) and magnetic inhomogeneities has
been fully exploited in chapter 4 to determine the nature of magnetic order
present Fe doped LPMO. That these samples behave as a cluster spin glass
is unambiguously established.

The results of a comparative study of nanocrystalline Lag g75C ag.125 M nQOs3,
Lag g75Cag.125 MnO3,.5, Lag.easCag.3rs MnO3z and Lag 375Cag.g25 MnOs_s, while
treating their bulk counterparts as reference systems, are summarized in
chapters 6-8. A detailed study of the FM/AF-PM phase transition occur-
ing in the insulating state reveals that these systems behave as a three-
dimensional (d = 3) wuniazial dipolar (UD) ferromagnet in the asymptotic
critical region (ACR) and exhibit a crossover to the d = 3 isotropic dipo-
lar (ID) critical behaviour outside ACR. The width of the ACR narrows
down with increasing C'a concentration indicating weakening of the uniax-
ial anisotropy. Irrespective of the Ca concentration, the dipolar interactions
operate between localized e4-electron spins.

Chapter 9 summarizes the results obtained on Mn-site doped LPMO and
on the under, optimal and over hole-doped LCMO and outlines the future

scope for work in this area.
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Chapter 2

Experimental Techniques

This chapter gives a brief description of the synthesis and characterization
of nanomanganites and the physical property measurement techniques used

m this work.

2.1 Synthesis

The structure and physical properties of mixed-valence manganites are very
sensitive to the synthesis conditions. The main emphasis in the present work
was not to investigate the synthesis-property correlations in detail but to
maintain the same synthesis conditions as far as possible so as to ensure
that the genuine composition-dependent hole-doping effects are not masked

by the alterations in the process parameters.
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2.1.1 Sol gel method

The sol-gel process is a wet-chemical technique for the preparation of ma-
terials starting either from a chemical solution or colloidal particles (sol
is abbreviation for solution for particles usually in the nm size range) to
produce an integrated network (gel). The gel may be processed to form a
powder or a film. The samples were prepared using the easiest and elegant
variation of sol-gel route, Pechini method [1], wherein polymeric precursors,
made from metal salts, ethylene glycol and citric acid, result in the stoi-
chiometric compositions by low-temperature heat-treatment. This method
allows the metal cations to be mixed at a molecular level and offers sev-
eral advantages like including low cost, homogeneous compositions, high
purity, and low heat-treatment temperatures. When compared with the
majority of the hydrocarboxylic acids, citric acid is more widely used in
Pechinis processing [2] because of its high stability and the typical metal
complexes with citric ligands tend to be fairly stable due to the strong
coordination of the citric ion to the metal cation involving two carboxyl
groups and one hydroxyl group. The addition of a glycol such as ethylene
glycol leads to the formation of an organic ester. Condensation reaction
occurs with the formation of a water molecule. The hydroxide ions arise
from the carboxylic acid and the protons from the alcohol, generating wa-
ter molecules. Citric acid (CA) is well soluble in ethylene glycol (EG),
which provides a wide range of CA:EG ratios for the Pechini method, and
makes it possible to tune the conditions of synthesis for each particular
system. From practical viewpoint, high viscosity of the concentrated CA
solution slows down the dissolution of metal salts and, in addition, the pre-

cipitation of citric acid might occur while pH, temperature or metal salt
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concentration (ionic strength) change during the processing. Another rea-
son to use excess of EG is connected with a need to remove water from
the reaction mixture. In this case, the vapour contains ethylene glycol as a
major fraction that can be progressively removed from the reaction. In the
typical synthesis of (La;_,Ca,MnOs, x = 0.125,0.375,0.625 ) materials by
Pechini-type process, soluble metal nitrates of the high purity metal pre-
cursors LayOsz, Ca(NO3)e.4H20, (CH3COO0)sMn.4Hy0O, Co(NOs3)e.6 HyO,
Ni(NO3)2.6H50 and Fe(NOs)3.9H,0 of Sigma-Aldrich make are dissolved
in water along with citric acid. The pH of the solution was adjusted to 7 by
adding ammonia (N Hy) solution. The solution was constantly stirred by a
magnetic stirrer with constant heating for 12 hours. The gelling agent was
added and temperature was raised further with the result that a viscous gel
is formed after a few hours. The temperature of the hot plate was mon-
itored regularly till gel dries up and forms a solid resin, which on further
heating to 673K, resulted in the combustion of this mass yielding powder
sample. The collected powder was sintered at temperatures in 100 K steps
from 673K to 1073K for at least 2 hours at each sintering temperature
with intermediate grinding. The XRD patterns corresponding to the se-
lected sintering temperatures were recorded and the change monitered so as
to keep a check on the formation of single phase. The powder was pelletized
under a pressure of 11 ton /cm? and sintered at 1173 K for 5 hours. The
pellets were cut in desired dimensions for use in the magnetic and transport

property measurements.
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2.2 Characterization

2.2.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) patterns of all the samples referred to in this thesis
were obtained from a small mass (~ 20 mg) of the sample, fixed with
silcone paste onto a glass slide that was subsequently placed into a slot in
the chamber of the diffractometer where they are exposed to Cuk, X-ray
(A = 0.154nm ) radiation. The X-ray detector could be scanned through the
scattering angle, 20, between 20° — 120° with a step of 0.02° at a counting

time of 2s per step which can be controlled with a software package.

One of the more frequent applications of XRD analysis is to determine
the crystallite size and lattice strain in nanocrystalline materials. The peak
broadening in x-ray powder diffraction patterns for nanomaterials is the re-
sult of the finite size effect. For a finite size nanocrystal, the x-ray radiation
reflected from successive lattice planes interfere constructively or destruc-
tively to produce the observed x-ray diffraction pattern. Additionally, the
factors such as inhomogeneous lattice strains and structural faults lead to
the broadening of diffraction peaks. Figure 2.1 displays the XRD pattern
at room temperature for the nanocrystalline sample x1 with composition
Lag g75Ca.125 MnO3.

2.2.2 Neutron diffraction (ND)

Neutron beam coming out of a nuclear reactor (which is in thermal equilib-
rium with the moderator) have their kinetic energies distributed according

to the Maxwell distribution law. The largest fraction of these so-called ther-
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Figure 2.1: Room temperature XRD pattern for xl.

mal neutrons has kinetic energy equal to kgT. A monochromatic beam of
neutrons is obtained when the thermal neutrons get Bragg-reflected from a
single crystal. The thermal wavelength of such neutrons is obtained by the
relation

h

/\ - 1 ka’BT (21)

At T = 300 K to 400 K, X ranges from 2 A to 1 A and is of the same
order as the interatomic spacing in crystalline solids and hence the diffrac-
tion of neutrons from the atoms forming a crystalline lattice can be used
for the determination of crystallographic structure. In neutron diffraction

experiments, the intensity of the diffracted neutron beam from the sample
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is measured with a proportional counter filled with BF3 gas. The neutron
diffraction has following advantages over electron or x- ray diffraction tech-

nique [3]. A neutron beam is highly penetrating and thus gives details about
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Figure 2.2: Room temperature ND pattern for x2.

not only the surface but also about the bulk of the sample. The intensity
of neutron scattering varies quite irregularly with the atomic number, 7, of
the scattering atom. Thus, neutrons can also distinguish in many cases ele-
ments differing by just one atomic number. Moreover, some light elements
like hydrogen and carbon scatter neutrons more intensely than x-rays. Neu-

trons have a small magnetic moment. If the scattering atom also has a net
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magnetic moment, the two interact and modify total scattering. In the
case of magnetic materials (antiferromagnetic, ferrimagnetic and ferromag-
netic) neutron diffraction can reveal both the magnitude and direction of
the moments. Only neutron diffraction can furnish such information that
is crucial to the studies of magnetic structures. Figures 2.2 - 2.4 depict the
room temperature neutron diffraction patterns for the samples x2, 3 and
x5 with the composition Laggr5Cag 125 MnOs .6, Lag.gasCag.zrsMnOs.g9 and
Lag.375Cag go5s MnO4 94, Tespectively, recorded on powder diffractometer at

Consortium for Scientific Research (CSR), Mumbai.
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Figure 2.4: Room temperature ND pattern for x5.

The Rietveld method [4,5] is a technique used to refine crystal structures

from x-ray and neutron powder diffraction data. Due to the random orien-

tation of crystallites in a polycrystalline sample, a large amount of overlap

of independent Bragg peaks occur and information is lost, particularly in

low symmetry materials. In a Rietveld refinement the individual reflections

are not analysed. Instead, a curve fitting procedure is used over the entire

pattern, where the observed intensity is described as:
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Yi = Yi back + 2 _; yi(%mgg where y; and y; peer 1s the observed and back-

(4)

i Bragg 1S the sum of the contributions

ground intensity, respectively and ), y
of reflections close to the powder pattern step i. A mathematical expres-
sion that includes factors relating to both the crystal structure and other

non-diffraction terms is used to calculate the contribution from reflections.

The difference between the observed and calculated profiles is minimised
by least squares refinement and it is therefore very important to have a
good structural starting model including space group, lattice parameters
and atomic co-ordinates. The powder diffraction data must be in digitised
form so that a numerical intensity value, y;, is recorded at each of several
thousand equal steps, 7, in the pattern. In the least-squares refinement, a
best fit to all of the y; is sought simultaneously and the quantity minimised

is the residual, S,: S, = > w;(y?* — y£°)? where w; = 1/y*, y?* is the

3 K3

observed intensity at the i*" step and y¢°

¢'¢ is the calculated intensity of the

ith step.

At any randomly chosen point, i, in the pattern, there is generally a

contribution from many Bragg peaks to the intensity, y¢**. The calculated

calc
i

intensity, yi*¢, at the point ¢ is therefore determined by summing the con-

tributions from all the Bragg reflections, K, close to the step and it also

includes a background intensity [6].
yie = s 30k L |Fi|?$(20; — 205 ) P A + y ")
where s is the scale factor,
K stands for the Miller indices, h k [, for a Bragg reflection,

Lk contains the Lorentz, polarization and multiplicity factors,
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¢ is the reflection profile function,
Py is the preferred orientation factor,
A is the absorption factor,

Fy is the structure factor for the Bragg reflection with Miller indices

hkl,

y?e* is the background intensity at the i** step

The background intensity at the i'* step can be modelled by a linear
interpolation between two background points, with the aid of a specified
background function such a Chebychev polynomial [7] or by manually in-

serting a table of background intensities.

In Rietveld refinement, it is important to have accurate peak shape
fitting as both the instrument and sample affects the shape and position
of the Bragg peaks. For constant wavelength experiments the instrumental
broadening is almost fully Gaussian and the Full Width at Half Maximum
(FWHM) is given by:

T = Utan®0x + VtanOx + W

Where U, V and W are refinable parameters. A pseudo-Voight [8]
function was used in the refinements of the x-ray diffraction data in this
work. It takes into account both the instrumental (Gaussian, G) and sam-
ple (Lorentzian, L) broadening which is essential as high-resolution x-ray
and neutron diffractometers have a narrow instrument profile and broaden-

ing due to sample defects becomes significant.

6(20; —20k) =nL+ (1 —n)G
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where 7 is a complex function which depends on the Full Width at Half
Maximum for the Gaussian (I'¢x)and Lorentzian (I'Lx) broadening of the

K" Bragg reflection:
Z

08?0y

tox = (Utan?0x + VtanOx + W + 1/2

TLK — XtCLTLQK +
cosly

Z is the Scherrer coefficient for Gaussian particle size broadening whilst
X and Y model the Lorentizian strain and the Scherrer broadening respec-
tively. The parameters that can be refined by the Rietveld method, in
addition to those already mentioned include the cell parameters, the atomic
coordinates, the temperature factors, site occupancies and intensity cor-
rections. In the refinement process, the parameters are adjusted until S,
is minimised, i.e., when the best fit between the calculated and observed
pattern is obtained. Having a starting model close to the correct one will
prevent the system from diverging or reaching a false minimum. The good-
ness of fit of the least-square refinement and whether a true minimum has

been achieved can be evaluated from the residual R-values.

o Z‘([Obs)l/Qi(Icalc)l/Q‘
Rf — Kz(l})(bs)l/KQ

_ SR -U5)
e = =5

R Z(yqbs_yqalc)Q
p— 1 2

P (")

Rup =| > wi(yghe —ygate)? |
wp > w7

R-Structure factor
R-Bragg factor
R-pattern

R-weighted pattern

wi(y™ — yi*'e)?
X =3

N_ptC Goodness of fit parameter

Where 19 and 154 are the observed and calculated intensities assigned
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to the K™ Bragg reflection at the end of the refinement cycle and N, p
and C' are the number of observations, refined parameters and constraints,
respectively. It should be noted that, besides having low residual R factors
from the refinement, the refined model has to make sense both chemically
and physically. Structural refinements were performed on LCMO series with
the Fullprof program suite using pnma space group and fits are shown in
Figs. 2.1-2.4. The relevant parameter valences are similar to those reported

in the bulk [9-12] and are tabulated in table 2.1.

The average crystallite sizes were determined using Williamson-Hall
plots [13], shown in the insets of the figures 2.1 - 2.4, which relate the
mean coherent diffraction domains [L(A)] and the distribution of d spac-

ings [Ad/d] for a selected class of reflections through the equation:
peostd = (KA/L) + 4(Ad/d) sinb, (2.2)

where § (FWHM) is expressed in radians, K is a shape factor close to
unity, A is the wavelength of the radiation used (A(ND) = 0.148 nm and
MXRD) = 0.154 nm ), L is the mean coherent diffraction domain size, and
Ad/d is the sample broadening factor due to the microstrains. This last
term includes the effects of structural defects such as dislocations, stacking
faults, microtwinings, and intergrowths. Isotropic apparent strains and size
can also be estimated from a (3% /d*)? = f(8x/(d*)?) plot rather than from
a Williamson-Hall plot (betax = f(dx)) using fullprof package [14] as shown
in insets of figures 2.2-2.4. The instrumental full width at half-maximum
(FWHM) in the operating conditions was determined by recording a pat-
tern for NagAlyCasFiy (NAC) [15] which show the narrowest diffraction
peaks with FWHM values approaching those theoretically calculated for
this ultrahigh-resolution diffractometer [16]. The NAC FWHM values have



Table 2.1: Structurral parameters for x1, x2, x3 and x5.
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Parameters rl T2 3 5
a (A) 5.4495(2) | 5.4596(4) 5.4346(2) 5.3786(2)
b (A) 7.7430(1) | 7.7273(5) 7.6763(4) 7.5501(1)
b (A) 5.4979(3) | 5.4947(3) 5.4489(3) 5.3827(1)
(La/Ca)
X -0.0060(1) | -0.01420(1) | -0.018450(2) | -0.01410(2)
y 0.2500 0.25000 0.25000 0.25000
Z 0.0022(6) | 0.0017(2) 0.0027(3) 0.0013(3)
Mn
(0,0,0)
01
X 0.4781(2) | 0.5067(5) 0.5102(1) 0.5084(1)
y 0.25000 0.25000 0.25000 0.25000
Z 0.9580(3) | 0.9360(4) 0.9356(1) 0.9405(4)
9{2 0.7499(3) | 0.7312(3) 0.7267(3) 0.7303(1)
y 0.0375(1) | 0.0321(2) 0.0309(4) 0.0330(5)
7 0.2287(3) | 0.2674(4) 0.2762(2) 0.2772(1)
Mn-O(1) (A) 1.953(2) 1.9639(3) 1.9567(4) 1.9150(3)
Mn-O(2) (A) 2.0410(1) 1.9616(2) 1.9596(3) 1.9552(2)
Mn-O(2) (A) 1.8764 1.9530 1.9362 1.8986
Mn-O(1)-Mn (°) | 162.25(1) 159.27(2) 159.03(2) 160.59(3)
Mn-O(2)-Mn (°) | 164.71(2) 163.27(1) 162.03(3) 161.69(2)
2 1.81 1.86 2.27 1.84
R, 13.3 4.37 5.33 4.99
Rup 17.8 5.98 6.87 6.27
Rp 5.66 9.69 6.69 11.4

been used to correct the measured peak widths of ND pattern yielding the

sample FWHM data to be used in Eq.(2.2) resulting in average crystallite

sizes of 27(5) nm, 18(3) nm and 13(5) nm for x1/x2, x3 and x5, respectively.



20

2.2.3 Scanning Electron Microscopy (SEM)

The primary limitations of SEM, as a general imaging and analytical tech-
nique, are the restrictions imposed on the samples by requiring a high vac-
uum sample environment. Samples have to be clean, dry, and electrically
conductive. The Environmental SEM (ESEM) [17] permits one to vary the
sample environment through a range of pressures, temperatures and gas
compositions. It retains all the features of a conventional SEM, but removes
the high vacuum constraint on the sample environment. Wet, oily, dirty,
non-conductive samples may be examined in their natural state without
modification or preparation. The ESEM offers a high resolution secondary
electron imaging in a gaseous environment of practically any composition,

at pressures as high as 50 T'orr and temperature as high as 1500° C.

Description and working principle

A SEM consists of an electron column, that creates a beam of electrons;
a sample chamber, where the electron beam interacts with the sample; de-
tectors, that monitor a variety of signals emanating from the beam-sample
interaction; and a viewing system that constructs images from the signal,

as shown in Fig. 2.5.

An electron gun at the top of the column generates the electron beam. In
the gun, an electrostatic field directs the electrons, emitted from a very small
region on the surface of an electrode, through a small spot called crossover.
The gun then accelerates the electrons down the column towards the sample
with energies typically ranging from a few hundred to ten thousand volts

and the generated electron beam has stable and sufficient current and the
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smallest possible size. The electrons emerge from the gun as a divergent
beam. A series of magnetic lenses and apertures in the column focus the
beam into a demagnified image of the crossover. Bottom of the column has
a set of scan coils which deflects the beam in a scanning pattern over the
sample surface. The final lens focuses the beam into the smallest possible
spot on the sample surface. The beam exits from the column into the sample
chamber. The chamber incorporates a stage for manipulating the sample,
a door or airlock for interacting and removing the sample. As the beam of
electrons penetrates the sample, it gives up energy, which is emitted from
the sample in a variety of ways. Each emission mode is potentially in a

signal form which creates an image.
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Figure 2.5: Schematic of the scanning electron microscope
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Imaging principle

SEM uses a simple imaging device based on a Cathode Ray Tube (CRT).
A CRT consists of a vacuum tube covered at one end (the viewing surface)
with light emitting phosphor, and at the other end, an electron gun and a set
of deflection coils. The CRT gun forms a beam of electrons and accelerates
it towards the phosphor screen. The deflection scans the beam in a raster
pattern over the display surface. The phosphor converts the energy of the
incident electrons into visible light. The intensity of the light depends on the
current in the CRT electron beam. By synchronizing the CRT scan in the
SEM with the scan modulating the CRT beam current with the imaging
signal, the system maps the signal point onto the viewing surface of the

CRT, thus creating the image.

Indeed, not all specimens can be analyzed by SEM directly. One typ-
ical example is an insulating material. For specimen with poor electrical
conductivity, a negative charge builds up gradually from bombardment by
the high-energy electron beam. An abnormal contrast and splitting of the
image result from the uneven distribution of the negative charge on the
sample. A simple solution is to coat a very thin (generally 10 - 20 nm
thick) gold layer on the sample’s surface. It can enhance the emission of
secondary and backscattered electron, reduction of thermal damages as well

as the elimination of charge accumulating effect.

The grain size and surface morphology of the LCMO series were investi-
gated by scanning electron microscopy (SEM). The SEM micrographs were
recorded at room temperature on the same pellet pieces of z1, x2, 3 and

x5 samples that were used for the physical property measurement. The
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Figure 2.6: The room temperature SEM micrograph for (a) x1, (b) x2, (c) 3
and (d) x5.
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variation in composition causes significant orphological changes. The SEM
micrographs for the LCMO samples, shown in Fig.2.6, consist of closely
packed aggregated grains of typical sizes 100 — 150 nm, which are com-
posed of finer crystallites. When the Ca content is increased, the grain size

decreases.

2.3 Compositional analysis

2.3.1 Energy Dispersive Absorption of x-rays (EDAX)

L series )
K series

Figure 2.7: Elements in an EDX spectrum are identified based on the energy
content of the z-rays emitted by their electrons as they (electrons) make transitions
from a higher-energy shell to a lower-energy one

Energy Dispersive Absorption of x-rays (EDAX) or Energy Dispersive

x-ray analysis (EDX) is a method used to determine the energy spectrum of
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x-ray radiation emitted by a sample. It is a technique used for identifying
the elemental composition of the specimen in an area of interest thereof.
The EDAX attachment works as an integrated feature of a scanning electron

microscope (SEM), and cannot operate, on its own, without the SEM.

During EDAX analysis, the specimen is bombarded with an electron
beam inside the scanning electron microscope. The bombarding electrons
collide with the electrons of the atoms constituting the specimen, knocking
some of them off in the process. A position vacated by an ejected inner shell
electron is eventually occupied by a higher-energy electron from an outer
shell. To be able to do so, however, the transferring outer electron must
give up some of its energy by emitting x-rays of energy equal to the energy
difference between the outer and inner shells. The amount of energy released
by the transferring electron thus depends on which shell it is transferring
from, as well as on which shell it is transferring to. Furthermore, the atom
of every element releases x-rays with unique amounts of energy during the
transferring process. Thus, by measuring the x-ray energy spectrum emitted
by a specimen during electron beam bombardment, the identity of the atoms
from which the x-rays are emitted can be established. Therefore, the output
of an EDAX analysis is an EDAX spectrum. The EDAX spectrum is just
a plot of how frequently x-rays of some given energy are received by the
detector. An EDAX spectrum normally displays peaks corresponding to
the energy levels from which the most x-rays had been received. FEach of
these peaks is unique to an atom, and therefore, corresponds to a single
element. The higher the intensity of a peak in a spectrum, the more the

concentration of the element in the specimen.

An EDAX spectrum plot not only identifies the element corresponding
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to each of its peaks, but the type of x-rays to which it corresponds as well.
For example, a peak corresponding to the amount of energy possessed by x-
rays emitted by an electron in the L-shell when it makes a transition to the
K-shell is identified as a K, peak. The peak corresponding to x-rays emitted
by M-shell electrons when it falls into the K-shell is identified as a Kz peak,
as shown in figure 2.7. The EDAX measurements were carried out using
Carl Zeiss Smarts SEM Field Emission SEM up to 20 KV bias voltage over
a ~ 30 x 30 um area at a number of regions. The EDAX spectra measured
over many areas like the ones shown in figure 2.6 confirms the presence of
La, Ca, Mn and O as main elements and no undesired composition/element
was detected. The spatial homogeneity of these elements was found to be

reasonably good across different locations in the sample.

2.3.2 Estimation of oxygen off-stoichiometry, ¢

Titrimetric analysis, a quantitative (volumetric) chemical analysis in which
one measures the volume of the titrant (standard solution) required to react
with a measured volume of the titrand (unknown). The concentration of
titrand is then determined using the principles of equivalence (Conc. A
xVol. A = Conc. B xVol. B) and this method is capable of high precision
(1 part in 1000) [18]. In iodometric titration, titrations involving iodine, the
iodine liberated in a chemical reaction is titrated with sodium thiosulfate
(NagS503) solution. NayS2O3 solution is not stable for long period of
time and hence, it is standardized with an oxidizing agent like Potassium
dichromate, KryCryO7, solution of known normality, prior to the titration

experiment.
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A weighed amount of La,_,Ca,MnO31s powders was dissolved in a
stirred mixture of 10 ml of a 10 mass % KI aqueous solution and 2.5 ml 2
M HCI [19]. Chlorine is produced by the reactions

2Mn'! +2C1" — Cly + 2Mn'! (2.3)
Mn'V 4201~ — Cly + Mn'* (2.4)

The in situ generated chlorine reacts with the iodide and iodine is formed:

This iodine is titrated with a standard volumetric solution of sodium thio-
sulfate (0.0202 N) until a clear and colorless solution is obtained. When the
end-point is approached, few drops of 1 mass % starch solution (indicator)

are added in order to observe the colour change better.

25,05 + Iy — 21~ + S,0%F (2.6)

The lanthanum calcium manganite, with Mn(/11/1V),
Lal'l Call Mni™ Mn!V Os.s, yields Mn'Y concentration, a, from the titra-

tion results as:

~m— (M —8x)NV
8NV -m
where m and M are the mass and molecular weight of the LCMO sample

(2.7)

while N, V are the normality, added volume of the 52037 standard volumet-
ric solution and x is the nominal concentration of Mn!". Thus, the oxygen
off-stoichiometry is estimated using the relation § = (o — z)/2. The oxygen
off-stoichiometry, ¢, assuming the compound formula La; ,Ca,MnOs3,ys,
estimated using iodometry titration, for 5 trials, was 0.003(2), 0.06(2),
-0.01(1) and -0.06(3) for the samples z1, 2 with x = 0.125, x3 with
x = 0.375 and x5 with x = 0.625, respectively.
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2.4 Physical Property Measurement

2.4.1 Magnetic Property Measurement System SQUID
VSM

MPMS SQUID VSM is a SQUID magnetometer based on the 2w detection
technique that makes use of the SQUID and VSM techniques in combina-
tion. It can measure DC and ac magnetization (down to ~107? emu) in
the temperature range 1.8 K to 400 K with a maximum temperature sweep
rate of 50 K/min and fields up to 7 T with a maximum field ramp rate
of 700 Oe/sec. Superconducting Quantum Interference Device (SQUID) is
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Figure 2.8: Cross-sectional view of MPMS VSM SQUID along with (right panel)
magnified view of VSM head, magnet and Sample rod assembly.

an extremely sensitive flux-to-voltage transducer that converts a change in
magnetic flux to change in voltage, which is readily detectable with conven-

tional electronics. It is a device which makes use of flux quantization and
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Josephson tunneling and can operate at temperatures as low as few Kelvin.
The sensitivity of a Josephson junction to applied magnetic field increases
with the area of the junction, which justifies making the devices large so
that the control currents can be reduced to a minimum. The switching
speed of the junction, however, decreases as the area increases. In recent
devices, the conflicting demands of speed and sensitivity are met by replac-
ing a single junction with two or more junctions connected by a continuous
superconducting loop. Such a multi-junction device is called a Josephson in-
terferometer or a Superconducting Quantum Interference Device (SQUID).
In the case of two Josephson junctions connected in parallel, as the magnetic
flux ® threading a superconducting loop is changed, the critical current of
two junctions oscillates with a period equal to the flux quantum ®;. These
oscillations arise due to the interference of macroscopic wave functions at
two junctions. This phenomenon of superconductiing quantum interference
forms the basis of a SQUID. The superconducting detection coils are config-
ured as a second-order gradiometer, with counterwound outer loops which
make the set of coils non-responsive to uniform magnetic fields and linear
magnetic field gradients. The detection coils only generate a current in re-
sponse to local magnetic field disturbances. The current in the detection
coils is a function of sample position (see Fig. 2.9) and it is inductively cou-
pled to the instrument’s SQUID. The SQUID feedback nulls the current in
the detection coils and this nulling current yields the actual SQUID voltage
for analysis. The sample is set to vibrate at a frequency, w, about the center
of the detection coils, where the signal peaks as a function of sample posi-

tion, z. V(z) = Az? for small vibration amplitude, B and z(t) = Bsin(wt),
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Figure 2.9: SQUID detection system in a simplified diagram.

it generates a SQUID signal, V', as a function of time, ¢

Vi) = A2B (1 — cos(2wt) (2.8)

where A is a scaling factor related to the magnetic moment of the sample.
The lock-in technique is used to isolate and quantify the signal occurring
at frequency 2w, which is caused extensively by the sample. Briefly, this is
achieved by multiplying the measured signal with a phase corrected refer-
ence signal at 2w and then extracting the DC component, which is propor-
tional to the 2w component of the measured signal. This technique quickly
and precisely isolates the sample signal from other noise sources, including
drifting SQUID signal and mechanical noise sources synchronized to the
sample. To locate the sample position in the detection coil, sample signal

for various vertical sample positions are obtained and compared with the
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response of a point dipole in a uniform magnetic field.

2.4.2 Physical Property Measurement System (PPMS)

The Physical Property Measurement System (PPMS) [20] provides a flex-
ible, automated workstation that can perform a variety of experiments re-
quiring precise thermal control. PPMS can be used to perform magne-
tomerty (AC susceptibility and DC magnetization), heat capacity, electro-
transport (ac and dc resistivity, magnetoresistance, Hall effect and I-V char-
acteristics) and thermal transport (Thermal conductivity, Seebeck coeffi-
cient and Thermoelectric figure of merit) measurements, or can be modified

to perform the user-select experiment.

The PPMS has extremely good temperature control over the entire range
of 1.8 K <T < 350 K. This system possesses a superconducting magnet
which can generate fields up to £9 Tesla, with a high field-homogeneity
(0.01%) within the measuring region. The MultiVu software also provides
options for sweeping the magnetic field in several modes, the most important
of which are linear and no-overshoot. In the linear mode, the field is ramped
linearly to the set-point, while in the no-overshoot mode, the field is quickly
ramped to ~ 70 % of the desired value, then slowly increased to avoid
overshooting the set-point. The PPMS platform can apply a constant field
during both AC and DC measurements.

AC Measurements System (ACMS) Option

ACMS option is a versatile DC magnetometer and AC susceptometer. The

ACMS [21] insert houses the drive and detection coils, thermometer and
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electrical connections for the ACMS system. The insert fits directly in the
PPMS sample chamber and contains a sample space that lies within the uni-
form magnetic field region of the host PPMS, so DC field and temperature
control can be performed with conventional PPMS methods. The sample
is held with the insert’s coil-set on the end of a thin rigid sample rod. The
sample holder is translated longitudinally by a DC servo-motor located in
the ACMS sample transport assembly which provides rapid and very smooth
longitudinal sample motion. The ACMS sample transport mounts on top

of the PPMS probe.
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AC susceptibility

The ACMS contains an AC-drive coil set that provides an alternating excita-
tion field and a detection coil-set that inductively responds to the combined
sample moment and excitation field. The copper drive and detection coils
are situated within the ACMS inserts, concentric with the superconducting
DC magnet of the PPMS (Fig. 2.10). The drive coil is wound longitudi-
nally around the detection coil set. The detection coils are arranged in a
first-order gradiometer configuration so as to isolate the sample signal from
uniform background sources. This configuration utilizes two sets of counter
wound copper coils connected in series and separated by several centimeters.
A compensation coil is situated outside the AC drive coil. The drive coil and
compensation coil are counterwound and connected in series so that they
receive same excitation signal. A net field remains within the measurement
region, but outside the measurement region the fields from the two coils
tend to cancel. Each detection coil also contains a low-inductance calibra-
tion coil. The two single-turn calibration coils are connected in series and
are situated at the center of each detection coil. During an ac susceptibility
measurement, an alternating magnetic field (up to 10 Oe in a frequency
range of 10 Hz to 10 kHz) is applied to the measurement region by exciting
the drive and compensation coils. The sample undergoes a five-point mea-
surement process that utilizes the calibration coil to increase measurement
accuracy. The first three readings are made with sample positioned in the
center of the bottom, then in the top and again in the bottom detection
coils. The signal from the detection coil array amplified, low-pass filtered,
digitized and stored as waveform blocks in the data buffer. The points are

fitted and compared to the driving signal to determine the real and imag-
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inary components of the response. Two more readings are taken with the
sample placed at the center of the detection coil array by switching the
calibration coil into the detection circuit with opposing polarities. The real
and imaginary components of each response waveform are obtained and it
is subtracted to obtain the sample signal as ac susceptibility in real and

imaginary components.

DC magnetometry

During DC measurements, a constant field is applied to the measurement
region and the sample is moved quickly through both sets of coils, inducing
a signal in them according to Faraday’s Law. This measurement method
is commonly called the extraction method. The amplitude of the detec-
tion signal depends on both the extraction speed and the sample magnetic
moment. The DC servo-motor used by the ACMS extracts samples at
speeds of approximately 100 cm/sec., thus increasing the signal strength
over conventional DC extraction systems and reducing the contribution of
time-dependent errors such as drift and 1/f noise. The short scan time also
allows the averaging of several scans for each measurement, further reduc-
ing the contributions of random error. These advantages result in a greater
accuracy and sensitivity compared to systems with slower sample extraction
speeds. A Digital Signal Processor (DSP) is used to analyze the signal and

determine the sample magnetic moment.
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Centering the sample

Knowing the sample location with respect to the detection coil assembly is
important to determine the proper range of motion for DC magnetization
measurements and the correct sample position relative to the detection coils
for AC susceptibility measurements. As long as the sample is mounted
relative to the detection coils (approximately 10.5 + 0.8 ¢cm from the end of
the long sample rod on the ACMS sample holder), the ACMS determines
the position of the sample within the detection coil by obtaining the sample
signal as a function of Z and automatically center it by adjusting the sample
position relative to servo motor zero. There is about 8 —mm window within
which the magnetic center of the sample must lie in order to allow automatic
centering. If the sample is not properly centered, it is difficult for the ACMS

to determine its true magnetic moment.

VSM option

VSM option for PPMS is a fast and sensitive DC magnetometer consisting of
a VSM linear motor transport head. To locate the sample and for vibrating
it, a compact gradiometer pickup coil for detection and the electronics for
driving the linear motor transport and detecting the response from the pick
up coils are used. With relatively large oscillation amplitude (1-3 mm peak)
and a frequency of 40 Hz, the system can resolve magnetization changes less
than 107% emu at a data sampling rate of 1 Hz. When the sample is set to

vibrate sinusoidally, the changing magnetic flux induces a time-dependent
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voltage in the pickup coil,

p A (a2 (i
ol ="m — \dz ) \dat

=21 fCmA sin(2r ft) (2.9)

where @ is the flux enclosed by the pickup coil, z is the vertical position of
the sample with respect to the coil, t is time, C is the coupling constant,
m is the DC magnetic moment of the sample, A is the amplitude and f is
the frequency of oscillation. The response from the pickup coil is calibrated
with a standard sample. After obtaining the signal profile in the pickup coil,
the system identifies the sample position with respect to the pickup coil and
locates the sample at the center of the coil after the touch-down process. If
the measurement is a temperature dependent one, the sample position may
change due to the thermal expansion/contraction of the sample rod. Hence
the sample position in the pickup coil has to be monitored by touching the

sample rod down and relocate it to the actual position, if it has changed.
Resistivity option

Resistivity option is a configurable resistance bridge board. It can simulta-
neously measure resistance /resistivity of 3 samples using four probe method
with current reversal option. A resistivity puck with three samples mounted
for four probe measurement is shown in figure 2.11. The user bridge board
automatically adjusts the excitation current of its active channels, but the
maximum allowable current, power and voltage can be specified. The cur-
rent, power and voltage limits are +0.01 — 5 mA, 0.001 — 1 mW and

1 — 95 mV, respectively. The nominal resolution in the most sensitive
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Figure 2.11: The resistivity sample puck with three samples mounted for four-
wire resistance measurements.

range is 3.8 nV/5 mA = 0.76 uf.

2.4.3 Field correction

The superconducting magnet used in SQUID (PPMS) VSM [22,23] is ca-
pable of generating fields up to 70 (90) kOe with the value determined to
a very high degree of accuracy over most of this range. The magnetic field
value reported in the system is based only on the current flowing through
the superconducting magnet coil supplied by the magnet power supply. At
low fields (less than 10 kOe), the magnetic field experienced by the sample
can deviate significantly from the reported magnetic field. The magnitude
of this field error can be as large as 50 G in SQUID VSM magnets. The two
important factors that lead to discrepancy in actual and reported fields in

low field region are: (a) Magnet remanence: At sufficiently large magnetic
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Figure 2.12: The magnetic hysteresis loop expected (blue) and measured (red)
for a paramagnetic sample due to remanence of superconducting magnet.

fields 2 10 kOe, alloys used in the windings of superconducting magnets
permit the magnet field to enter the superconducting material as threads
of quantized magnetic flux and these flux lines get pinned at defects in the
material. When the magnetic field is removed (i.e., when the magnet cur-
rent is set back to zero from a high value), some of these pinned flux lines
remain behind resulting in a small trapped magnetic field at the sample
location. (b) Flux creep and escape: over a period of time, some of these

pinned magnetic flux lines redistribute and may even leave the wire material
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altogether. The term flux creep describes the diffusion of flux lines inside a
superconductor. At a stable magnetic field, escape of flux from the interior
of the wire can lead to induced currents in the magnet due to the topology

of the superconducting magnet.

The effect of magnet remanence at low fields is an offset error in the
reported magnetic field. This offset is dependent on the magnet history
and is always opposite to applied field giving rise to inverted hysteresis, as
is evident in figure 2.12. This behaviour is expected when the sample, under
the measurement protocol, has coercive field less than field error value. The

field error, AH, is computed as
AH = H, — Hpep (2.10)

where H, is the actual magnetic field experienced by the sample and H g, is
the field reported by the system (set by user in the measurement sequence).
The field error at various fields and temperatures was computed using the
magnetic standards like Pd, DysO3 and Er : Y AG provided by the Quan-
tum design and this field error variation is temperature-independent. A
typical field error variation computed for Pd standard at room tempera-
ture for both PPMS-VSM and SQUID-VSM is shown in figure 2.13. The
field error is more in SQUID than in PPMS because SQUID uses hybrid

superconducting magnets.

The remanence properties of the superconducting magnet are history
dependent and is unique to the system. They are very reproducible as long
as the same field charging/discharging protocol is followed each time and
once the field error table is determined by using a standard sample, one

can run the same field sequence on samples of interest and apply this field
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Figure 2.13: The estimated field error on the PPMS and SQUID systems used
for measuring M — H loops using Pd standard at room temperature.

correction.

The magnitude of the remanence in the magnet can typically be reduced
down to 1 — 2 G by setting the field to zero (from an initial field above
10 kOe) in the oscillate mode. This mode also attentuates the flux creep
effects. Remanence can be further reduced down to < 0.05 gauss by using
the Ultra Low Field option which employs a fluxgate magnetometer and the

modulation coil in the magnet to compensate trapped flux from the magnet.
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Chapter 3

Nonlinear susceptibilities for a
ferromagnet of arbitrary spin

The experimental signatures of the nonlinear magnetic susceptibilities across
the ferromagnetic (FM)-paramagnetic (PM) phase transition are established
in this chapter from the mean-field calculation of nonlinear susceptibilities
for a ferromagnet of arbitrary spin. The wntrinsic linear and nonlinear
magnetic susceptibilities, x,, are shown to diverge in the asymptotic critical
region (ACR) with the exponent v, = ny + (n —1)8 and n = 1,2,---.
This behaviour of x, in the ACR is consistent with the magnetic scaling
equation of state. With increasing spin, the divergence in x,(T), as the FM-
PM phase transition temperature, T, is approached from below or above,
progressively slows down with the result that the width of the ACR increases.
For a given spin, higher the order of nonlinear susceptibility, narrower the
ACR. These results are in qualitative agreement with the critical behaviour

of xn(T) observed in an archetypal ferromagnet.

75
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3.1 Introduction

Over the years, nonlinear magnetic susceptibility, x, (n = 2,3,...), has
emerged as a powerful experimental tool to unambiguously distinguish be-
tween different types of magnetic order. This is so because the theory [1-3]
predicts distinctly different behaviour of y, in the critical region for spin
glasses, ferromagnets and antiferromagnets, and these predictions have been
clearly borne out by experiments [4-19]. These characteristic features of ys,
which serve as unambiguous experimental signatures for different kinds of
magnetic order, are as follows. In spin glasses, x3 is negative at all tempera-
tures and diverges on both sides of the spin-glass freezing temperature. By
contrast, in ferromagnets, Y3 is positive for temperatures below the Curie
temperature T¢, changes sign at T'= Ty and diverges on both sides of T¢.
On the other hand, in antiferromagnets, y3 is positive for temperatures be-
low the Néel temperature T, has a discontinuity at 7' = T and drops to
positive (negative) values for T' > Ty when the coordination number z < 6

(z > 7). Most of these theoretical models use the mean-field approximation.

So far as the ferromagnets are concerned, only the nonlinear suscepti-
bilities up to second order (i.e., x3) have been addressed theoretically and
such calculations are confined to S = 1/2 ferromagnets [2,3,7,11] alone. It
is well known that S = 1/2 ferromagnets are rarely encountered in prac-
tice. Thus, it is imperative to extend the mean-field (MF) calculations to
nonlinear susceptibilities beyond the second order and ascertain the crit-
ical behaviour of the linear and nonlinear susceptibilities in ferromagnets
with spin other than S = 1/2. To this end, the analytical expressions for

linear and nonlinear magnetic susceptibilities in the critical region for a fer-
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romagnet with arbitrary spin, based on the MF theory, are derived by the
derivative as well as expansion methods and their behaviour across the fer-
romagnetic (FM) - paramagnetic (PM) phase transition is examined. Owing
to its mathematical simplicity, MF theory represents the first step towards
predicting the phase diagrams and certain properties observed in systems
exhibiting a continuous phase transition. This approximation, treats the
order parameter as spatially invariable and becomes exact only when the
range of interactions is infinite. Though MF approach neglects the critical
fluctuations of the order parameter (crucial in most of the systems) and
is valid in systems with spatial dimensionality > 4, it makes qualitatively

correct predictions in real systems.

The nonlinearity in magnetization of a ferromagnet becomes more pro-
nounced as the Ty is approached from either side. The magnetization m in

a weak external magnetic field of amplitude, h, can be expanded in powers

of h as

:{Wm+xm+wﬂﬂ+xm“+~~(T<Tw (3.1)

x1h + xsh® 4+ xsh° + - -- (T > Tc)
where mg is the spontaneous magnetization, y; is the linear susceptibility
and X2, X3, - (smaller compared to y;) are the nonlinear susceptibili-
ties. In the paramagnetic state, mo = 0 and m has an inversion symmetry
with respect to a change in the sign of h and hence only odd powers of
h appear in the expression for m. The above expression holds for both

real (dispersion) and imaginary (absorption) parts of complex susceptibil-
N

ity x = x4+ ix”, hence, m = > (x), +ix2) h™, (n=1,2,...). In this work,
n=1

the in-phase components alone are calculated since y, = x/, as x/, > x7.

Xn, i general, is a function of temperature, hy. and the rms amplitude,

hae, as well as the frequency, v, of the ac driving field. Theoretically, the
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spin-fluctuation-spin-fluctuation correlation length diverges at the critical
point and hence, all the quantities related to it exhibit singularity at 7.
Experimentally, it is difficult to observe the true critical behaviour below
Tc as it is masked by the formation of FM domains and the susceptibility
is usually demagnetization-limited. Moreover, due to the finite size of the
sample, inherent non-zero field (e.g. Earth’s field, rest field of the supercon-
ducting magnet), the temperature instability, etc., the expected singularity
manifests itself in a maximum/crossover/minimum at 7. The nonlinear
susceptibility, though small compared to the linear counterpart, is sensi-
tive to the local magnetic order arising due to spin-reorientation, magnetic
inhomogeneities, domain wall pinning, etc.,. However, the effective contri-
bution from demagnetization factor becomes increasingly dominant while
the critical regime, where power laws are expected to be valid, narrows
down in higher harmonics of susceptibility. An accurate estimate of T
can be obtained from the characteristic peak/crossover temperature of the

higher harmonics measured at low fields and frequencies.

Within the mean-field framework, the magnetization of a ferromagnetic

system is given by

m(h,T) = NgugJ Bjy(z)

— N By(w) (3.2)
where
_ M
x = —k:BT(h + Am), (3.3)
2J+1 2J+1 1 1
By(z) = 57 coth( 57 x) — 37 coth(gx), (3.4)

N, g, up, kg, J and X (= kﬁf}f—i) are the number of atoms per unit



79

volume, Landé g-factor, Bohr magneton, Boltzmann constant, total angular

momentum and the molecular-field constant, respectively.

3.2 Expansion Method

In the asymptotic critical region (ACR), i.e., T'— T, x is small for weak
fields and hence, the Brillouin function for the case J = S, Bg(z) can be

expanded in powers of = as

Bs(z) = agr — Bga® + yga® + -+ (3.5)
where
1S5+1 1
WT3Tg T
1 S4+125%2+25+1
bs =155 252
2 S+1168*+329%+2852+125+3 (3.6)
ST 945 S 1651 '

Combining Egs.(3.2) and (3.5) and equating the coefficients of h™ (n =0 -

5) in the resulting expression with those in Eq.(3.1), one obtains:

my = m(h = 0) = { Nis Bslzo) <7 (3.7)

where t =T /T¢

N2 Ay
X1 = { N e Lo (3.8)
kpTc [t—1]
Np? B
o = { Tprop t Ty U< (3.9)
0 t>1

s = (;CJ,YTMC)BH uA4{2ux0[t ]+C} t<1
3=
(kg’ﬁc [t— 1]4( Bs) t>1
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Figure 3.1: Normalized spontaneous magnetization for various spin values as a
function of reduced temperature.

Ny®

X4 = (kpTc)* [t— uA 5$0{4u .TO [t ]2 + 5U[ —|— 5’}/5} t <1 (3'11)

0 t>1
Nt ¢ B2C
(kpTc)® [t— uA {12U xO [t— A]B +21U2x3m
X5 = +3u % + s} t<1 (312
N 6
(Fn o) 1]6{3“[t Tt s t>1

with zg = x(h=10) = %N—Ou, A= ag—3Bsr3+5vsxs, B = —3Bs+10v5x3
and C = —fg + 10ys23. For S = 1/2, the above expressions for xi, Y2
and x3 reduce to those reported in [7,11].
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Figure 3.2: The linear susceptibility x1 for various spin values as a function of
reduced temperature t, obtained by the expansion (derivative) method and repre-
sented by symbols (continuous curves). The inset shows the expanded view of the
divergence in the asymptotic critical region.

3.2.1 Critical behaviour

Eq.(3.7), when solved for spontaneous magnetization, yields

2 10 (S+1)?
(@) = { 38524(5+1)2 -t t<1 (3.13)
0 t>1
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Figure 3.3: The first-order nonlinear susceptibility xo for various spin values as
a function of reduced temperature t, obtained by the expansion (derivative) method

and represented by symbols (continuous curves). The inset shows the expanded
view of the divergence in the asymptotic critical region below T¢.

with the critical exponent for spontaneous magnetization (order parameter),

f = 0.5. Using this value of (mg/Np)? in zg and simplifying Eq.(3.8) gives

M ag (t—1)7 t> L

N e (1= t<1
Xlz{ wtigrey @5 (1= 1) (3.14)

Thus, the linear susceptibility, 1, is positive for temperatures below and

above Tx and diverges with the critical exponent, v = 1.0. As Ty is ap-
proached from either side, y; has the characteristic Curie-Weiss form. From

Eq.(3.9), it is clear that yo (~ mgX3) is non-zero as long as my is finite.
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Simplifying Eq.(3.9), one obtains

X2 =

3
{ —s(0sPs) Pt t (=07 <l g
0 t>1

X2 < 0 and diverges with the exponent v = 2.5 =2y + f as T'— T from
below and x, = 0 at and above Tr. Eq.(3.10) can be recast into the form

4 j—
s — (%S)(kgfﬁc)?)t(l—t) t<l
3 — 4 _
—Bsey t (=17 t>1

(3.16)

It follows that 3 (~ x}) is positive in the FM phase and negative in the
PM phase but as T' — T or T/, x3 diverges with the exponent v3 = 4.0 =
3y + 24. In its alternative form, Eq.(3.11) can be written as

128 (kpTc)?

3.17
0 t>1 ( )

_{-@ﬁ%w NEt (1) g <]
X4 = @s

Xa (¢ x2X3) exhibits a behaviour similar to that of x, but the critical
exponent v4 = 5.5 = 4 + 35. In general, the nonlinear susceptibilities y»
and y4 reflect the presence of a symmetry-breaking field and are observed
only in materials with spontaneous magnetization or in the presence of a dc

field. Similarly, Eq.(3.12), simplifies into

385 Nub -7
X = { g Tgry L e (3.18)
=7
B Tty (t—1) t>1

Evidently, x5 (o< |x3]x3) is positive both below and above T and diverges
as T¢ is approached on either side. The corresponding exponent, v5 = 7.0 =
5y + 4. The critical exponents 7, — 75 characterize the divergence of the
linear and nonlinear susceptibilities in accordance with the relation y,, ~|

t—1]"" with~, =n~v+(n—1) 8, wherey =1.0,f =0.5andn=1,2,---.
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Figure 3.4: The second-order nonlinear susceptibility x3 for various spin values
as a function of reduced temperature t, obtained by the expansion (derivative)
method and represented by symbols (continuous curves). The inset shows the
expanded view of the divergence in the asymptotic critical region.

However, it should be emphasized that the nonlinear susceptibilities y, and
X4 are zero in the PM state where my = 0 for h ~ 0. The above expressions
for x1 — x5 can be derived, in a more general form, from the magnetic scaling
equation of state, m = |e|® 1 (h/|e[**7), as x,, = le| = f ) (h/|€e[*+7) where

e=(T-T¢)/Te =t—1, fJ(rn) and ") represent the n order field derivative

" f+

S s at T'> T and T' < T, respectively. In

of the scaling function fy,
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addition, the above scaling approach asserts that

(xs/x1) = le] 2 g (%) (3.19)

(xa/x2) = |e| 2 g <|TA) (3.20)

(xs/x1) = e] 2 g (%) (3.21)

where A = 3 4 v is the gap exponent and ¢7 = i / fi are the scaling
functions.

0
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Figure 3.5: The third-order nonlinear susceptibility x4 for various spin values
as a function of reduced temperature t, obtained by the expansion (derivative)
method and represented by symbols (continuous curves). The inset shows the
expanded view of the divergence in the asymptotic critical region below T .
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Figure 3.6: The fourth-order nonlinear susceptibility x5 for various spin values
as a function of reduced temperature t, obtained by the expansion (derivative)
method and represented by symbols (continuous curves). The inset shows the
expanded view of the divergence in the asymptotic critical region.

3.3 Differentiation Method

At low fields, magnetization m, given by Eq.(3.2), can be expanded around

myg using Maclaurins expansion, i.e., Eq.(3.1) with

1 /0™m
Xn_ﬁ<ahn)h07 (n_172737) (322)

Differentiating Eq.(3.2) with respect to h successively and using Eq.(3.22)
yields

B N ,u2 B’
 kpTe [t —uB]

X1 (3.23)
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1 NMB B//
== t 3.24
X2 =5 (kpTo)? 't — uB]? (3:24)
1 NILL4 B/// (B//>2
= t 3 3.25
Ry AU ey T T ey T (3:25)
1 N,LL5 B/v B//B/// ) (B//)B
= _— t 10u———— + 150 ——2——1 (3.26
X0 = 51 ter ey T M T eyt 329
1 N 6 BY 92 B/// 2 3B//B/v 7 B// 2Bm
X5 = ol t{ +5u( S+ +15U2L
120 (kpTy)s ‘[t — uB']S [t —uB]7 [t —uB']®
5 (B//)4
105u° ————1 (3.27
A0S gt 320
where
B’=q2(¢2— 1) —p*(I* = 1)
=2¢°(¢° — ¢) = 2p°(I° = 1)
B" = 2q4(3¢4 4¢% 4+ 1) — 2p*(3T* — 4% + 1)
—B" = 8¢°(3¢° — 5¢° + 2¢) — 8p°(3T° — 5I*® + 2I)
BY = 8¢5(15¢° — 309" + 17¢* — 2)
—8p°(15I° — 300 + 1712 — 2) (3.28)

are the successive derivatives of the Brillouin function with respect to its

argument with ¢ = 1/25, p =1+ ¢, I' = coth(px) and ¢ = coth(qzy).

The spontaneous magnetization, presented in figure 3.1, for various spin
values was obtained by solving the transcendental equation (3.7) by the
Newton-Raphson method. The thermal variations of linear/nonlinear sus-

ceptibilities, calculated using the analytical expressions (3.8)-(3.12) and
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(3.23)-(3.27), are presented in figures 3.2 - 3.6. An excellent agreement
between the results of the expansion and derivative methods, in the ACR,
is evident from these figures. The expressions for nonlinear susceptibilities
calculated by the differentiation method, valid even for temperatures away
from T¢, reduce to those obtained by the expansion method for tempera-
tures in the close vicinity of T¢. The main observations are as follows. With
increasing .S, the divergences in the linear and nonlinear susceptibilities on
both sides of T become less sharp with the result that the ACR widens.
Large values of S are applicable to molecular magnets or to the systems in
which the range of interactions tends to be infinite. For a given value of
S, higher the order of nonlinear susceptibility, lower its magnitude, sharper

the divergence and consequently, narrower the ACR.

3.4 Experimental detection

In this section, the expressions that relate the intrinsic linear and nonlinear
susceptibilities to those experimentally measured (harmonics of susceptibil-

ity) are obtained.

For a field h = hye+hge, where h,. = hgsinwt is driving ac field and hg, is
superimposed dc field, the induced signal proportional to AC-susceptibility

in the secondary coil due to the magnetic sample is given by
dm
E=-nAf— 3.29
naf (3.29)

Here, n is the number of turns per unit length of the secondary coil, A is

the cross-sectional area of the pickup coil and f is the filling factor.
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34.1 T <T¢

The magnetization of a ferromagnet in presence of a field h is given by first
part of Eq. (3.1). Differentiating first part Eq.(3.1) with respect to ‘t’, we
get

d
é?:hw&m+2mh+3mﬁ+4xm“+Mﬂf+-~ﬁ%wt (3.30)

and
t t1 o 3 112 Lovos
E = —nAfhow[x]coswt + xshosin2wt — Z)(3hocos3wt — §X4hosm4wt

5 3 , 7
+1—6xgh§cos5wt + Exghgsm&ut - ax’%h%cos?wt +---] (3.31)

with

3
X5 = X1 + 2haexa + (33, + Zh?))m + hae(4h, + 3h§)xa + (5hy,

15 5 15

8
105 105 77
+Thj}lch3 T ?hflchg + ahg)><7 4o (3.32)
15 105
+15h2.h2 + Ehg)XG + hao(21R%, + 35h2,h2 + 1—6h§)x7 4.0 (3.33)
5 15
X3 = X3+ 4haeXa + (100G, + 7h6)xs + hae(20hG, + -ho)xe

1
105 7
(85 + S+ ehy)xr o (3:34)

3 21
ﬂ=m+3%m+u%i+#ﬁm+%ﬁﬁi+3ﬁﬂﬁm-@%)

7
X5 = X5+ 6haexs + (210G, + ) x7 + -+ (3.36)

and so on. For small fields, neglecting the higher powers of h, the above

equations reduce to x4 & xn + (n 4+ 1)haeXny1, (n=1,2,---). Thus, for
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small field values of h,. and hg., the harmonics of susceptibility measured
corresponds to the intrinsic counterpart with an additonal term involving
a product of hg. and higher order susceptibility. This term gives rise to

asymmetry in y%.

In the absence of the static field (hg. = 0), the above equations reduce

to the following form:

Xi=x1+ zmhﬁ + gmh‘é + gmg +oe (3.37)
X5 = X2 + Xahg + %)@hé + - (3.38)

X5 = X3+ gxdx% + 1—76x7h§ + - (3.39)

Xi = X4+ gxﬁhé e (3.40)

X5 = X5+ ng TR (3.41)

and so on. For small fields, neglecting the higher powers of h, the above
equations reduce to x!, & x,, (n = 1,2,--+). Hence, the harmonics of
susceptibility are the same as their intrinsic counterparts in the absence of

static field.

3.4.2 T>T.

The magnetization in the presence of a magnetic field h is given by the
second part of Eq.(3.1) with only odd powers of h. and hence,

t T 3 112 5 113,
E = —nAfhow[x]coswt + 3xshosin2wt — Z)(3hocos3wt — §X4hosm4wt

5 21 7
+1—6Xéh§cos5wt + gxghgsinth - @Xt?hgcos?wt +oee] (342)
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with
¢ s | 3.9 4 155 9 9,y 6
X1 = X1 + (3hdc + ZhO)Xfﬂ + (5hdc + 7hdch0 + ghO)X5 + (7hdc
105 105 77
+Th§ch§ + ?h?zché + 6—4h8)><7 +-- (3.43)
¢ 1 2 2 4 35,9 ,0 35 4
X9 = hch;g + ghdc(lohdc + 5h0)X5 -+ hdc(7hd0 + ?hdchO + 1—6h0)X7
4o (3.44)
¢ 2 |, D9 g 105 5 5 Ty
X3 = X3 + (10hg, + Zho)X5 + (35hy, + Thdcho + E’%)X? +--0 (3.45)
21
X4 = haexs + hdc(7h§C + Ehg)x7 +--- (3.46)
7
X5 = x5 + (21h3, + Z’%)X? +-ee (3.47)

and so on. In absence of the static field, the above expressions for odd
harmonics reduce to Eqgs. (3.37), (3.39) and (3.41), respectively, while even
harmonics become zero. For weak fields, neglecting the higher non-linear
powers of field, the equations above reduce to X! ~ x,, (n = 1,3,5,--+)
and x! ~ hgeXni1, (n = 2,4,6,---). In the presence of the DC field, hge,
the coefficients of the 2w, 4w, ete, terms (x4, X%, etc.,) are also finite. The
temperature dependence of odd harmonics are not affected by the presence
of hg. at low fields. Note that the even harmonics are dictated by spon-
taneous magnetization in the FM phase like hgy. in the PM phase. Thus,
non-zero even harmonic susceptibility is taken as an indication of existence
of long-range order in the system. However, in the PM state, as shown in
above expressions, they are odd functions of hg. while even functions of hg
and their temperature variations are solely governed by those of odd-order
susceptibilities. The temperature dependence of the odd harmonics are un-
affected in presence of static field. Experimentally, one minimises the even

harmonics at a temperature where maxima in odd harmonics are expected
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by applying a static field, to compensate the remanent of the superconduct-
ing magnet. Another interesting aspect is that observation of any feature in
PM phase will also directly point out to the presence of local magnetic or-
der (arising due to magnetic inhomogeneities, etc.,) whose transition point
is higher than the global Ty, Using an AC susceptometer (QUANTUM
DESIGN PPMS Model 6000), one, in fact, measures the temperature de-
pendence of the coefficients of the wt, 2wt, 3wt, etc., terms in Egs.(3.31) and
(3.42) which essentially reflects the thermal variations of x4, x4, x4, etc., [5].
The number of harmonics to be detected depends on the sensitivity of the

mstrument.

3.5 A case study

Figure 3.7 compares the critical behaviour of linear and nonlinear suscep-
tibilities, observed [20] in the Lag7Pby3MngsCog 203 manganite at the ac
driving field of rms amplitude of 5 Oe and frequency 100 Hz, with that
predicted by the present MF calculations. ac field was applied along the
length of a polycrystalline sample of cylindrical shape: diameter ~ 3mm
and length ~ 2mm. To make a correct comparison between theory and
experiment, due consideration has to be given to the following. (i) The
present theoretical treatment does not account for the magneto-crystalline
and shape anisotropies present in a (real) ferromagnetic sample but calcu-
lates the intrinsic linear and nonlinear susceptibilities in the presence of
an internal /molecular field and an extremely weak external magnetic field.
By contrast, the shape anisotropy (as the magneto-crystalline anisotropy

is averaged out to a large extent in a polycrystalline sample) has a domi-
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Figure 3.7: (a) The linear and nonlinear susceptibilities as functions of the

reduced temperature, ¢ = (T — Te)/Tc =

=t—1, at hge = 0, hge = 50e€ and

v =100Hz for Lay7PbysMngsCop20s. (b) The corresponding mean-field pre-
dictions for a ferromagnet with S = 2 (appropriate for the manganite system in

question).
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nant influence on the measured susceptibilities particularly for 7' < Ty in
that it prevents x1, X3, X5 from diverging as T" — T, and instead these
susceptibilities get demagnetization-limited for T" < 7. Shape anisotropy
also limits the divergence of xs and y4 at T' = T. To ascertain the effect
of shape anisotropy, the expressions for the measured linear and nonlinear

m

susceptibilities,

present MF' calculations with the field A in Eqgs.(3.1) and (3.3) replaced by

€% with n = 1,2,...5, can be obtained by repeating the

h — 4w D m, where D is the demagnetizing factor; ~ 0.5 for the present

meas

meas ' so obtained, when compared with those,

sample. The expressions for y

int
n

Eqgs.(3.8) - (3.12), for their intrinsic counterparts, 2", bring out clearly the

meas
n .

role of shape anisotropy in limiting the divergences at T" = T in
It is relatively easy to demonstrate this for the measured linear suscepti-
bility since only a couple of algebraic steps suffice to yield the well-known

meas

relation, (x7**)~! = (")~ 4 47D, between the measured and intrinsic

meas

linear susceptibility, from which it follows that (x["***)™' = 47D at T = T¢
where x" diverges. (ii) Even a weak superposed dc magnetic field, hyg.
(e.g., the earth’s magnetic field or the rest field of the superconducting
magnet) smears out the divergences further and makes y2 and x4 finite at
T > Te as it respectively adds a term proportional to hg. x3 and hge x5 [5]
to the expressions, Eqgs.(3.9) and (3.11) or Eqgs.(3.24) and (3.26), for x»
and y4. (iii) The theory deals with a conventional pure ferromagnet with
a uniform spin-spin exchange coupling as against Lag 7 Pbg3MnggCog.20s,
whose magnetic behaviour is governed by the interplay between the dipole-
dipole interactions [21], Mn3*T — O — Mn** ferromagnetic double exchange

and the Mn3" /Mn'T — O — Mn3* /Mn*" antiferromagnetic superexchange

interactions, besides the Co — O — Mn and Co — O — Co interactions.
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Figure 38.8: Scaled nonlinear susceptibilities, (x3/x1)e*®, (xa/x2)€?> and
(xs5/x1)€*®, plotted against the scaled field, h/|e|™, obey the equations of state,
Eqs.(3.19) - (3.21), of the text.

Notwithstanding the above remarks (i) - (iii), the present MF treatment
yields the correct sign and order of magnitude of the linear and nonlinear
susceptibilities and provides an adequate qualitative description of the crit-
ical behaviour of x1, xs3 and x5 (x2 and x4) for T > To (T < T¢). As
expected from the observation (iii), the theoretical predictions are in much

better agreement with the x;(7) and x3(7") data reported [8] previously on
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pure Ni in the critical region.

Recognizing that the scaling functions fi") (h/|€e|*7) represent a gener-
alized form of the corresponding field derivatives of the Brillouin function,
Eq.(3.28), the ratios x3/x1, Xxa/Xx2 and x5/x1 are far less sensitive to the
material parameters than the individual linear or nonlinear susceptibilities.
Hence, instead of a direct comparison between theory and experiment of
the type attempted in Fig.3.7, a better approach is to exploit the scaling
equations of state, Eqs.(3.19) - (3.21), that relate the reduced nonlinear
susceptibilities (xs/x1)€%, (xa/x2)€?® and (xs/x1)e*® with the reduced
conjugate field h/|e|®, to arrive at a reliable estimate for the gap exponent
A, as illustrated in figure 3.8. We find that the quality of data collapse
onto two universal curves, ¢ for T < Te and gfﬁ for T' > T¢, over a wide
temperature range, is optimum for the choice A = g + v = 1.75(5), which
is consistent with the value v = 1.390(1), previously determined [21] from
the linear susceptibility data, and 5 = 0.37, theoretically predicted [22] for

a three-dimensional isotropic dipolar ferromagnet.
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Chapter 4

Charge and spin states of Co

and Ni ions in TM doped
LPMO manganites

An elaborate ac magnetic susceptibility data analysis presented in this chap-
ter (i) enables the first observation of a crossover from a three-dimensional
(d = 3) isotropic long-range dipolar behaviour in the asymptotic critical re-
gion to (d = 3) isotropic Heisenberg behaviour outside in the manganite
system Lag7PbosMni_,(Co, Ni),Os, and (ii) brings out clearly the impor-
tance of dipole-dipole interactions in establishing long-range ferromagnetic
order in the insulating state. The final charge and spin states of Co and
Ni ions, substituting for the Mn3* and/or Mn** ions, are arrived at us-
ing a scenario of substitution that is consistent with not only the present
results but also with the previously published structural, thermo-gravimetric,
bulk magnetization, dc magnetic susceptibility and electrical resistivity data
on the same system. A marked similarity between the magnetic behaviour

of the manganite system in question and the quenched random-exchange
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ferromagnets, within and outside the critical region, suggests that the per-
colation model forms an adequate description of the ferromagnetic-metal to

paramagnetic-insulator transition.

4.1 Introduction

A rich diversity and complex nature of the physical phenomena occurring in
hole-doped manganite perovskites B2t A% Mnit Mn2tO3~ (R = La, Sm,
Pr, Nd ; A = Ca, Sr, Ba, Pb, Cd) has generated an overwhelming interest
in the study of such systems (for comprehensive reviews, see Refs: [1-7]). A
quantitative, or in some cases even qualitative, understanding of these phys-
ical phenomena necessitated a theoretical approach that goes beyond the
double exchange (DE) mechanism, initially proposed for metallic ferromag-
netism, in recognizing the importance of (i) the superexchange between the
nearest-neighbor localized t5, spins, which can be antiferromagnetic (AF),
or even ferromagnetic (FM), depending on the relevant e, orbital configu-
rations, (ii) the strong coupling of the two-fold degenerate e, orbitals to the
octahedral symmetry-breaking Jahn-Teller (JT) lattice modes, and (iii) the
strong on-site Mott-Hubbard Coulomb repulsion between two e, electrons
in different orbitals. By contrast, the DE formalism relies on a large Hund
coupling between the eg-electron spin and the localized t9,-spin on the same
site to optimize the kinetic energy, or the inter-site hopping amplitude, of
the eg4-electrons. However, no single theoretical model is able to adequately
handle the interplay between the charge, spin, orbital and lattice degrees of
freedom and thereby account for the existence of a variety of phases in the

magnetic phase diagram of manganites.
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A partial substitution of Mn by TM (TM = Fe, Co, Ni) ions in hole-doped
Lay_y Ay Mny_,TM,Os manganites alters the magnetic and transport prop-
erties of the host (LAMO) in a specific fashion depending on the charge
and spin states of the TM solute ions, and thereby provides a fertile testing
ground for the theoretical models proposed hitherto. Bulk of such studies
have been carried out on the Lag7PbysMn,_,(Fe,Co, Ni),Os manganite
system [8-14] rather than on the A = Ca or Sr counterparts [15-18]. While
there seems to be a broad consensus [8,9,11,15-18] that the Fe ion exists in
the Fe®* high-spin (HS) #3,e2 S = 5/2 state, the opinions about the charge
and spin states of Co and Ni ions are sharply divided. The configurations
such as C'o® low-spin (LS) [11,13] t5,¢) S = 0, Co*" covalent intermediate-
spin (IS) [13,19,20] t5,e; S = 1, Co*" HS [9] t5,e2 S = 2, Co*™ HS [13]
ty,es S = 5/2, and N¢** HS [10] t§,e2 S = 1, Ni*t LS [14] t§e) S = 1/2,
N#*t HS [9] t5,e2 S = 3/2 have been invoked in the case of Co and Ni
ions. In all the cases, the solute Fe, Co, Ni ions are supposed to partially
substitute the Mn** HS ¢ e/ S = 2 ion. Following the realization that
the critical behavior of a spin system in the vicinity of a magnetic order-
disorder phase transition is solely governed by the nature of the magnetic
ordering present, critical phenomena have been investigated in a large num-
ber of manganite systems. However, conflicting reports about the critical
exponents, that characterize the ferromagnetic (FM)- paramagnetic (PM)
phase transition, have rendered such studies inconclusive. In this context, a
compilation of the susceptibility critical exponent ~ values (reported in the
literature [21-24,26-29,29-39]), presented in Table 4.1, serves to highlight
a wide disparity between the values of + for the same system and the er-
ratic variation of v within a given compositional series. Since the reported

exponent values either range between the values theoretically predicted for
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Table 4.1: Reported values of the susceptibility critical exponent for manganites
(a-single crystal and b-polycrystalline system).

System Method | T¢ (K) vy e range | Refs.
(10-9)

LCL()_gCClo_QMnOg BM 174 1.45 [21]
Lag.sCagoMnO? ACS | 1795(5) | 1.33(1) | 25-65 | [22]
Lag.70Cag. MnO? ACS | 182(1) | 1.65(1) | 30-120 | [22]
Lay7Cag3MnO} BM 248 1.2 [23]
La0,670a0,33(MTLO,9GCZ(),1)Og BM 11588(6) 1362(2) [24]
LCLQ738(LQQ7MTLO§ ACS 2450(5) 1392(5) 2-30 [26]
LCI,O]BCL()B]\4’/10‘31 ACS 3100(5) 141(2) [27]
La0.67(Bao.g,cao‘g))glggMnOg BM 3061(2) 112(2) [28]
Laom(Ba0,25Ca0‘75)0,33MnO§ BM 2767(2) 112(3) [28]
La0,67Ba0_33M7’L0,99STL()V(]lOg BM 3276(4) 117(2) [29]
La0,67Ba0.33Mno_ggSno,ogOg BM 3157(2) 107(2) [29]
LCLO.GQBCL()A()M’I”Lo_ggSTL0.0l Og BM 3305(2) 128(3) [29]
Lao,ﬁoBa0.40Mn0_985n0,0203 BM 3102(3) 110(2) [29]
La0,87557“0_125MnO§ BM 186 138(3) [30]
Lag 570,25 MnOS ACS 345.6 | 1.27(6) | 0.6-6 | [32]
Lag.7SrosMnOS BM | 354.0(2) | 1.22(3) | 2-30 | [33]
LCL047STQ_3MTL().95AZOIQ5O§ BM 336.24 1.001 [34]
Lag 7S70.3Mng.o5T0.0504 BM 303.7 1.149 [34]
LCZ(),7ST’0_3MTLO,8T’L.0,QO§ BM 150.1 1.002 [35]
La0,675r0,33]\/[n0§ BM 369.2 113(1) [36]
L(I0467ST0_33M’H,0.99M00_01 Og BM 367.9 117(1) [36]
L(IOA67ST0_33M’I’lo,ggMOo_QzOg BM 366.7 115(1) [36]
Lao.6737'0.33M”0.97M00.03O§ BM 365.8 1-25(1) [36]
LGQ,G7STO,33MTL()_96MO0,040g BM 364.6 113(1) [36]
Lao.6757”0.33Mn0.94M00.0603 BM 360.8 L. 17(1) [36]
La0.675r0,33Mn0,99 S’I’LO'O]_ Og BM 3654(6) 110(1) [29]
La0.675r0,33Mn0,98 SnOOQOg BM 3526(1) 126(2) [29]
LCLQ_6()ST'Q_4QM710_99 Sno_m Og BM 3605(1) 1. 19(1) [29]
La0_6oSr0_4OMn0_98 Snoogog BM 3545(2) 138(2) [29]
LagPby. MnO} ACS 162 1.456 137]
Lag.sPbosMnO% (H > 1T) BM 3344 | 1.27(2) | -40-40 | [38]
Lag7PbosMnOS (H <1T) | BM 336.,5 | 1.0(1) 38]
Lag g7 Pbo 33 MnO? ACS | 340.5(5) | 1.39(6) [39]
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different universality classes (e.g., three-dimensional (3D) isotropic short-
range Heisenberg d = 3,n = 3 with [40] v = 1.386(4), three-dimensional
isotropic short-range Ising d = 3,n = 1 with [40] v = 1.241(2), mean-field
(MF) with v = 1.0, where d and n are the space/lattice dimensionality and
spin dimensionality, respectively) or are completely anomalous, the nature
of interactions that sustain FM order below T, remains obscure. Conse-
quently, the basic issue of whether the percolation picture or the two-fluid
model forms a correct description of both FM-PM and the associated metal-

insulator transition, cannot be unambiguously resolved.

The unresolved issues mentioned-above and the possibility that non-
asymptotic data could be responsible for the chaotic dispersion in the ~
values, prompted us to undertake an exhaustive study of the critical behav-
ior near the FM-PM phase transition in the Lag7PbysMni_,(Co, Ni),O3
(y = 0,0.1,0.2,0.3) system. The critical behavior of y = 0 (the LPMO
host) turns out to be markedly different from that of the Co- and Ni-doped
(i.e., y # 0) samples. Barring a systematic trend with y, the composi-
tions y = 0.1,0.2,0.3 exhibit essentially the same behavior in the critical
region. Therefore, only the representative results (obtained on the compo-
sitions y = 0 and y = 0.2) are presented and the observed trend with y is
highlighted as and when required.

4.2 Experimental details

Extensive ac magnetic susceptibility measurements have been carried out on

polycrystalline samples of nominal composition Lag 7 PbysMn,_,(Co, Ni),Os
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(y = 0,0.1,0.2,0.3) at an ac driving field of rms amplitude, ranging from
0.1 Oe to 10 Oe, and frequency, from 100 Hz to 10 kHz, over a wide
temperature range 4K < T < 355K that embraces the critical region.
These samples were prepared by the sol-gel method [8], thoroughly charac-
terized by scanning electron microscopy, energy dispersive absorption of
x-rays and neutron diffraction [13,14], and are the same as those used
for bulk magnetization, dc magnetic susceptibility and electrical resistiv-
ity measurements [12-14]. In the Ni and Co containing compounds, the
presence of Ni*t, N3+, Ni*t and Co*t, Co*t, Co*t at different temper-
atures [13,14] was revealed by the thermo-gravimetric analysis. The redox
titration yielded the Mn3*/Mn** ratio as 0.35/0.65, 0.28/0.62, 0.20/0.60
and 0.10/0.60 for the compositions y =0, 0.1, 0.2 and 0.3, respectively.
Note that the ratio Mn3*/Mn*" = 0.35/0.65 in the parent LPMO com-
pound differs radically from that (0.70/0.30) expected for the stoichiomet-
ric LPMO compound. This departure from the expected Mn3*/Mn**
ratio is caused by the oxygen non-stoichiometry 6 = 0.17 which gives
rise to vacancies ([J) at the cation sites in accordance with the formula
Laf&}x O, s (PO s M0l ss Mo sis Op s 1037, Detailed

Gl Erel 03xgigl T RGN T lEis)
structural characterization by neutron diffraction confirmed that all the

samples are single phase and belong to the trigonal space group (R3c).
The Ni or Co substitution causes a slight reduction in the unit-cell vol-
ume (average volume change, < Av/v >= 9 x 107 per at. % Ni and
7.9 x 107* per at. % Co) but leaves the remaining structural parameters
such as the tolerance factor, Mn — O bond lengths as well as Mn — O —
Mn, O — Mn — O bond angles essentially unaltered. The compositions
Lag7Pby3sMnQOs, Lag7PbysMnggNigo03 and Lag7Pby3zMnggCoyo03 are
henceforth referred to as LPMO, Nigo and Cog o, respectively.
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4.3 Data analysis, results and discussion

4.3.1 Linear magnetic susceptibility
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Figure 4.1: The real, X', and imaginary, X", components of ac susceptibil-

ity as a function of temperature at a fived rms field amplitude, hg,e = 10e,

and wvariable frequency (v) or at fized v and varying he. for (a) LPMO =
LCLO.7Pb0.3MTZ03 and N’iO.Q = LCLO.7Pb0.3(MTLO.8NZ'O.2)03 and (b) 000.2 =
Lag.7Pbg.3(MngsCop.2)03.

Figure 4.1 displays the temperature dependence of the real (reactive/dispersion),
X'(v), and imaginary (dissipative/absorption), x”(r), components of ac
susceptibility (ACS) for LPMO measured at an ac driving magnetic field
of rms amplitude h,. = 10e and frequency, v = 300Hz, and for Nigs

and Copo measured either at fixed frequency v

= 1kHz and rms am-
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plitudes h,. = 0.1,1,5,100e or at h,. = 1Oe in the frequency range
100Hz < v < 10kH=z over a wide temperature range (that embraces the
critical region near the FM-PM phase transition). Recognizing that the crit-
ical fluctuations of the order parameter (spontaneous magnetization) have
maximum amplitude as well as range ( divergent spin fluctuation-spin fluctu-
ation correlation length ) at the critical point, T¢, and that the fluctuations
are directly related to dissipation (the fluctuation-dissipation theorem), the
temperature 7), at which a sharp peak in x”(7") occurs provides a reasonably
accurate estimate of T¢-. No discernible shift in 7},, or equivalently in the
Curie temperature T, over a frequency range spanning two decades testi-
fies to a true thermodynamic phase transition at Te. Since x” is at least
two orders of magnitude smaller (Fig. 4.1) than y’ at any temperature,
X' decides the magnitude of ACS. In the PM state (1" 2 T¢), the inverse

intrinsic susceptibility, x~!(T), varies with temperature as

VT = Agg(T) €706 (e 0) (4.1)

where € = (T'=T¢)/Tc and e ss (Aesr) is the effective critical exponent (am-
plitude). x~1(7') is related to the measured x' ~*(T) via the demagnetizing

factor, N, as

X NT)=x"YT)+4rN (4.2)

According to Eq.(4.1), as T — T, x Y(T) — 0, and 7epp(T) — 7 (the
asymptotic critical exponent) with the result that x’ ~*(T) — 47N from
Eq.(4.2).
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Estimation of T,

The ‘range-of-fit’ (ROF) analysis [41-44] of the x’ ~'(T) data, based on
Egs.(4.1) and (4.2), permits an accurate determination of T¢ and N, and
hence of A.p(T") and verp(T), as elucidated below. Since T, = T, T¢ is
held constant at one of the temperatures (=~ 80 mK apart), in the range
T,—10K < Ty <T,+10K, at which x’ has been measured. The parameters
N, A5y and 7.5 are varied to optimize agreement between the experimen-
tally observed and theoretically predicted (by Eqs.(4.1) and (4.2)) ' ~1(T)
over the temperature range €, < € < €paz, Where €, corresponds to
the first data point above T. In the ROF analysis, the temperature range
Emin < € < €mae Of the fit is varied by keeping €,,;, fixed and progressively
raising € = €,,4, ( by including one more data point above T¢ for successive
fits) and the variations of N, A.;; and v.r; with € are monitored. The
correct choice of T (and hence of N, A and ) is the one that yields con-
stant values for N, A.sy and 7.5y in the asymptotic critical region, i.e.,
N(e) = X' "HTc)/4m, Acpp(e) — A and 7epp(€) — v as e — 0. Figure
4.2 illustrates this behavior of N(e), A.sr(€) and ~.rf(€), as an outcome of
the ROF analysis, by treating the ' ~}(7T') data taken at h,. = 10e and
v =1kHz on Nigo as an example. Out of the temperature variations of N,
Acpp and 7.5y yielded by the ROF analysis for the three specified choices
of T¢, the criterion that N(e), A.rr(€) and v.rs(e) should attain their lim-
iting but constant values as € — 0 is satisfied only for the (correct) choice
Te = 24743 K. The values of Tx determined in this way are displayed in ta-
bles 4.2 and 4.3. Figure 5.3 demonstrates that the value for T, so obtained,
exactly coincides with the temperature corresponding to the inflection point

(where dx'/dT goes through a sharp well-defined minimum) in the x'(7T)
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Figure 4.2: Temperature variations of the parameters 4nN, Acrp and Yeyps
corresponding to three different choices of To yielded by the ‘range-of-fit’ analysis
(see text for details).

curve (compare the T values given in Fig. 4.2, Fig. 4.3 and tables 4.2-4.3)
but lies just above (within 1 K) 7}, the temperature at which x ” peaks.
Another important observation is that the T of the parent compound gets
depressed progressively as the Ni or Co concentration increases but the Co
substitution depresses T (of the host) at a much faster rate (see also, [12-
14]). The values of T¢, so determined, are in much closer agreement with
the numerical estimates directly obtained earlier from the ‘zero-field” neu-

tron diffraction data [13,14] than with those (less reliable values), deduced
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from the ‘in-field” bulk magnetization data through an extrapolation to zero

magnetic field.

Having determined the Ty correctly, the inverse intrinsic susceptibility,
X" *(€), is obtained by subtracting 47N (e = 0) from x’ ~!(¢). The behavior
of x71(¢) over a wide temperature range above T¢ is shown in the insets of
figure 4.4. x~!(¢), in the critical region, is depicted in the upper panels of
Fig. 4.4 and compared with the theoretical fits that use the 3D Heisenberg
value of vy = 1.386 for the asymptotic critical exponent v in Eq.(4.1).
The bottom panels display the corresponding percentage deviation of the
observed " !(¢) data from the theoretical fits plotted against the reduced
temperature €. These deviation plots demonstrate that the 3D Heisenberg
value of 7 adequately describes x~1(e) in the asymptotic critical region,

more so in the LPMO compound.

The physical significance of such deviations, particularly at intermediate
temperatures € &~ (.03 within the critical region, for Nigo and Coga, will
become clear at a later stage when a theoretical explanation is provided for
the 7.y versus e plots shown in figure 4.5. The salient features of v.sf(e)
(Fig. 4.5) are as follows. (I) 7.ss in LPMO assumes the 3D isotropic

Heisenberg value of vy = 1.386(4) at ¢ < €

and goes through a peak at
€p = 0.01 with 4¥ 1 = 2.45 before approaching the mean-field value of v =1
at € > 0.06. (II) By contrast, irrespective of the Co or Ni concentration in
the range 0.1 <y < 0.3, a dip in . s7(€) occurs at €g;,, a peak at €, and ey
attains the values yp = 1.39, v4;, = 1.280(4) and vy = 1.386(4) at € < €,
€qip and €, respectively. Note that the values of €4y, Vaip, Yu(€ =€) and
¢ for different data sets taken on Cogo and Nigo are listed in Tables 4.2

and 4.3. (IIla) As y increases, €*, €4, € and ¢, shift to higher temperatures
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while the peak value yfff increases. (IIIb) For a given y, e.g., Cogo and

- * ko
NZO.Q, €, Edip, €

and ¢, are higher while vfff is lower in the case of Co.
Yerf(€) of the type (I) has been observed [32,45] previously in several spin
systems with quenched random-exchange disorder, which behave as normal

ferromagnets down to the lowest temperature. In sharp contrast, v.rr(e)
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Figure 4.5: The effective critical exponent for suceptibility, verr, as a function
of reduced temperature, e = (T —T¢) /T, for LPMO, Nigo and Cop .

of the type (II) + (III) occurs [32] in amorphous ferromagnets (a-FMs)
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that have composition close to, but above, the percolation threshold for
the appearance of long-range FM order and exhibit re-entrant behavior
at low temperatures. Consistent with these observations, the composition
Lag.7 Pby3MnQOs, corresponding to a Mn3* /Mn?T ratio that maximizes the
DE interaction (and hence T¢), has a collinear FM ground state whereas
in the composition range 0.1 < y < 0.3, the Co- or Ni-substituted LPMO
undergoes a transition to the re-entrant-like state (where long-range FM
order coexists with cluster spin-glass-like order) at 7' < T [8-14]. In a-FMs,
the type (I) vers(e) has found the following interpretation in terms of the
percolation model [45] in which finite FM clusters coexist with an infinite
FM network for 7" < T, The spin-spin correlation length, £(77), of the
d = 3 Heisenberg-like FM network diverges at 1" = T so that the presence
of the spin clusters is not felt in the asymptotic critical region (ACR),
e < €l where the d = 3 Heisenberg-like critical behavior is observed. With
temperature increasing above Tg, {(7T') declines rapidly and infinite FM
network breaks up into finite FM clusters so that at T > T, finite FM
clusters are embedded in a paramagnetic (PM) matrix. At e = €, £(e)
equals the caliper dimension of the largest spin cluster, (d.)maz, With the
result that the magnetic inhomogeneity in the spin system is now no longer
averaged out and 7.;; begins to increase as e exceeds €” till it attains a
maximum value ~” 7 at € = €pnqe When & (€) = (d.)min= smallest cluster size.
It follows that smaller the average cluster size and narrower the cluster size
distribution, higher the values of € and ¢,, narrower the peak in v.ss(€)

and lower the peak value 77, (for details, see [45]).
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Analogy with the percolation picture

In the case of manganites, a percolation picture (strikingly similar to that
described above), in which metallic FM clusters of various sizes coexist
with the insulating PM matriz at T > T¢, has gained wide acceptance [3, 5]
over the years. As the temperature is lowered towards T, the localized
nearest-neighbor t,,-spins (coupled by Heisenberg-like interactions) in the
insulating PM phase order better progressively due to the growing spin-spin
correlations between them. Ordering of ¢5,-spins, in turn, facilitates hop-
ping of eg-electrons and hence the metallic FM clusters grow in size. For
e < e, £(T) is much larger than the size of the largest FM cluster and a
d = 3 Heisenberg-like critical behavior is expected, as observed in Fig. 4.5
for LPMO. However, at T" = Ty and for temperatures below T, metal-
lic FM clusters coalesce to form an infinite percolating network, in which
the finite insulating AF clusters are embedded, and a transition from the
insulating (7" > T¢ ) to metallic (7" < T¢ ) state occurs. Generally, at
constant hole density, the transition between the electronic phase-separated
metallic FM and insulating AF/CO (charge ordered) phases in manganites
is of the first order. However, the disorder introduced by a partial but ran-
dom replacement of R*T ions by A?T ions of larger/smaller ionic radius,
and in the present case by the substitution at the Mn site, results in ran-
domly distributed coexisting insulating and metallic percolative clusters.
The temperature induced growth of clusters and the percolation of such
clusters renders the insulating PM to metallic FM transition continuous

(second order).

Although the mechanisms responsible for the formation of finite FM
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clusters and FM network/matrix are radically different in the percolation
pictures for a-FMs and manganites, the type of interplay between &(7)
and the temperature-dependent length scale introduced by the finite FM
spin clusters at T' > T [45] permits the conclusion that with respect to
the parent compound y = 0, the average FM cluster size reduces while
the cluster size distribution narrows down as one goes from Ni to Co for
a given y. Monte Carlo (MC) simulations [3] on hole-doped manganites
have shown that weaker the disorder, larger the cluster size. In view of
this MC result, the above inference about the cluster size and cluster size
distribution asserts that the disorder increases in the sequence LPMO —

Ni- — Co-substituted LPMO.

Figure 4.6 shows an enlarged view of the steep minimum (dip) in 7.z (€),
witnessed in the case of Nig, and Cog s at temperatures close to T in Fig.
4.5, for the x'(7T') data taken at h,. = 10e for different frequencies (v) and
at v = 1kH z for different values of h,.. With a view to bring out clearly the
physical significance of the dip in v.rs(€), and hence of the type (II)+(III)
behavior of v.rs(€), a brief account of the relevant theoretical results is
given below. Motivated by the fact that long-range dipole-dipole interac-
tion between spins (magnetic dipole moments) is invariably present in all
real magnetic materials, the renormalization group (RG) calculations [46]
on an isotropic spin system with d = 3 and n = 3 revealed that dipolar
perturbations render the isotropic short-range Heisenberg (IH) fixed point
of RG unstable and give rise to a new stable ‘isotropic dipolar’ (ID) fixed
point. However, the critical exponents, characterizing the ID fixed point,
calculated to two-loop order, are very close [47] to (within 0.5%) those

associated with d = 3 pure IH ferromagnet. Subsequent theoretical in-
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Figure 4.6: The effective critical exponent for suceptibility, vers, as a function
of reduced temperature, ¢ = (T — T¢) /T, in the critical regime (that embraces
the crossover region) for (a) Nigo and (b) Cogo.

vestigations, using different RG methods [48-51], dealt exclusively with the
thermally-induced crossover from a critical behavior at 7' > T¢, governed by
the short-range isotropic exchange (Heisenberg) interaction, to the asymp-
totic (e — 0) critical behavior dictated by the long-range dipolar interaction.
[rrespective of the RG method used, the most remarkable outcome of these
theoretical approaches is the occurrence of a deep minimum in 7.ss(€) in
the crossover region (e > 0) which turns out to be a universal feature of the

isotropic d = 3, n = 3 spin systems with weak dipolar interactions (com-
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pared to the Heisenberg exchange interactions). The numerical results of

these RG calculations are summarized in table 4.4.
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Figure 4.7: ~epf versus €AP data (symbols) taken in the asymptotic critical
region 0 < € < €* and the linear fits (straight lines through the data points) based
on Eq.(6.17) for (a) Nig2 and (b) Cog.a.

Comparison with theory

The prediction of a dip in ~.s(€) prompted us to attempt a quantitative
comparison between the theory and experiment. These RG calculations
[48-51] yield the final expressions for susceptibility and its effective critical

exponent, defined as [52] verr(€) = dllny ' (€)]/0(Ine), as

X(r) =T 71/% (1 —7)772 p(r) (4.3)
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Table 4.2: Critical-point parameters for Nig.o.

v=100Hz | v = 300H z v=1kHz v=3kHz | v=10kH=z
Parameters
hee = 10€e | hye = 10e | hye = 0.10e 10e 100e hee = 10€e | hyee = 10e
Fit range
6(10_4) 4-49 5-64 5-69 4 -77 4 -65 5-50 5-1T71
Te (K) 247.50(2) 247.42(3) 247.40(3) | 247.43(3) | 247.49(2) | 247.43(2) 247.46(3)
YD 1.389(2) 1.389(3) 1.389(4) 1.389(3) | 1.389(2) 1.389(4) 1.389(2)
Qy 0.090(8) 0.077(2) 0.085(4) 0.077(3) | 0.077(2) 0.092(2) 0.080(6)
Edip 0.015(3) 0.014(3) 0.014(3) 0.017(3) | 0.017(2) 0.016(2) 0.014(3)
Vdip 1.282(3) 1.279(3) 1.281(3) 1.280(2) | 1.280(2) 1.279(2) 1.283(4)
vr(€ =€) 1.386(3) 1.386(2) 1.386(3) 1.386(2) | 1.386(5) 1.386(3) 1.386(5)
e 0.039(2) 0.038(2) 0.041(2) 0.041(2) | 0.040(3) 0.039(3) 0.041(2)




Table 4.3: Critical-point parameters for Cog.o.

v =100Hz v=1kHz v=10kHz
Parameters
hee = 10e¢ 50e 10e¢ 50e 100e he = 10e 50e
Fit range
e (107 4 - 87 7-99 5-175 5-73 5-74 3-94 6-94

Te (K) | 234.40(3) | 234.45(2) | 234.35(3) | 234.38(3) | 234.45(2) | 234.40(4) | 234.40(3)

b 1.391(3) | 1.391(2) | 1.390(2) | 1.391(4) | 1.390(2) | 1.390(2) | 1.390(2)
ay 0.125(6) | 0.131(6) | 0.116(8) | 0.129(7) | 0.111(5) | 0.105(2) | 0.112(4)
€dip 0.021(2) | 0.021(2) | 0.019(4) | 0.022(3) | 0.022(5) | 0.019(3) | 0.022(4)
Vi 1.280(3) | 1.281(5) | 1.280(5) | 1.279(2) | 1.280(2) | 1.281(2) | 1.279(2)
vule=e") | 1.386(2) | 1.386(2) | 1.386(2) | 1.386(4) | 1.386(3) | 1.386(6) | 1.386(3)
e 0.060(2) | 0.056(3) | 0.063(2) | 0.059(3) | 0.062(2) | 0.060(2) | 0.060(2)

Icl
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Figure 4.8: A direct quantitative comparison between theory (solid curve) and
experiment (symbols) for (a) Nig2 and (b) Coga.

where T is a non-universal critical amplitude, 7 = (¢,/ex)?, ey = [T —
Tc(0)]/Te(0), Te(0) = Te(g = 0) is the transition temperature and vy
the susceptibility critical exponent of the pure (¢ = 0) IH d = 3,n = 3
spin system, ¢, = [Te(g) — Tc(0)]/Tc(0) is the shift in T caused by ID
interactions of relative strength (i.e., the ratio of the ID energy to isotropic
exchange energy), g, vp is the susceptibility critical exponent of the d = 3

ID fixed point, ¢ = 7y is the crossover exponent, p(7) is the ‘correction-to-
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scaling’ function, 77Y¢ — 1 =€ = [(1 +¢,)/¢,)e and € = (T — Te:(g))/Tc(g).
The explicit forms of p(7) and its derivative with respect to 7, p '(7), are
given in [50]. Equations (4.3) and (4.4) assert the following. (a) The ID
interactions become important below a crossover temperature €., ~ €dip =
g"? such that for € < ¢, the asymptotic critical behavior is that of a
d = 3 ID ferromagnet whereas for € > €., the spin system behaves as a pure
d = 3,n = 3 system. (b) 7.ss(€) goes through a minimum in the crossover
region such that at € = €, Very has the universal (independent of the RG
coupling parameter [51] ) value [50] 4, = 1.28(1), for weak dipolar system
with g < 107%. (¢) Yers — vp and vy in the ID (7 — 1) and IH (7 < 1)
limits. The results for Nigo and Cog o, presented in Fig. 4.6, testify to the
validity of the predictions (a) - (c¢). Considering that the dipolar interactions
between the localized ?5,-electron spins are extremely weak compared to the
Heisenberg-like superexchange interactions (which, in turn, are swamped by
double exchange interactions) in hole-doped manganites such as LAMO (A
= Ca, Sr, Ba, Pb, Cd), a crossover to the isotropic dipolar critical behavior
is expected to occur at temperatures, € < €., ~ 107%, which are inaccessible
to experiments. Thus, it is not surprising that a dip in v.¢(€) is completely
absent in LPMO. In the ACR (0 < € < €" < €.,), the expansion of the
scaling function p(7) in Eqs.(4.3) and (4.4) yields the result [42,53]

x(€) = Ay € P [1 +ay 7] (4.5)
Yerf(€) = yp — ay Ap 2P (4.6)
ay ~ 0.099 ¢, P (4.7)

and

€, = 0.349 ¢, (4.8)
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where a, and Ap are the leading ‘correction-to-scaling” amplitude and expo-
nent, and ¢ is the reduced temperature € at which x = = 47. The 7.f;(e2?)
data (symbols) and the best least-squares linear fits (straight lines), based
on Eq.(4.6), are shown in figure 4.7 (while the corresponding critical-point
parameters are displayed in tables 4.2 and 4.3 for different sets of data
taken on Nigs and Cogs). It is evident from Fig. 4.7 that Eq.(4.6) with
Ap = 0.55 [32] is valid in the asymptotic critical region (e < €*) and
yields the true asymptotic susceptibility critical exponent vp = 1.390(1),
irrespective of Co or Ni concentration (and hence ~yp is universal, as ex-
pected), and (non-universal) composition-dependent a,. Like a,, the width
of the ACR increases with y and is larger for Co, e.g., a,, = 0.08(1), ACR
width: 5.0 x 107* < e < ¢ = 7.0 x 1073 for Nigs and a, = 0.12(1);
50 x 107 < € < ¢ = 9.0 x 1073 for Coys (Tables 4.2 and 4.3). This
finding implies that among Ni and Co doped systems, the dipolar interac-
tions are stronger in Co and grow in strength as y increases in both Ni and
Co containing samples. Inserting the experimental value of ¢ in Eqs.(4.7)
and (4.8) with Ap = 0.55 yield a, = 0.973(6) for Nig, and a, = 0.966(3)
for Cogo. Compared to the observed values displayed in Tables 4.2 and
4.3, these estimates are an order of magnitude higher. In order to make
a direct comparison with the predictions of the RG calculations [50], Vess
is plotted against logijpe in figure 4.8. These ~.ss - logige plots make
use of the € values, estimated from the relation €= [(1+¢,)/¢,]e and
Eq.(4.8) using the observed values of é. A glance at Fig. 4.8 reveals that
the theory overestimates the width of the crossover region, underestimates
vp and vy but estimates €4, with reasonable accuracy and yields the same
value 74, = 1.28 as observed for 755 at € = €45, Considering that the most

accurate theoretical value [40] vy = 1.386(4) is in perfect agreement with
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the presently determined value of vy, more refined RG calculations for the
[H-ID crossover are needed to reproduce the experimental values of vp and
va. That €4 is higher in Co than in Ni basically reflects that the strength

of the dipolar interactions, g, is greater in Co.
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Figure 4.9: Schematic representation of the charge and spin states of (a) Ni
and (b) Co ions in the Ni- and Co-doped LPMO as they evolve from their initial
to final configurations through charge transfer.

A comparison between the deviation plots, shown in the lower panels of
Fig. 4.4(b), 4.4(c), and the ~.7f(¢) plots, displayed in Fig. 4.6(a), 4.6(b),
reveals the following. First, the inferences drawn from a direct fit to the

X 1(T) data, based on Eq.(4.1) and using the 3D Heisenberg value vy =
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1.386 for v.fs, are consistent with the results of the ROF data analysis in
that yerr = vy for e < € >~ 0.01 and at € ~ 0.04 for Nigo (e =~ 0.06 for
Cop.). Second, the significantly large deviations of the xy~1(T) data from the
fit, yielded by Eq.(4.1) when v.ss = yu, at intermediate temperatures (Fig.
4.4(b), 4.4(c)) basically reflect the reduced magnitude (Fig. 4.6(a), 4.6(b))
of verf, compared to vy = 1.386, in the crossover region. Third, a wide
dispersion in the values of the critical exponent v reported in the literature
for a given series of the hole-doped manganites with or without substitution
at the Mn site can be attributed to one or more of the following factors [45].
(a) Te not fixed to an accuracy demanded by a precise determination of the
critical exponents. (b) The determinations are based on data that either fall
completely within the crossover region or well outside the crossover region or
partly overlap the asymptotic critical region. (c) Uncertainities associated
with the extrapolation of the magnetization data, taken in finite magnetic
fields, to zero field to arrive at the ‘zero-field” quantities such as spontaneous

magnetization and initial susceptibility.

Charge and spin states of Ni and Co

Recognizing that the resolution of the controversy surrounding the charge
and spin states of Co and Ni in Co- or Ni-substituted hole-doped mangan-
ites is crucial to understanding the origin of dipolar interactions and the
process of electron localization/charge ordering, an attempt is made to ar-
rive at the most probable scenario of substitution at Mn** and/or Mn**
sites that is consistent with the following main observations. (i) Reduction
in the unit-cell volume (v)/lattice parameters (a and c), the critical tem-

perature T and the magnetic moment per 3d transition metal atom (u)
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in the FM and PM states, with the Ni or Co concentration, y. (ii) Ro-
bustness of the tolerance factor against substitution. (iii) Localization of
the conduction electrons as y increases, as inferred from the increase in the
electrical resistivity with y irrespective of temperature [12-14]. The substi-
tution of Mn3* HS ion (with S = 2 and ionic radius 7, = 0.645A) by :
(a) Ni** LS (S = 1/2,7i0n = 0.56A) or Co*" LS (S = 0,7, = 0.545A4)
reduces both v and p at a rate that is much faster than the observed one;
(b) Ni?* HS (S = 1,750, = 0.694) increases v but decreases y; (c) Co**
HS (S = 2,7, = 0.61A) reduces v but keeps p constant; (d) Co*t HS
(S = 5/2,7n = 0.53A) reduces v drastically but increases . Thus, the
above possibilities (a)-(d) invoked in the literature [9-14,19,20], are in di-
rect conflict with the consistency conditions (i) and (ii); the latter due to
an appreciable change in the tolerance factor. After exhausting other pos-
sibilities involving substitution of Mn** HS (S = 3/2, 70, = 0.534) by Ni
or Co ions of different charge and spin states, we propose the substitution
scheme, sketched in figure 4.9, that is compatible with the observations
(i) - (iii). In this scheme, Ni** HS (£5,e2,5 = 1,75, = 0.694) [Co**

29790

LS (t5,el, S = 1/2, 70, = 0.65A4)] and Ni*t LS (£5,€2, S = 0, ripn = 0.484)

29-g> 29792

[Co** HS (t3,€2, S = 5/2,70n, = 0.53A)] substitute for Mn>t HS (3 ¢!, S =

2¢%g» 29~g)

2, Tion = 0.645A) and Mn** HS (t3,€0, S = 3/2, 70, = 0.53A) ions, respec-
tively. Such a substitution introduces the least mismatch between the ionic
radii of the solute and the substituted host ions with the result that only a
minute reduction in v and essentially no change in the tolerance factor and
the bond lengths Mn-O occurs, in accordance with the experimental obser-
vation. By virtue of the substitution at the Mn*" and Mn** sites, Ni?*
HS /Co*" LS and Ni*t LS /Co*" HS ions find themselves respectively in

the neighborhood of Mn*t and Mn3" ions. In order to minimize the to-
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Figure 4.10: The variation of ferromagnetic to paramagnetic transition temper-
ature (Te) as a function of Co/Ni dopant concentration, y (open symbols) or the
Mn3% JMn*t ratio (filled symbols). The continuous and dashed curves through
data points serve as a guide to the eye.

tal energy of the system, N4>t HS and Co*" LS ions assume their stable
configurations, N2** LS and Co®* HS ions, by donating one e, electron per
ion to Mn?* ions (via the intervening oxygen 2p orbitals) and converting
them into Mn®*" ions. By contrast, Ni*" LS and Co*" HS ions achieve
the same goal (energy minimization) by accepting one e, electron per ion
from the Mn*" HS neighbor (Co*t HS state lowers its energy through the
Jahn-Teller distortion and changes over to the Co" intermediate spin con-

figuration before accepting the e, electron) and transform themselves into
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the stable N7*T LS and Co*" HS ions (Mn*t HS ions get converted to
Mn* HS ions, in the process ), as depicted in Fig. 4.9. Since the energy
considerations do not permit the electron transfer to be reversible, the final
configurations Ni** LS - O*~ - Mn*T HS (N3 LS - O?~ - Mn*" HS) and
Co*" LS - 0?7 - Mn3t HS ( Co*t HS - O?~ - Mn*" HS) do not revert
back to the initial configurations Ni** HS - O*~ - Mn*" HS ( Ni*t LS -
O?*~ - Mn*" HS) and Co*" LS - O*~ - Mn*t HS ( Co** HS - O*~ - Mn**
HS). Consequently, in the final configurations, the e, and/or t5, electrons on
N3t LS, Co*" LS/HS, Mn?t HS and Mn*" HS sites get localized and the
dipolar interactions couple their spins ferromagnetically. The most remark-
able feature of this approach is that one naturally ends up with the most
probable charge and spin states for Ni, Co ions as Ni3T LS, Co*" LS and
Co3t HS, respectively. In sharp contrast with the Ni- or Co-doped LPMO,
in the parent LPMO compound, the double exchange interactions dominate
over the antiferromagnetic Mn3t - O?~ - Mn3t and Mn*t - O* - Mn**
superexchange interactions and the localization mechanism, brought about
by the Ni or Co substitution, is absent and hence the ID interactions do not

show up.

Relevance of dipolar interactions

Within the framework of the above picture (Fig. 4.9), Co®*" HS ion has
two localized e, electrons as against one per Ni** LS ion. It immediately
follows that the Co-substitution should be more effective in weakening dou-
ble exchange (and hence in reducing T ), as corroborated by experiments
(figure 4.10). Had the role of such e -electron localization been merely to

reduce the double exchange, T- would have dropped in proportion to the
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Ni/Co concentration or Mn?t/Mn** ratio (with a faster drop in the Co
case); superexchange interactions, favoring antiferromagnetic coupling be-
tween the ty,-electron spins of the ion pairs Ni*t/Co*" — 0?~ — Ni*t /Co*t
or Mn3t /Mn** —0O?*~ — Mn3* /Mn**, would make the decline of Ti; with in-
creasing Ni/Co concentration (or decreasing Mn>* /Mn** ratio) even faster.

As noticed from Fig. 4.10, this expectation is in direct conflict with the ob-
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Figure 4.11: Comparison of the calculated low- and high-temperature magnetic
moments with those obtained experimentally for both Ni and Co doped LPMO.
The continuous and dotted lines joining the data points or the calculated values
serve as a guide to the eye.

served slowing down of the rate of decrease of T in both the cases as the
concentration of Ni/Co solute ions increases or the Mn3" /Mn** ratio de-
creases. We propose that the dipolar interactions, that couple the e, — ¢4

(eg — tay) spins on the Ni*t LS - O*~ - Ni*t LS, Ni** LS - O*~ - Mn?*
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HS, Co*" HS - O? - Co*" HS (N3t LS - O* - Mn*t HS, Co*" HS -
O?~ - Mn*t HS) nearest-neighbor ion pairs ferromagnetically, slow down
the rate of decline of T caused by the reduced double exchange and/or en-
hanced superexchange. This is so because the dipolar interactions, though
extremely weak compared to the double exchange (DE) and superexchange
(SE) interactions, tilt the balance in favour of FM order when the compet-
ing DE FM interactions between eg-clectron spins and SE AF interactions
between fy4-clectron spins are both large but of similar magnitude. The
dipolar interactions are stronger in Co-substituted LPMO because of the
greater number of localized e, electrons and larger magnetic moments on
the C'o®" HS ion and this also explains higher electrical resistivity [12-14]
for the Co-containing manganites. Assuming that the substitution of Mn3*
HS and Mn** HS ions by Ni or Co solute ions is completely biased by the
35/65:: Mn3t / Mn*T ratio prevalent in the LPMO host, we arrive at the
values for the low-temperature (saturation) magnetic moment, prr, and
high-temperature (in the PM state) magnetic moment, pyr, for all the
compositions in the Ni- and Co-substituted series that are in very good
agreement (figure 4.11) with the corresponding experimental values [13,14].
In the case of Co substituted LPMO, the agreement between the calculated
and observed values of ;7 and pgr can be improved further by considering
that at low (high) temperatures, almost all the Co®" ions are in the LS (HS)
state, as the energy difference between the two spin states is as low as [54]

~ 0.03 eV.

Before assessing the impact of the present findings on the current under-
standing of the underlying physics of the novel physical phenomena exhib-

ited by manganites, the salient features of this work are summarized below.



132

Table 4.4: Theoretically predicted susceptibility critical exponent ~ for isotropic
d = 3,n = 3 spin system with or without long-range dipolar interactions.

Isotropic | Minimun v | Isotropic
RG method Ref. Dipolar | in crossover | Heisenberg Remarks
fixed point region fixed point
(vp) (Vaip) (vm)
€(= 4 — d)-expansion quantitatively
to O(e); [46] 1.265 1.25 less accurate
recursion relations estimates
e-expansion more refined
to O(e?); [47] 1.372 1.365 values
recursion relations
Parquet-graph [48] 1.32 1.24 1.29 less accurate
analysis to O(e) estimates
Scaling function
analysis to O(e); [49] 1.265 1.21 1.25 less accurate
recursion relations estimates
Scaling function more refined
analysis to O(e?); [50] 1.372 1.28(1) 1.365 values;
Feynman graph approach RG calculations to
two-loop order.
Field theory; less accurate
generalized minimal [51] 1.265 1.22 1.25 estimates;
subtraction calculations RG calculations to
to O(e) one-loop order only.
¢*-Field theory; most accurate
Borel transformation and | [40] 1.386(4) value
conformal mapping

(A) In the optimally hole-doped parent LPMO compound, the SE AF inter-
actions between the localized t94-electron spins are completely dominated by
the DE FM interactions between eg-electron spins and the dipolar interac-
tions between the localized ty4-electron spins are extremely weak compared
to the SE interactions. Thus, dipolar interactions have essentially no role
to play in establishing the FM state in LPMO. (B) A strong evidence for
the presence of finite metallic FM clusters within the insulating PM ma-

trix for T' > T, and hence for the phase separation, is provided by the
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peak in v.rr(e) at €, in the parent LPMO compound as well as in the
Ni- or Co-substituted LPMO. (C) In LPMO and weakly Ni- or Co-doped
(y < 0.1) LPMO, finite metallic FM clusters grow in size as the temper-
ature is decreased towards T¢ so much so that at T' < T, metallic FM
clusters coalesce to form an infinite FMM percolating network in which
finite antiferromagnetic (AF) insulating clusters are embedded, and thus a
percolative transition from the insulating (7" > T¢) to metallic (1" < T¢)
state occurs. (D) As more and more of the Mn ions in LPMO are replaced
by Ni or Co ions (i.e., as y increases), increased number of e, electrons get
localized via the mechanism illustrated in Fig.4.9. Consequently, the DE
FM interactions get rapidly suppressed and become similar in magnitude to
the SE AF interactions, so that even weak dipolar interactions between the
localized e, -electron spins and/or between e, —to, electron spins are able to
establish the FM insulating (FI) phase, which grows at the expense of the
FMM phase with increasing y. Thus, a transition from PI phase (7' > T¢)
to the FI phase (T' < T¢) occurs at T' = T when the Ni or Co solute concen-
tration exceeds a certain threshold value (y > 0.2 in the present case). That
the dipolar interactions play a decisive role in establishing FM order in the
vicinity of T when the fraction of localized e, electrons becomes substan-
tial (y > 0.2) is clearly borne out by the increase in the isotropic dipolar-
to-isotropic Heisenberg crossover temperature with y. Since the presently
studied manganite system shares the same underlying physics with other
optimally-doped manganites, e.g., Lag7Ao3Mn,_,TM,O3 where A = Ca,
Sr, Ba, Cd and TM = Fe, Co, Ni, the above observations (A)-(D) should be
applicable to these systems as well and provide a means to resolve the con-
troversy surrounding the nature of FM - PM phase transition as well as the

spin and charge states of Co and Ni in Lag ;Ao 3Mn,_,TM,O3 manganites
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too.

In the recent years, substantial progress in understanding the pronounced
‘electron-hole asymmetry’ as well as the occurrence of a variety of phases
in the phase diagram of La;_, A, MnO3; manganites has been made by rec-
ognizing the importance of the competition between DE interactions, Hund
coupling between eg-electron spin and localized ty4-electron spin, Jahn-
Teller (JT) electron-phonon coupling between e, electrons and the local
distortions of the MnOg octahedron, the Coulomb interactions among the
eg electrons and AF Heisenberg coupling between nearest-neighbor ¢,, spins.
However, many aspects of the physics of manganites are still poorly un-
derstood. For instance, no general consensus on how the FI state at low
doping levels z =~ 1/8 evolves from the AF insulating state at x = 0 has
emerged so far. Taking cognizance of the inference (D), we suggest that
the dipole-dipole interaction (completely ignored in the previous consid-
erations) between the localized e,-electron spins (regardless of the actual
localization mechanism) may hold the key to the formation of the FI phase
at low doping levels as elucidated below. As the hole concentration (z)
increases from zero, the double exchange interaction grows at the expense
of the superexchange interaction so that at a certain value of x, the double
exchange FM interactions between mobile eg-electron spins become similar
in magnitude to, and compete with, the superexchange AF interactions be-
tween localized t9,-electron spins with the result that even extremely weak

dipolar interactions suffice to tilt the balance in favour of FM order.
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4.3.2 Nonlinear magnetic susceptibility

In the critical region near T¢, the temperature and field dependence of

magnetization is characterized by the scaling equation of state (SES) of the

form
h
m = |€|Bf:|: (|€|B+7> (49)

0.0

-0.2 —_—
04
-0.6 ‘°_
-0.8 ~
-1.0 =

%
oaocﬁoooﬁoox&““J
g,
.

o~
1.2 =
1.4 §
-1.6 f b
v B,
200 220 240 260 280 300 . . .
220 240 260 280 300 200 220 240 260 280 220 240 260 280

T (K) T (K)

Figure 4.12: In-phase and out-phase components of first order nonlinear suscep-
tibility, x2, for (a) Niga and (b) Coga as a function of temperature at a driving

field of amplitude, hqe = 1 Oe and variable frequency, v, and at v =1 kHz and
variable hge.

Successive derivatives of Eq.(4.9) with respect to h yields

o £ h
Xn =[] 1(:) (|€‘B+7) ) (4.10)
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where v, = ny+(n—1)8 (n = 1,2, -- ) is the critical exponent for nonlinear

susceptibility, x, and fin) (x) represent the n'* field derivative of fi(z).

Figure 4.12 presents y2(7") data for Cog o and Nig o at different fields and
frequencies. The existence of a nonzero y, for T' < T is a clear indication
that the system exhibits long-range magnetic order as it is related to the
spontaneous magnetization. In accordance with theoretical prediction that
negative ys should diverge below, and vanish above the transition point (see
chapter 3), x2 is negative with a dip at 7, (which is slightly higher than

Tc). The x5 (T) data are analyzed in terms of the expression
X2 (1) = =Ay(T) (=¢) *) 4 Ny (e <0) (4.11)

(where € = (T'—=T,,) /T, Az, 72 and Ny are the reduced temperature, critical
amplitude, critical exponent and demagnetization factor, respectively) using
a ‘range-of-fit’ analysis. Figure 4.13(a) displays the fits to the normalized
inverse nonlinear susceptibility, x;'(€)/x5 "' (e = 0), in the asymptotic crit-
ical region based on Eq.(4.11). The theoretical fits are noticed to describe
the x,'(€) data quite well. The ‘range-of-fit’ analysis yields the tempera-
ture variations of the corresponding critical exponent -, as shown in figure
4.13(b). The main features of the data presented in Fig.4.13 are as follows.
(i) At low frequencies (100 and 300 Hz), 75 assumes the value 3.15(3) as
e — 0 and reaches a similar value below the dip. The value 7, = 27 + (8
= 2 x 1.39 + 0.37 = 3.15 is theoretically expected for a three-dimensional
(d = 3) isotropic dipolar ferromagnet. This observation and the dip in
~2(€), characteristic of d = 3 isotropic dipolar to d = 3 isotropic Heisen-
berg crossover, are consistent with our findings in the section 4.3.1 based
on the linear susceptibility, x1(€), on these systems. (ii) At hy. = 1Oe, as
the frequency of the driving field increases, T, falls rapidly (not shown),
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Figure 4.13: (a) Normalized inverse first order nonlinear susceptibility and (b)
corresponding effective critical exponent as a function of reduced temperature.

the asymptotic value of 9 reduces drastically and the dip in 7(€) shifts
towards € = 0 so much so that at v = 10 kH z, 5 approaches the mean-field
value of v = 1. This observation implies that, as T,, falls well below Ty
with increasing frequency, the divergence of y, is suppressed progressively.
The suppression of the divergence and the fall of T}, is a direct indication of
the finite size of the clusters that are probed at a given frequency (or time
window); higher the frequency, smaller the size of the magnetic clusters
probed. These results thus suggest the phase segregation of the conducting
and insulating magnetic phases within the ferromagnetic regime. Fig.4.14

depicts the thermal variation of third harmonic of susceptibility at various
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Figure 4.14: Temperature variation of the in-phase and out-phase components
of first order nonlinear susceptibility, xs, for (a) Nigo and (b) Cog2 at a driving
field of amplitude, hqe = 1 Oe and variable frequency, v, and at v =1 kHz and
variable hge.

driving field amplitudes and frequencies. x3(7") has a positive maximum in
FM phase and changes over to a negative dip (7,, > T¢) in PM phase as
predicted by theory. The x3(7") data are analysed in the PM phase using

31 (T) = —A3(T) (e) w4 N, (e >0) (4.12)

with Az, 73 and N3 as critical amplitude, critical exponent and demagneti-
zation factor, respectively. The fits obtained using Eq.(4.12) represents data
excellently in the ACR as shown in Fig.4.15(a). The thermal of the corre-
sponding critical exponent, y3(€), presented in figure 4.15(b) has a value of
~v3 ~ 2.3 in ACR at low field and frequency instead of v3 = 4.91 (=3~ +20)
predicted by theory and its value decreases with field and frequency. How-

ever, vs(€) exhibits a dip similar to the one seen in v;(¢) whose magnitude
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Figure 4.15: (a) Normalized inverse second order nonlinear susceptibility and
(b) corresponding effective critical exponent as a function of reduced temperature.

gets suppressed and position shifts to lower temperature with frequency.
This observation directly points to the presence of FMM clusters of various

sizes in PMI state.

4.4 Summary and Conclusion

An extensive investigation of the magnetic behavior of

Lag 7Pby 3sMn,_,(Co, Ni),O5 (y = 0,0.1,0.2,0.3) hole-doped manganite sys-
tem over a wide range of temperatures, that covers the critical region near
the ferromagnetic (FM)- paramagnetic (PM) phase transition and the PM
region, has been carried out by measuring ac susceptibility (ACS) at the ac

driving field whose rms amplitudes (frequencies) ranged from 0.1 Oe to 10
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Oe (100 Hz to 10 kHz). A detailed ‘range-of-fit’ analysis of the ACS data
enabled a precise determination of the Curie temperature, T and hence
of the effective critical exponent, v.rf, for susceptibility as a function of
reduced temperature, € = (1" — T) /T¢. The main observations are as fol-
lows. In the parent LPMO compound, (I) vesr(€) = vg = 1.386 (the 3D
isotropic Heisenberg value) in the asymptotic critical region (ACR), and
goes through a peak before approaching the mean field value of v = 1 at
T > Te. (II) By contrast, regardless of the Ni or Co concentration in the
range 0.1 <y < 0.3, as the temperature is raised from T¢, 7.5y starts with
the value yp = 1.390(1) in the ACR (e < €*), goes through a steep minimum
(dip) at €4;, with vap(€ = €aip) = 1.280(4), rises to the value vy = 1.386(4)
at €* and then peaks at €, assuming a value 7.ss(e = ¢,), which depends
on y. (III) As y increases, €*, €4y, € and ¢, shift to higher temperatures
while 77, increases. (IV) For a given y, €, €4p, € and ¢, are higher while
Ve sy is lower in the case of Co. (V) A progressive drop in T (from its value
in the LPMO host) occurs as the Ni or Co concentration increases but the
Co-substitution depresses Tx at a much faster rate. However, the rate of
decline of T¢ slows down with increasing vy, i.e., To(y) is concave upwards.
The renormalization group (RG) calculations predict that (a) a 3D isotropic
spin system, in which short-range Heisenberg interactions coexist with weak
long-range dipolar interactions, exhibits a thermally-induced crossover from
the 3D isotropic Heisenberg (IH) critical behavior to the 3D isotropic dipolar
(ID) asymptotic critical behavior when the temperature is lowered towards
Te from high temperatures, and (b) the characteristic feature of this IH to
ID crossover is a dip in 7.ss(€) in the crossover region with v.r; attaining
the values vp in the ACR, 4, = 1.28(1) at €4, and vy at €, respectively.
In view of these RG predictions, the observations (II)-(IV) permit us to
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conclude that an ID to IH crossover occurs in the Ni- and Co-substituted
LPMO, and the ID interactions, not discernable in the parent LPMO com-
pound, grow in strength with y and among Ni and Co solutes, are stronger
in the Co-substituted LPMO.

Within the framework of a percolation model, the peak in v.¢¢(€) at €, in
the LPMO host and the Ni- or Co-substituted LPMO is shown to result
from an interplay between the diverging spin-spin correlation length of the
insulating PM matrix as € — 0 and the temperature-dependent length scale
due to the finite metallic FM clusters while the observed upward shift in €,
and the decrease in ”yfff as one follows the sequence y = 0 — Ni — Co
(for a given Ni or Co concentration, e.g., y = 0.2 in Fig.4.5 imply that the
average FM cluster size reduces and the cluster size distribution narrows
down. The peak in 7.5 for € > 0 thus constitutes a new experimental sig-
nature for the phenomenon of phase separation in hole-doped manganites.
To address the issues connected with the localization of e, electrons (and
hence weakening of double exchange) and the origin of dipolar interactions,
we have proposed the charge and spin states for Ni and Co ions in the Ni-
and Co-substituted LPMO that are consistent with not only the present
results but also with the previously published structural (neutron diffrac-
tion), thermo-gravimetric, bulk magnetization, dc magnetic susceptibility
and electrical resistivity data on the same system. Finally, the physical
implications of our results, so far as the physics of manganites is concerned,
are discussed in the preceding section.

The results of the above nonlinear susceptibility analyses is summarised as
follows. In the asymptotic critical region, both Nigo and Cog s systems be-
have as a 3D isotropic dipolar ferromagnet (FM) and as the temperature is

raised above the critical point (7¢), crossover from 3D isotropic long-range
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dipolar (ID) to 3D isotropic short-range Heisenberg (IH) fixed point occurs.
This inference is drawn based on the analyses of y; and x5 as functions of
frequency, field amplitude and temperature. Clear-cut signatures for the
existence of segregated ferromagnetic metallic (FMM) phase in the para-
magnetic insulating (PMI) matrix above T and ferromagnetic insulating
(FMI) phase in the FMM matrix below T are exhibited by ~.sf(€) plots
based on y3(7") and x2(7). As the frequency of the driving ac field in-
creases, the contributions from the FMM clusters (phase) at 7' > T and
FMI clusters (phase) at 7' < T, to the nonlinear magnetic response become
increasingly dominant. A minimum in v.y(€), a characteristic of a crossover
from ID (8 = 0.37, v = 1.39) to IH (5 = 0.365, v = 1.386) spin system,
present in vy;(e) and vs(e) plots, reflects the importance of dipolar interac-
tions in giving rise to the insulating FM/PM phase. By contrast, a constant
decrease in the magnitude of v, and 3 with increasing frequency is a man-
ifestation of the increasingly dominant contribution from finite FMM/FMI
clusters. Hence, nonlinear susceptibility can be used an effective tool in the

study of phase separation phenomena in manganites.
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Chapter 5

Nature of magnetic order in Fe
doped LPMO manganites

In this chapter, a conclusive evidence is provided for the occurrence of a
cluster spin glass state in the random Fe-substituted optimally hole-doped
manganite Lag7Pbys(Mni_,Fe,)Os (y = 0.2,0.3) based on the results of
an exhaustive study of nonlinear magnetic susceptibilities. . As expected
for a spin glass (SG), the nonlinear ac magnetic susceptibilities x3(T,w)
and x5(T,w) (odd harmonics) diverge at the SG freezing temperature T, =
80.00(3)K (T, = 56.25(5)K ) in the static limit and, like the imaginary part
of linear susceptibility, follow the dynamic scaling with the critical expo-
nents 5 = 0.56(3) (5 =0.63(3)), v = 1.80(5) (v =2.0(1)) and zv = 10.1(1)
(zv = 8.0(5) ) in the sample with compositiony = 0.2 (y = 0.3). The nonlin-
ear susceptibility X, which has contributions from both x3 and x5, satisfies
the static scaling with the same choice of Ty, 8 and ~y. Irrespective of the Fe
concentration, the values of the critical exponents v, v and n are in much
better agreement with those theoretically predicted for a three-dimensional (d

= 3) Heisenberg chiral SG than for a d = 3 Ising SG. True thermodynamic
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nature of the “zero-field’ spin glass transition is preserved even in finite mag-
netic fields. Unlike odd harmonics, even harmonics x2(T,w) and x4(T,w)
make it evident that, apart from the macroscopic length scale of the spin
glass order in the static limit, there exists a length scale that corresponds
to the short-range ferromagnetic order. Thus, a combined investigation of
both odd and even harmonics of the ac magnetic response not only permits
an unambiguous distinction between the canonical and cluster spin glasses

but also probes the magnetic order existing within the clusters.

5.1 Introduction

Hole-doped mixed-valent Manganites of the type Laj", A2* Mnit Mnit 03~
(A = Ca,Sr, Ba, Pb, Cd) have been at the forefront of condensed matter
research since they provide a rare opportunity to study a unique combina-
tion, and a rich variety, of physical phenomena brought about by a complex
interplay between the energy scales associated with the charge, spin, orbital
and lattice degrees of freedom. This interplay enables these systems to be
driven to various states (charge/spin/orbital or a combination thereof) of
order by tuning the chemical-pressure (with doping at La and/or Mn sites)
or oxygen off-stoichiometry or by applying pressure. One such system is the
double-exchange metallic ferromagnet, Lag7Pby3MnOz (LPMO), in which
Mn is partially substituted by the 3d transition metal Fe, Co, Ni. Com-
pared to Ni or Co substitution [1] at the Mn site in LPMO, Fe substitution
causes more drastic changes in the magnetic and electronic properties of
the host and gives rise to different states of magnetic order of varying com-

plexity in different Fe concentration regimes. The nature of magnetism in
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Lag7PbysMn,_,Fe,Os for Fe concentrations y > 0.1, in particular, is a

subject of intense debate [2-8] in the recent years.

It is generally agreed that, in Lag7PbysMn,_,Fe,Os, F 3™ (high-spin
(HS), S = 5/2, u = bup) ions substitute for the Mn3" (HS, S = 2, u =
4p15) ions at random. Therefore, as y increases, the number of Mn3" ions
available for the Mn*" — O?*~ — Mn*" double-exchange (DE) mechanism
(responsible for metallic ferromagnetism) reduces while the Fe3t — O*~ —
Mn3* super-exchange (SE) bonds (leading to an antiferromagnetic (AFM)
coupling between the magnetic moments of the neighboring Fe3™ and Mn3*
ions) increase in number, with the result that a precipitous drop [2-8] in the
Curie temperature, T, and the low-temperature magnetic moment occurs.
A random substitution of Mn?* ions by Fe3T ions thus gives rise to both
the random site- and (exchange) bond-disorder (and hence to the quenched

random-exchange disorder).

However, the opinions on issues such as the threshold Fe concentration
Y., beyond which the long-range FM order ceases to exist, and the nature of
magnetic order for y > y.., are sharply divided, as elucidated below. On the
one hand, spin-polarized neutron diffraction (SPND) [5,6,8] and small-angle
neutron scattering (SANS) experiments [6] strongly indicate that, as y in-
creases, the AFM SE interactions grow at the expense of the ferromagnetic
(FM) DE interactions so that the FM correlated regions shrink in size to the
extent that the long-range FM order breaks down for y > 0.2. Consistent
with this inference, a semiconducting/insulating state (without a transition
to a metallic state) is found to persist down to 2K for y > 0.15 [2,5]. The
muon spin relaxation (uSR) [5] and neutron spin-echo (NSE) [7] investiga-

tions of spin dynamics in Lag7Pby 3 Mn,_,F'e,O3 reveal the presence of the
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fast and slow relaxation components, that are attributed to overdamped
spin waves and collective reorientation of nanoscale ferromagnetic domains,
respectively. On the other hand, based on bulk magnetization measure-
ments [3,4] mainly, it is claimed [4] that the long-range FM order is present
even up to Fe concentrations as high as y = 0.4 and beyond this concentra-
tion, a long-range AFM order sets in. Since the samples with y > 0.2 are
electrically insulating/semiconducting [2,3,5] down to the lowest tempera-
tures, long-range FM order is sustained in the insulating state over the Fe
concentration regime 0.2 < y < 0.4. Obviously, the DE mechanism fails to

explain the existence of ferromagnetism in the insulating state.

In this chapter, a conclusive evidence is provided for a cluster spin glass
state in the compositions y = 0.2 and y = 0.3 based on the static and

dynamic scaling of the nonlinear (NL) magnetic susceptibilities.

5.2 Experimental details

The Lag7Pbos(Mni_,Fe,)O3 samples with y = 0.2 and y = 0.3 were
prepared in the nanocrystalline (average grain size ~ 100nm) form by
the sol gel method and are the same as those used previously for the
SPND, SANS, uSR and NSE experiments [5-8]. Magnetic susceptibil-
ity at a static magnetic field of H = Hy. = 100e¢, xq(H = 100e),
was recorded over the temperature range 2K < T < 300K in both the
ZFC and FC modes. The bifurcation, marking the onset of magnetic ir-
reversibility, in the ZFC and FC x4 (T, H = 100¢) curves opens up at
T < T;., = 80K. The first five harmonics of the ac magnetic response,
Xn(w, T,H) = x)(w,T,H) +ix!(w, T, H) with n = 1,2,3,4,5, were mea-
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sured at 0.5 K, 0.2 K, 0.1 K, 0.2 K and 0.5 K steps in the temperature
ranges 2 K - 10 K, 10 K - 60 K, 60 K - 100 K, 100 K - 120 K and 120
K - 150 K, respectively, at the rms amplitudes h = 0.1,1,5,100e and fre-
quencies 10Hz < w < 10kHz of the ac driving field in the absence or
presence of static fields in the range 300e < H < 1kQOe. In these mea-
surements, dc and/or ac fields were applied after a fixed waiting time, t,,
of 5 minutes. After identifying the spin glass transition temperature, Tj,
with the frequency-independent temperature where the nonlinear suscepti-
bilities x3(7") and x5(T") peak, i.e., T, = 80K, in the next experimental
run, the dependence of y,(w, T, H) on the waiting time was recorded up to
tw = 30 min. (t, = 15 min.) at fixed temperatures in the steps of <100 mK
(0.2 K) over the temperature range 78 K < T' < 82K (down to 60 K and up
to 100 K, outside this range). We could not carry out experiments at fre-
quencies lower than 10H z for very long times since the accessible frequency
window for high-precision measurements on the Quantum design PPMS-
ACMS magnetometer is limited to the frequency range 10Hz — 10kH z.
Since the samples with Fe concentrations y = 0.2 and y = 0.3 yield essen-
tially similar results, the y,, (n = 1 —15) data for y = 0.2 only are presented
here and the final results for y = 0.3 are quoted at the end. Unless specified

otherwise, x,, = X/, since x/, > x.

5.3 Data analysis, Results and discussion

Figure 5.1 shows that, as a function of temperature, the linear suscep-
tibility x1 goes through a broad peak, centred at T, ~ 80K, which re-
duces slightly in height and shifts to higher temperatures with increasing
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Figure 5.1: The variations of the linear susceptibility, x1, with temperature (a)
at different frequencies when H = 0 Oe and h = 1 Oe (the enlarged view of the
peak in x1(T) serves to highlight the shift in the peak with frequency), and (b)
at different static fields, H, when h = 10e and w = 1kHz. The inset (¢) of
Fig.5.1(a) testifies to the validity of the critical slowing down model, Eq.(5.1), in
the static limit, by demonstrating that the plot of log(w/wp) versus log[(T*(w) —
T,)/Ty] is linear for frequencies w < 1 kHz (the upward arrow marks the onset of
strong deviations from Eq.(5.1) at w = 3 kHz) while the inset (d) of Fig.5.1(b)
shows that the spin glass temperature T, has the same dependence on the static
field, H, as the AT irreversibility line in the (T, H) plane of a d = 3 Ising
spin glass or as the spin-glass phase transition line at low fields within the chiral
scenario of a d = 3 Heisenberg spin glass with weak random magnetic anisotropy.
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ac driving-field frequency, w. By contrast, this peak gets drastically sup-
pressed, smeared out and displaced to lower temperatures as the super-
posed dc magnetic field, H, increases in strength. The observation that
T, depends on frequency precludes the possibility of a true thermodynamic
FM-to-PM (paramagnetic) phase transition at 7, but instead reflects the
non-ergodic behaviour normally associated with spin glasses. If the peak
temperature 7), is identified with the spin-glass (SG) freezing temperature
T,, the relative variation in 7, per decade of frequency AT,/T,A(logw)
is 3.1(2) x 1072 (2.0(2) x 107%) for y = 0.2 (y = 0.3). These values
compare favourably with ~ 6 x 1072 or ~ 2 x 1072 reported previously
for the insulating (Eu, Sr)S [9] or semiconducting C'dygMng4Te [10] and
Zng1MnggInysTey [11] spin glasses but are an order of magnitude greater
than ~ 5 x 1072 observed [9] in CuMn and AuMn metallic canonical spin
glasses. This finding is consistent with the insulating/semiconducting be-
haviour [2,5] of the samples with y = 0.2 and y = 0.3 down to 2 K. Another
important observation is that the peak at T}, is much broader and x:1(T) is
two orders of magnitude larger than that in the canonical spin glasses [12].
A broad peak at T}, and a huge enhancement in x;(7") are indicative of the

presence of FM clusters.

5.3.1 Ciritical slowing down

In the case of a continuous second-order phase transition, the spin-spin
correlation length (£) diverges as £ ~ € ¥ (where the reduced temperature
e = (I'-T,)/T, and v is static critical exponent) when T}, is approached from
above. Assuming the conventional critical slowing down on approaching

T, from high temperatures, the relaxation time (7 = 27/w) due to the
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correlated dynamics is related to & as 7 o« &%, where z is the dynamic
critical exponent. This relation for 7, when recast in terms of the measuring

frequency w, yields

(5.1)

If T*(w) = Ty(w), Eq.(5.1) is approximately followed over the entire fre-
quency range with the values 79 = 27 /wy = 1.25(50) x 1025, 2z = 10.0(10)
and T, = 70.0(10)K. This approach yields a much lower value of T, than
that obtained from the scaling analysis of the nonlinear susceptibilities in
sub-section 5.3.2. This is so because such an assignment defines a set of
T™*(w) values for which 7 is not necessarily constant, as should be the case
for Eq.(5.1) to be applicable. To remedy this, we use the criterion [13] that
T*(w) is the temperature at which the quantity tanf = x"/x' = w7, is a
constant. This is true only when the phase angle 6 is so small (e.g., < 0.1°)
that tanf ~ 0 = const. At a given frequency, 7™ thus marks the tempera-
ture at which 6(7) goes through a minimum (~ 0.05°). In accordance with
Eq.(5.1), the plot of log(w/wy) versus log[(T™*(w) — T,)/T,], shown in the
inset (c) of figure 5.1(a), is linear for frequencies w < 1kHz with the choice
of parameters 75 = 5.2(6) x 107'%s, zv = 9.5(8) and T, = 79.9(4)K. The
values of zv and T}, so obtained, agree quite well with those determined
from the static (dynamic) scaling of x,; (x3 and y;) in sub-section 5.3.2.
However, the deviations from Eq.(5.1) progressively grow as the driving
field frequency increases beyond 3kHz. The source of these deviations is

addressed in sub-section 5.3.5.
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Figure 5.2: Temperature variations of the nonlinear susceptibilities (a) x3 and

(b) x5 at various fized frequencies when H =0 Oe and h =1 Oe.

5.3.2 Static and dynamic scaling of nonlinear suscep-

tibilities

In the static limit (w — 0), magnetization of a spin glass system, at tem-

peratures below or above T}, can be expressed in the powers of the applied

dc magnetic field, H, as

M

= x1H + xsH® + xsH* + - - -

(5.2)
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The terms with even powers of H do not appear in the above expression for
the following reason. The even harmonics in the magnetic response, i.e., the
NL susceptibilities ya, X4, ..., are zero [14] for an ideal SG at temperatures
T = T, because they are proportional to spontaneous magnetization, M,
or its powers, and My = 0 in both SG and PM phases. By contrast, for a
ferromagnet, y2, x4 are (finite) negative, diverge as T, is approached from
below and, in the mean-field description [15], abruptly jump to zero at
T =T, and stay at zero for T' > T,.. If the SG-PM phase transition occurs
at a finite temperature Ty, x; is non-singular but the NL susceptibilities
X3, X5, -.. diverge [14,16] at T = T,. Again in sharp contrast with this
behaviour, in a ferromagnet, y; and x5 are positive and diverge at T' =T,
whereas 3 is positive, changes sign at T' = T, and diverges on both sides
of T, [15]. Thus, based on the temperature variations of x,, (n =1—15), a
spin glass can be unambiguously distinguished from a ferromagnet, or even

from an antiferromagnet [14].

The NL susceptibility, x,;, at a static field H defined as, x,, = (M/H)—
X1 = X3H? + xsH*+ -+, can, in the vicinity of T' = T,, be expressed as a

function of a single variable H?/e?+7 as [12]
X =€ G (H?/"7) (5.3)

where G(z) is the static scaling function while § and v are the critical
exponents for the SG order parameter and Y3, respectively. The critical
exponents v and 3 4 27 characterize the divergence [12] of x3 and xs, re-
spectively, as T} is approached from above. When instead of a static field,
a time-varying field, H(t) = H + h sinwt with h/H < 1, is applied, the
NL susceptibility is given by the expression [12,17] x/, = (0m/Oh) — x1 =
3xsH?+5xsH*+ - -, where m is the ac component of magnetization. The
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frequency-dependent NL susceptibilities y3(€,w) and xs5(e,w), in the above

expression for x/,, follow the dynamic scaling equations of state [12]

Xn(€,w) /€7 = gn (W/€7) (5.4)
with n = 3,5, -, gu(x) the corresponding dynamic scaling function, v3 = =y

and v5 = [ + 27.

While the divergence of x3 at 1" = T} together with the static scaling,
Eq.(5.3), and dynamic scaling, Eq.(5.4), of NL susceptibility constitute a
stringent test for ascertaining whether or not a spin glass state exists and
a phase transition to the PM state occurs at a finite temperature 7" = Tj,
the critical exponents 3, v and zv decide the universality class (d = 3 Ising

or Heisenberg SG) to which a given system belongs.

Unlike T}, in x1(7T), the temperature T'* = 80K, at which the [y3(T)]
and |x5(7T)| curves (taken at fixed frequencies) peak, does not depend on
the frequency of the ac driving field, as should be the case for a true ther-
modynamic phase transition. This conclusion rests on the observation that
no shift in 7" with w over three decades of frequency (figure 5.2(a) and
5.2(b)) could be discerned within the measurement temperature interval of
~ 30mK around T'*. To determine the true asymptotic value of the ex-
ponent 7y, we make use of the range-of-fit” (ROF) data analysis, detailed in
reference 23, and the following expression for y3(7")

X3 (T) = 3"(T)]" + const.
= A f(T) €7D 4 const. (e > 0) (5.5)
where %" is the intrinsic nonlinear (third harmonic) susceptibility that

diverges at T, the effective critical exponent for xs, 7.f¢, depends on tem-
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Figure 5.3: (a) [X§"]71(e) (symbols), in a temperature range wider than the
asymptotic critical region, ACR, (e < €.), at the ac driving field frequencies
w = 10,102,103, 10*Hz and amplitude h = 10e, along with the theoretical fits
(continuous curves), based on Eq.(5.5) of the text, obtained in the ACR. Note
that the [x§"]71(e) data corresponding to w = 10* and 10*Hz are multiplied by
a factor of 2, in Fig.3(a). (b) The temperature variations of the effective critical
exponent for xs yielded by the range-of-fit analysis based on Eq.(5.5). For the
sake of clarity, the vers(€) data for w = 102,103 and 10*Hz are shifted up by 0.1,
0.2 and 0.3, respectively, with respect to that for w = 101 Hz.
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perature and attains the constant limiting value v in the asymptotic crit-
ical region (ACR), i.e., Yesr(€) = v as € = 0. The constant in Eq.(5.5)
accounts for the fact that the finite size of the system limits the diver-
gence of y3 at € = 0 (le, at T = T,). As an illustration, figure 5.3(a)
shows the theoretical fits to [x7"(T)] ™! (= x3 (T) — x5 (T =1T,)) at w =
10'Hz,10°H2,103H2,10*Hz, h = 10e and H = 0, based on Eq.(5.5) with
Yess = 1.80, obtained in the ACR. The [x{"(T)]"' data deviate from such
fits (continuous curves) when the temperature exceeds the crossover temper-
ature, €., which marks the upper bound of the ACR. The width of the ACR
shrinks with increasing frequency as e, reduces from 0.27 at w = 10'Hz to
0.23 at w = 10*Hz. The ROF analysis yields T, = 80.00(3)K, v.ss(€) (as
depicted in figure 5.3(b)) and the frequency-independent value, v = 1.80(3)
in the ACR, 1.0 x 1073 < ¢ <25 x 107! for 10'Hz < w < 10*Hz. By
following the same procedure as above for analyzing the x5(7") data, we
arrive at the value 4.16(6) for the exponent  + 27, implying thereby that
the exponent § = 0.56(2). Note that the x3(7") and x;(7") data taken at
h = 0.10e over the frequency range 10'Hz < w < 10*Hz yield exactly
the same values for the critical exponents [ and v as those for h = 10e.
The frequency-independent values for the critical exponents strongly indi-
cate that the static critical exponents have been determined in this work.
That the true thermodynamic nature of the 'zero-field’ spin glass transition
is preserved even in finite magnetic fields is corroborated by the observation
that well-defined T,(H ), marking the temperature at which the |x3(7)|w,u
or |x5(T)|w.m curves peak, is independent of w over three decades of frequency
and decreases with increasing H, as shown in the inset (d) of Fig.5.1(b) at
a representative frequency of 103H z.

In order to verify if the static scaling, Eq.(5.3), holds in the present case,
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Figure 5.4: The reduced nonlinear susceptibility x,;/€” plotted against the re-
duced conjugate static field H? /P for the composition y = 0.2. The validity of
the static scaling, Eq.(5.3), is demonstrated by an optimum collapse of the data,
taken at different static fields, onto a single universal scaling curve for the choice
T, = 80.00(8)K, 8 = 0.56(4) and v = 1.80(5). The inset compares the linear
susceptibilities of the samples y = 0.2 and y = 0.3, measured, in the absence of
static field, at the ac field amplitude of h = 10e and frequency w = 1kH z.

T, and 7 are kept fixed at the values T, = 80.00K and v = 1.80, obtained
from the ROF analysis, and the exponent [ is varied so that the x,,; data at
different but fixed static fields collapse onto a single universal y,,; /€’ versus

H?/é%+7 scaling plot. The residual freedom, if any, in T,, B and ~y is then
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Figure 5.5: Dynamic scaling of the nonlinear susceptibility xs3, based on equation
(5.4) of the text, for temperatures below (¢ < 0) and above (¢ > 0) T,. Vertical
arrows mark the bifurcation temperatures (see text).

used to obtain the best data collapse over the largest possible range of the
scaling argument, which corresponds to the e range 1.1 x 1072 — 1.3 x 10~%.
Figure 5.4 demonstrates that a very good data collapse is achieved for the
choice T, = 80.00(8)K, f = 0.56(4) and v = 1.80(5). Note that the
X data used to construct the scaling plot are obtained by subtracting
X1(T,h = 10e,w = 100H z), for fixed H, from FC x4.(T, H = 100¢). But
for a slight increase in the scatter in the scaling plot, results similar to those

presented in Fig.5.4 are obtained when (7T, h = 10e,w = 10H z) data are
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used.

Similarly, at first, we set T, = 80.00K, v = 1.80 and 8 = 0.56 and vary the
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Figure 5.6: Dynamic scaling of the nonlinear susceptibility x5, based on equation
(5.4) of the teat, for temperatures below (¢ < 0) and above (e > 0) T,. Vertical
arrows mark the bifurcation temperatures (see text).

exponent zv in the dynamic scaling plots for x3(e,w) and xs5(€,w), based
on Eq.(5.4), to accomplish a good data collapse separately for temperatures
below (e < 0) and above (¢ > 0) T,. In the next step, the parameters
Ty, B, v and zv are fine-tuned to optimize the data collapse over as large
a range of w/|e|*” as possible while aiming at achieving the best data col-

lapse in the vicinity of € = 0. Since the quality of data collapse cannot
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be directly assessed from the scaling plots, presented in figures 5.5 and
5.6, because of the insensitive nature of logarithmic scales, a blow-up of
these scaling plots over every decade of the scaling argument w/|e|*” re-
veals that, for the choice 7, = 80.00(8)K, v = 1.80(3), 5 = 0.56(3) and
zv = 10.1(2), the SG dynamic scaling, Eq.(5.4), holds (scatter < 5%) in the
range 10% < w/le[* < 3.7 x 10*® for € > 0 and 10" < w/|e|* < 3.7 x 10%
for ¢ < 0 over three decades of frequency 10'Hz < w < 10*Hz. These
ranges of the scaling argument correspond to the reduced temperature
ranges 1.0 x 1072 < € <23 x 107" and 1.0 x 1073 < (—¢) < 1.3 x 1071),
respectively. While the xs3(e,w) and y;(e,w) data for the frequencies 3, 5
and 10 kHz, like those taken at frequencies w < 1 kH z, obey dynamic scal-
ing in the above temperature ranges below and above T}, the former set of
data starts deviating from the latter set at e = —1.05 x 1072 for € < 0 and
€ = 1.25 x 1072 for € > 0. The bifurcation in the two sets of data is all
the more pronounced in the scaling plots for x5(¢, w) in figure 5.6. Though
higher values of zv, 8 and/or 7 get rid of this bifurcation, they spoil the
agreement between the two sets of data at temperatures close to T, where
the dynamic scaling should be valid at all frequencies if the SG transition
at Ty is a thermodynamic phase transition. Since the dynamic spin-spin
correlation length is related to the frequency as w o< €77, the contribu-
tion to ys(€,w), and more so to xs(€,w), from the FM clusters becomes
important when the frequency exceeds a threshold value because at such
frequencies, ¢ becomes comparable to the sizes of such clusters. Another
important point to note is that the deviations from the dynamic scaling are
observed when the temperature approaches T, closer than e = 1.0 x 107°
or when the temperature falls outside the ACR on either side of 7;,. While

the deviations as € — 0 could be a consequence of the well-known fact
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that the waiting time of 30 minutes is not sufficient for the spin system to
attain complete thermodynamic equilibrium, those outside the ACR may
either reflect the increasing importance of the 'correction-to-scaling’ terms
or magnetic ageing particularly for " < T}, (the SG ageing effects become
apparent at temperatures below 7' ~ 0.87,). At this stage, it should be
emphasized that the present manganite system marks the only spin glass
system for which the dynamic scaling of x5(¢,w) has been demonstrated so

far and T, could be approached as closely as e = 1.0 x 107°.

5.3.3 Dynamic scaling of x{(w,T)

For an independent determination of the exponents zv and [, we use the

dynamic scaling equation for 7 (w,T'), proposed by Geschwind et al. [18],

TX|(w,T) /" = g1 (w/e*) (5.6)

Setting T, = 80.0K and varying 8 and zv, a nearly perfect data collapse
(scatter < 4%), as witnessed in figure 5.7, is obtained for the y/(w,T') data
taken over three decades of frequency in the reduced temperature range
—0.13 < € < €(w) (Where €.,(w) reduces from 0.27 at w = 10'Hz to 0.23
at w = 10*H z) for the choice 8 = 0.56(2) and zv = 9.9(5). These values for
[ and zv as well as the temperature ranges over which the dynamic scaling of
X1 (w, T) holds are in excellent agreement with those determined earlier from
the static and dynamic scaling of NL susceptibilities. Consistent with the
observations made based on the dynamic scaling of x3(e,w) and x5(€, w), the
quality of data collapse deteriorates drastically when € > €.,(w). In order to

ensure that departures from perfect scaling, Eq.(5.6), that are considerably
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Figure 5.7: Dynamic scaling of the imaginary part of linear susceptibility,
Xi(T), based on equation (5.6).

larger than the experimental error, are not concealed by the log-log plot in
Fig.5.7, the data used in Fig.5.7, with exactly the same parameter values
T, = 80.00(6)K, 8 = 0.56(2) and zrv = 9.9(5) as those obtained using
Eq.(5.6), are re-plotted according to the alternative form of the dynamic

scaling equation [18]

TX! (w,T) /WP = f (e/wl/’w) (5.7)
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Figure 5.8: Dynamic scaling of the imaginary part of linear susceptibility,
X1(T), based on equation (5.7). Linear plot of log[xy(w) Tp(w)] against log w
with slope B/zv = 0.056(2) in the inset demonstrates the validity of the scaling
relation xp(w) Tp(w) ~ wh/av

that is expected to bring out clearly any such departures due to the high sen-
sitivity of the ordinate and abscissa scales. With the parameter values stated
above, the same observations about the validity or otherwise of the dynamic

scaling of x{(w, T") are made regardless of whether the scaling equation (5.6)



173

or (5.7) is used, as is evident from figure 5.8. However, the use of Eq.(5.7)
clearly demonstrates that the overall scatter in the scaling plots within the
temperature ranges where the y/(w,T') data follow dynamic scaling over
three decades of frequency does not exceed 3%, which is comparable to the
typical scatter in the low-frequency (w < 300H z) data. The main advantage
in employing Eq.(5.7) instead of Eq.(5.6) is that it provides an independent
estimate of the ratio §/zv as follows. According to Eq.(5.7), the peaks in
Tx|(w,T) at T,(w), where x7{(w) = (x1)p(w) = x,(w), must collapse onto
a single point on the scaling plot with the result that x(w) Tp(w) ~ w?/=.
Inset of Fig.5.8 demonstrates that the plot of log[x}(w) T},(w)] against logw
is indeed a straight line with slope /zr = 0.056(2). This ratio conforms
well with the values determined for § and zv individually throughout this
work from different forms of scaling, static or dynamic, and from the crit-
ical slowing down. Considering that a t,, of 15 min (30 min) amounts to
~ 10*r (~ 2 x 10*7), where 7~ is the characteristic time for xj at
w = 10 Hz (1y» ~ 1/w) for temperatures not very far from 7, (in the
immediate vicinity of T}), the spin system presumably attains equilibrium

even for the lowest frequency w = 10 Hz.

5.3.4 Comparison with theory

The above self-consistent method of data analysis yields 7, = 56.25(5) K,
B = 0.63(3), v = 2.0(1) and zv = 8.0(5) for the composition y = 0.3.
These values of 3, v and zv, like those for y = 0.2, fall within the ranges
05 <[5 <09 2<v<4and 7 < zr < 11, reported for a wide vari-
ety of spin glass systems [9-12,17,19-22]. For a recent compilation of the

experimental values of critical exponents for d = 3 Heisenberg spin glass
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Table 5.1: Comparison of the critical exponents determined in this work for the
manganite system Lag 7 Pbg3(Mni_yFe,)O3 (y = 0.2,0.3) with those reported for
the canonical spin glass AgMn and with the best theoretical estimates (currently
available) for bimodal (+£J) Heisenberg chiral spin glass (HCSG), Gaussian (G)
HCSG, +J Ising spin glass (ISG) and G ISG.

Exponent | AgMn [12] | y =0.2 | y = 0.3 | £JHCSG [26] | GHCSG [24,25] | £J15G [27] | GISG [2§]
3 0.9(2) | 0.56(3) | 0.63(3) 1.2(7) 1.1(3) 0.77(5) 0.77(5)
v 23(2) | 1.80(5) | 2.0(1) 1.5(4) 2.0(5) 5.8(4) 5.8(3)
s 3.3(3) 42(3) | 4.23) 2.3(4) 2.75(4) 8.6(1) 8.5(8)
" 0.23(32) | 0.14(13) | 0.2(2) 0.8(2) 0.6(2) -0.375(10) | -0.37(5)
v 1.30(15) | 0.97(4) | 1.1(1) 1.2(2) 1.4(2) 2.45(15) 2.44(9)
z 53(8) | 10.4(10) | 7.3(12)

materials with weak anisotropy, we refer the reader to the recent review
by Campbell and Petit [23]. In Table I, the presently determined values
for the critical exponents are compared with the best theoretical estimates,
yielded hitherto by the Monte Carlo simulations, for d = 3 bimodal (+.J)
or Gaussian Heisenberg chiral spin glasses (HCSG) with weak random mag-
netic anisotropy [24-26] and d = 3 bimodal/Gaussian Ising spin glass (ISG)
systems [27,28]. To put such a comparison between theory and experiment
in a proper perspective, one has to recognize that the theory calculates the
critical exponents v and n and uses the scaling and hyperscaling relations
B=v(1+4+n)/2,y=(2—-n)vand d = (d+2—n)/(d—2+n) to obtain the
exponents 3, v and & whereas the experiments determine 3, v and occa-
sionally, 9, and deduce v and n via the hyperscaling relations d v = 25 + v
andn=2-—d (6§ —1)/(6 +1). We have used the scaling and hyperscaling
relations 6 = 1+ (v/B), d v =28+~ with d = 3 and n = 2—(vy/v) to arrive
at the values of 9, v and 7 displayed in Table I. With the exception of the
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exponent 3, all the exponents for the samples y = 0.2 and y = 0.3 possess
values that are closer to those predicted by the HCSG model. Apart from
the widely different exponent values for the HCSG and ISG models, the
main distinguishing feature is the opposite sign of the exponent 7. In the
present case, n has the same magnitude (within the uncertainty limits) and
sign as that predicted by the HCSG model. Consistent with this observa-
tion, the SG transition temperature T, follows the H?/3 (inset (d) of figure
5.1(b)) variation with the static field that the HCSG model (which consid-
ers a weak coupling between the chiral and spin degrees of freedom induced
by magnetic anisotropy) yields for the CG transition at low fields in a d = 3
Heisenberg spin glass with weak random anisotropy [25]. Incidentally, the
Edwards-Anderson mean-field model also predicts the H?/3 power law de-
pendence of T, [29] along the Almeida-Thouless irreversibility line in the (T,
H) plane for d = 3 ISG but no thermodynamic spin-glass phase transition
in finite fields occurs in ISGs [30]. In contradiction with the above agree-
ment between our results and the predictions of the HCSG model, the SG
order parameter critical exponent 3 turns out to be a factor of two smaller
in magnitude. Instead, the numerical estimate given by the ISG model for
B is closer to the observed value. The coexistence of ferromagnetic short-
range order with SG order for 7' < T}, (sub-section: 5.3.5) may have a direct
bearing on this discrepancy in the value of 5. Note that in view of the scal-
ing identity 6 = 1+ (v/f), the lower value of /3 is basically responsible for
the value of ¢ higher than that predicted by the HCSG model. The present
results thus favour the thesis that the random Fe-substituted optimally
hole-doped manganite Lag7Pbys(Mny_,Fe,)Os (y = 0.2,0.3) behaves as a
d = 3 (localized-spin) Heisenberg spin glass with weak random magnetic

anisotropy in the critical region and that the observed phase transition at
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T, basically reflects the chiral-glass transition of the isotropic Heisenberg

SG [25].

5.3.5 Ferromagnetic short-range order

Had it not been for the presence of the characteristic experimental signa-
tures of the FM short-range order in the temperature variations of the NL
susceptibilities yo and x4, displayed in figure 5.9 for y = 0.2, the results
presented so far would have strongly indicated that the manganite system
in question is, at best, a spin glass. At this stage, it should be recalled that
X2(T") and x4(7T") are better suited for a clear-cut distinction between a SG
and a ferromagnet than x3(7") and x5(7"). This is so because the divergences
in x3(7") and x5(7") at T, in a SG and at 7, in a ferromagnet are not radically
different unless the long-range FM order is fully developed. In comparison,
x2(T) and x4(T") are zero at all temperatures including those close to 7T,
in an ideal/canonical SG whereas they are negative and diverge at T, in
a ferromagnet. Based on these considerations, the yo(7) and x4(7") data,
presented in Fig.5.9, provide direct evidence for the existence of two differ-
ent time (and hence length) scales for the SG and FM order: the long-range
(global) SG order and the short-range FM order observed at the experimen-
tal time scales 7., > 1ms (in the static limit) and 7., < 10™%s, respectively.
The short-range nature of FM order is inferred from the considerably broad
negative peaks centred at T, ~ 80K that result when the spin-spin corre-
lation length, &, does not diverge, but remains finite, at 7T.. Obviously, at
a shorter time scale (high frequencies), smaller FM clusters (regions with
ferromagnetically-ordered spins) essentially dictate the magnetic response

whereas in the static limit ¢ — oo, global cluster SG order at 7" < T,



177

— 0—
[
o
o L
3 1L
£ 1
o
n -
‘o
= 2rF jom
c | o 100Hz
~ *+ 300 Hz (a)
= _3_A 500 Hz
1
o L
O o}
(o))
=
£ F
)
© L
1?_, -2
10 kHz
© 3k
< (b)
) L
_4||||||||||||||||

0 20 40 60 80 100 120 140 160
T (K)

Figure 5.9: Temperature variations of the nonlinear susceptibilities xs and x4
at different frequencies when H = 00e and h = 10e, revealing that the magnetic
response is dominated by the long-range spin glass order (short-range ferromag-
netic order) at frequencies w < 1kHz (w > 3kHz).

(brought about by the competing interactions between the finite FM clus-
ters) governs the thermal behaviour of NL susceptibilities. The existence

of two distinct time (or length) scales for SG and short-range FM order
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(Fig.5.9) also explains the strong departures observed from the SG critical
slowing down in the inset (c) of Fig.5.1(a) and from the SG dynamic scal-
ing of nonlinear susceptibilities and linear susceptibility in figures 5.5-5.8
at frequencies w > 3 kHz. For the sample with y = 0.3, a broad negative
peak centred at T, ~ 56K in x2(7T') and x4(7) first appears at w = 10kH z,
implying thereby that the FM order is prevalent over much shorter length
scales than that in y = 0.2. This inference is also supported by the obser-
vation that xi(7) is lower by an order of magnitude and exhibits a much
sharper peak at T, ~ 56K in y = 0.3 than in y = 0.2 (inset of Fig.5.4).
In conformity with this observation, the SANS data [6] corroborate that
the FM correlated regions shrink in size as the Fe concentration increases
such that the FM correlations do not grow beyond ~ 3 nm in y = 0.2 even
at T = T. ~ 80K, where {(T) peaks. Note that for both y = 0.2 and
y = 0.3, T, practically coincides with T, whereas the samples with lower Fe
concentration (e.g., y = 0.1) exhibit two transitions: the high-temperature
FM - PM transition followed, at much lower temperatures, by a re-entrant

transition.

5.4 Summary and Conclusion

The final picture that emerges from our results in the Fe concentration
regime 0.2 < y < 0.3 is the one in which completely isolated finite metal-
lic FM clusters coexist with an infinite insulating SG (PM) matrix for
T < T, (T >1T,). The double-exchange interactions between the spins
of Mn3" and Mn** nearest neighbours give rise to finite metallic FM

clusters whereas the insulating matrix is a consequence of the localiza-
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tion of e, electrons on both Fe*™ and Mn*' ions because the high-spin
states of Fe** and Mn*" ions block the eg-electron hopping [2] between
them and also between Fe*t - Fe¥ and Mn*' - Mn?T). Random sub-
stitution of Mn3* ions by Fe3t ions and the competing FM and AFM
interactions respectively cause the quenched random-exchange disorder and
spin-frustration, that constitute the necessary ingredients for the cluster
spin glass state. The FM coupling between the magnetic moments of FM
clusters is presumably due to the inter-cluster dipole-dipole interactions
whereas the AFM coupling arises from the TM" — O*~ — TMJ* super-
exchange interactions, where T'M;, T'M, stand for either Fe or Mn. As
elucidated in reference [1], the above percolation picture, applicable to all
those hole-doped manganites with quenched random-exchange disorder that
are below, but close to, the threshold for long-range FM or AFM order, is
strikingly similar to the percolation model proposed earlier [31] for amor-
phous ferromagnets. According to this picture [1,31], the crossover tem-
perature, €., above which 7.s/(e) in Fig.5.3(b) starts increasing from the
asymptotic value of v = 1.8, corresponds to the temperature at which the
SG spin-spin correlation length & equals the caliper dimension, D., of the
largest FM spin cluster. Thus, an estimate of the size of FM clusters can
be made from the relation {(¢ = €.,) = D. = 14, €./, where r,, is the
average nearest-neighbour distance between TM;* and TM;" ions. Insert-
ing 74, = 0.3925 nm (0.3928 nm) [2], €, = 0.25(2) (€., = 0.45(5)) and
v =0.97(4) (v = 1.1(1)) in the above relation yields an average FM spin
cluster size of 2.0(5) nm (1.0(2) nm) for y = 0.2 (y = 0.3). The average
FM cluster size for y = 0.2, so determined, compares well with that de-
duced from the SANS data [6]. Furthermore, considerably smaller value

of the exponent § compared to that theoretically predicted for a d = 3
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Heisenberg chiral spin glass with weak random magnetic anisotropy asserts
that a meaningful comparison between theory and experiment is possible
only when the probability of finding magnetic impurity atoms as nearest
neighbours, in a non-magnetic host, is extremely low or when the theory
takes into account the influence of magnetic short-range order on the criti-
cal behaviour of spin glass systems. The existence of magnetic short-range
order could also be a root cause for a wide dispersion in the exponent values

reported for spin glass systems.

To summarize, a combined investigation of both odd and even harmon-
ics of the ac magnetic response enables one to unambiguously distinguish
between a canonical and a cluster spin glass. While the odd harmonics
yield true asymptotic values of the critical exponents (that characterize the
universality class of the spin glass system in question), the even harmonics
not only confirm the presence or absence of correlated-spin regions (spin

clusters) but also reveal the nature of the intra-cluster magnetic order.
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Chapter 6

Critical Phenomena

The current chapter demonstrates the importance of dipolar interactions in
Lay_,Ca,MnOs3 in ‘zero-field” across the ferromagnetic(FM )-insulating to
paramagnetic(PM)-insulating transition from an elaborate analysis of the
ac susceptibility data. The strength of uniazial anisotropy weakens with in-
creasing x. Magnetic field stabilizes a three-dimensional Ising FM behaviour
in the critical region in x = 1/8 and x = 3/8 while x = 5/8 do not belong
to any universality class. The isothermal magnetic entropy change is well
described by the magnetic scaling equation of state with mean field exponents

over a wide temperature range.

6.1 Introduction

A phase is a region in the parameter space of thermodynamic variables in
which the free energy is analytic. As long as the free energy is analytic, all
the thermodynamic properties (such as entropy, heat capacity, magnetiza-

tion, etc.,) will be well-behaved as they can be expressed in terms of free
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energy and its derivatives. When the system undergoes a transition from
one phase to the other, at one point the free energy becomes non-analytic.
This is the critical point. Due to this non-analyticity (which stems from the
interactions of an extremely large number of particles in the system), the
free energies on either side of transition are different, so one or more thermo-
dynamic properties behaves very differently after the transition. Examples
of phase transitions are ice-water, ferromagnetic (antiferromagnetic) - para-
magnetic, ferroelectric - paraelectric, superfluid - normal, superconducting
- normal phase transitions, to name a few. According to the Ehrenfest
classification [1], a phase transition is of first-order (discontinuous phase
transition) if the Gibbs free energy, G(X = T, P or H), is a continuous

function of its arguments but the first-order derivative of the Gibbs free

energy with respect to each of its arguments X, i.e., g—f(, is discontinuous.
By contrast, if the Gibbs free energy and its first-order derivatives with
respect to T, P or H are continuous whereas the second-order derivative
el

Sxz is discontinuous, it is called a second-order (continuous) phase transi-

tion and so on. According to Fisher [2], a second-order phase transition is
marked by either a discontinuity or a singularity (divergence) in the second
order derivative of the Gibbs free energy. The region around critical point
is called the critical region and the associated phenomena are called critical
phenomena.

The reason for phase transitions to occur can be understood in terms of free
energy F' = U — T'S which when minimized, corresponds to state of ther-
modynamic equilibrium. The internal energy U (favouring order) competes
with entropy S (favouring disorder) so that a raise in system temperature
tilts the balance in favour of entropy and disorder. In other words, real sys-

tems exhibiting different phases contain thermodynamic fluctuations. When
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a system is far from a phase transition, these fluctuations are unimportant,
but as it approaches a critical point, the fluctuations of the order param-
eter begin to grow in amplitude and get correlated over larger distances.
At the ideal critical point, they are expected to get correlated over infinite
distance (i.e., the fluctuation-fluctuation correlation length diverges), but
before that can happen, the range of correlated fluctuations becomes as
large as the system itself. In this regime, ”finite-size” effects come into play
and one is unable to accurately predict the behaviour of the system. Thus,
phases in a real system are only well-defined away from phase transitions,
and how far away it needs to be is dependent on the size of the system. The
two phases can be distinguished from each other by an order parameter [1-3]
which is non-zero in the ordered phase and zero in the disordered phase.
For instance, order parameter for a magnetic (fluid) system is the sponta-
neous magnetization (difference in the liquid and gaseous densities). For
a second-order phase transition, order parameter goes to zero continuously
and is not uniquely specified below the critical point by external conditions.
Phase transitions often take place between phases with different symme-
try. In general, non-zero value of the order parameter corresponds to the
breaking of symmetry. In the magnetic case, the broken symmetry is the
symmetry of the spin system under rotations. Typically, the phase on the
high-temperature side of a phase transition is more symmetrical than on
the low-temperature side. This is certainly the case for the fluid and fer-
romagnetic transitions. This happens because the Hamiltonian of a system
usually exhibits all the possible symmetries of the system, whereas the low-
energy states lack some of these symmetries (this phenomenon is known as
spontaneous symmetry breaking). At low temperatures, the system tends

to be confined to the low-energy states. At higher temperatures, thermal
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fluctuations allow the system to access states in a broader range of energy,

and thus more of the symmetries of the Hamiltonian.

6.2 Magnetic phase transitions

The critical region, whose extent depends on the type of material, is typi-
cally of the order of |¢| = [(T'—T¢)/Te| < 0.01, where Tt is the critical tem-
perature. As the critical temperature is approached, the thermally-excited
critical fluctuations of the local spin-density (order parameter) rapidly pick
up in amplitude and get correlated in space over larger and larger dis-
tances with the result that they destroy the long-range magnetic order
at T, where the spin-density-fluctuation-spin-density-fluctuation correla-
tion length, {(T" = T¢), (henceforth referred to as the spin-spin corre-
lation length) diverges and the magnetic order-disorder phase transition
occurs. Note that the thermally-driven classical phase transitions are dis-
tinctly different from the quantum phase transitions which occur only at the
temperature of absolute zero where the quantum (zero-point) fluctuations,
demanded by the Heisenberg uncertainty principle, destroy cooperative or-
dering in the system. Experimental investigations in the critical region near
a thermally-driven phase transition provide a unique and direct means of
probing the type of interactions present and the interplay between them,
which finally decides the nature of magnetic order prevailing in the sys-
tems under study for temperatures below the transition temperature. This
is so because the critical behavior of a system is solely governed by the
nature of the underlying interactions. For instance, an interplay between

interactions, such as crystal-field (leading to uniaxial anisotropy), isotropic
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short-range Heisenberg, and long-range dipole-dipole interactions, in a lo-
calized spin system gives rise to a series of crossovers from uniaxial dipolar
(UD) critical regime (where both uniaxial anisotropy and dipolar interac-
tions dominate) to isotropic dipolar critical regime (where anisotropy is
negligibly small and isotropic dipolar interactions take over) to isotropic
Heisenberg critical regime (where short-range isotropic Heisenberg interac-
tions become prominent) to Gaussian regime, as the temperature is raised
above T¢ in the critical region. To facilitate understanding of the magnetic
phase transitions, the prerequisites such as the definition of the asymptotic
critical exponents and amplitudes, which quantify the static critical be-
haviour near a magnetic order-disorder phase transition, and the physical
concepts relating to the critical phenomena such as the scaling hypothesis,
universality, renormalization group (RG) approach, and crossover between

different critical regimes, are covered in the following subsections.

6.2.1 Critical amplitudes and exponents

In the critical regime, the behaviour of a magnetic system undergoing a con-
tinuous transition at the critical point T is characterized by a set of critical
exponents and amplitudes [1-4] . Critical exponents (the exponents in the
power laws that define the deviations of various thermodynamic quantities
from their values at T¢x) and the corresponding critical amplitudes (coeffi-
cients in the power laws), characterizing FM-PM transition, are defined in
terms of reduced temperature € = (T — T¢r) /T (a dimensionless variable

measuring the deviation of temperature from the critical point) as follows:
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Spontaneous magnetization (B, ()

In the asymptotic critical region, the order parameter, i.e., the spontaneous

magnetization, Mg, in the case of a ferromagnet, varies with € as

My(e) = lim M(H,T) =B (—¢)® , e<0, (6.1)

H—0

Initial susceptibility (I',T';~,~)

Initial susceptibility, defined as yo = limHﬁo[g—%]T, diverges at T¢ as
xo(e) =T" (=)™, e<0 , (6.2)
xo(e) =Te?, €e>0 . (6.3)

Critical isotherm (D; )

At T = Ty, magnetization M varies with field H as

H =DM’ ¢=0 (6.4)
or
M =AyHYY  ¢=0 (6.5)

0 quantifies the rate at which critical fluctuations in the orderder parameter

get suppressed with H.
Specific heat (A, A;d/, )

Zero-field specific heat, Cy_g = T[0*G(H,T)/0T?] =0, diverges at T¢ as
Cr(e) = Crole) = H[(=e) = 1]+ B, €<, (6.6)
Cule)  =Cpole)=2[e*—1]+B, e>0. (6.7)



193

Specific heat exhibits a cusp at T when a < 0 whereas for a = 0 the
singularity is logarithmic. B’ and B represent the non-singular background

for e < 0 and € > 0, respectively.

Spin-fluctuation-spin-fluctuation correlation function (N;7)

At T, the spin-fluctuation-spin-fluctuation correlation function,

g(r) = ([s(r)— < s >][s(0)— < s >]), decays with distance, r, as
g(r) = NIr~@2 llaxgelrl], ¢ = H =0, (6)

d is the lattice dimensionality and 7 is a measure of deviation from the

mean-field behaviour.

Spin-spin correlation length (&, &o; v/, v)

Correlation length, &, is the distance over which the order parameter fluctu-
ations are correlated and is defined through the relation g(r) ~ |r|~te=I"l/¢
for |r] — oo and d = 3. In the critical region, { depends on temperature

as

Ee) =& (—e)™, e<0, H=0, (6.9)
Ele) =& ()77, e>0, H=0. (6.10)

In Egs. (6.1)-(6.10), 8,7/, 7, 0, «, o, , V' and v are the critical exponents
and B, I, ', D, A', A, N, £ and & are the corresponding amplitudes. Due
to the fact that scaling gives (Table 6.2) rise to relations between critical
exponents only two out of nine aforementioned critical exponents are inde-

pendent.
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As is evident from the above definitions, the critical exponents and ampli-
tudes characterize the way in which various physical quantities diverge to
infinity or go to zero as the temperature, or other thermodynamic variable,
approaches its critical point value. Strictly speaking, the single power laws
are valid only at T' = T. In practice, however, the power laws are fitted
to the experimental data over a wide temperature range. This approach
yields average exponent values since, in general, the amplitudes as well as
the exponents are temperature-dependent and they assume temperature-
independent values only in the asymptotic critical region [4]. In order to
tackle this problem effectively, the concept of effective critical exponent was
introduced by Riedel and Wegner [5]. The effective critical exponents pro-
vide a local measure for the degree of singularity of physical quantities in
the critical region. Near the critical point all thermodynamic functions can

be written in the form
fle)= A1+ Be¥ +--) (6.11)

where y > 0. The effective critical exponent of a function f(¢) is defined

%I{[S)] and )\eff(G — O) =\

The following cases arise depending on the sign of A. (a) If A < 0, f(e)

by the logarithmic derivative as A.fy =

diverges at the critical point, (b) If A > 0, f(€) goes to zero at transition
temperature, and (c¢) If A = 0, it may correspond to a logarithmic divergence
f(€) = Allne| + B or to a dependence on € of the form f(e) = A + Bel/?,
For such cases modified exponent of the form A = j + lim M, is

' e—0 Ine
&’ f(e)
del

introduced with f)(e) = and j is the smallest integer.
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Table 6.1: Scaling relations between various critical exponents [1,3]

Sl. no Name Relation
1 o =«
2 V=7
3 vV =v
4 Widom B6=p0+~(=A)
or = B(E—1)
5 Rushbrooke a+28+v=2
6 Griffiths a+p0+1)=2
y@O+1)=2—-a)(d—1)
7 2—a—7)=2—-a+7)
(d=24n)6=(d+2—n)
8 Fisher 2—nr=r
9 Josephson dv =2 —«

6.2.2 Scaling and universality

Historically, the observation that a huge body of experimental data on a va-
riety of systems could be represented in the form of a scaled equation of state
led to the scaling hypothesis, which asserts that in the asymptotic critical
region the singular part of the Gibbs free energy, G(e, H), is a generalized

homogeneous function [1] of its arguments e and H. Scaling hypothesis or,
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equivalently, the homogeneity postulate makes two specific predictions: (i)
it relates various critical exponents through the scaling equalities, and (ii)
makes specific predictions concerning the form of the equation of state. For
magnetic systems, the scaling hypothesis predicts that all the magnetiza-
tion, M (e, H), curves (either magnetization isotherms at different temper-
atures or M (e) at different fields) taken in the critical region collapse onto
two universal curves, one for ¢ < 0 and the other for € > 0, if scaled mag-
netization, M/|e|? , is plotted against scaled field, H/|e|*, where A = (4 is
the gap exponent.

The Hamiltonians describing systems which undergo phase transitions are
usually quite complicated and involve many parameters. The basic idea
of Universality is that the critical behaviour of these systems, when the
correlation length becomes very large depends only on a small number of
general features of these Hamiltonians, and not on the actual values of the
various parameters involved. Universality, basically amounts to cataloging,
under a single category (class), all types of systems that possess the same
values for critical exponents and critical amplitude ratios and for which the
equation of state and the correlation functions become identical near criti-
cality, provided the order parameter, the ordering field, and the correlation
length (time) are scaled properly by material-dependent factors. Thus, the
critical exponents and the ratios between critical amplitudes (but not the
amplitudes themselves) are universal [1,3,6] in the sense that they possesses
exactly the same numerical values for a number of widely different systems,
irrespective of the type and range of the underlying interactions, so long
as the range of interaction in question is much smaller than the correlation
length, which diverges at 7. The universality class, in turn, is decided

by (i) the space dimensionality d, (ii) the number of order parameter com-
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ponents, or equivalently, the order parameter dimensionality n, (iii) the
symmetry of the Hamiltonian, and (iv) the range of interactions. For d = 1,
n = 1 corresponds to one-dimensional Ising system in which the spins are
constrained to point either in +z (up) or -z (down) directions. However,
symmetry properties of the systems do make some difference in the expo-
nent values, e.g., the exponents for uniaxial ferromagnets differ from those
for isotropic ferromagnets. Other factors that affect the critical exponents
are long-range interactions [1, 3, 6-8|, such as dipolar interactions, whose
range is comparable to the correlation length, &, in some ferromagnets. It
should be noted that critical exponents as well as critical amplitudes are
very sensitive to the choice of transition temperature. Hence, extremely

high accuracy in the determination of T¢ is a must.

6.2.3 Crossover phenomena

Crossover theory explores the possibility for, and the consequences of, switch-
ing over between different critical behaviours upon variation of temperature
when, in addition to temperature and field, one or more of the scaling vari-
ables becomes relevant. In any real ferromagnet, apart from the dominant
short-range exchange interactions, which are responsible for the existence of
spontaneous magnetization below T, there exist other physical interactions
that differ in strength, range of action and spatial symmetry. The presence
of dominant short-range exchange interactions along with the long-range
dipolar interactions (covariant under spatial symmetry) between the local-
ized magnetic moments and the crystal field interactions (inducing magne-
tocrystalline anisotropy) that are one/two order smaller in magnitude, in

a magnetic system leads to a variety of interesting but complicated physi-
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cal phenomena in the critical region. Considerable effort has been devoted
to study how the critical behaviour near the paramagnetic-ferromagnetic
phase transition gets modified when the dipolar interactions between mag-
netic moments as well as the uniaxial anisotropy are included along with
the dominant exchange interaction. In the above examples, isotropic dipolar
interactions and the uniaxial anisotropy act as relevant scaling fields. For in-
stance, dipolar interactions modify the critical behaviour of d = 3,n = 1 sys-
tem (i.e., three-dimentional spin system with infinite uniazial anisotropy)
so much so that, instead of behaving as a three-dimentional Ising ferromag-
net in the asymptotic critical region, it exhibits mean-field behaviour with
logarithmic corrections [9-12]. Elaborate RG study [11,12] of the second-
order phase transition in a Heisenberg ferromagnet in which, in addition to
the dominant short-range exchange interactions, dipole-dipole interactions
and a uniaxial anisotropy are present, reveals that, due to the competition
between the three types of interactions that differ in symmetry and range,
the critical region encompasses a series of crossovers between four nontrivial
fixed points: Gaussian — isotropic short-range Heisenberg — isotropic
dipolar — uniaxial dipolar, as the critical point is approached from high

temperatures.

Isotropic Heisenberg to isotropic dipolar crossover

According to the general theory [13-16] of crossover, ‘zero-field’ suscepti-
bility of a d = 3 isotropic short-range Heisenberg ferromagnet with weak
isotropic dipolar interactions of normalized strength g, for temperatures

close to criticality, behaves as [13,14]

x(em, gp) e X(7) (6.12)
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where ey = [T — Tx(0)]/Tc(0), Te(0) = Te(gp = 0) and ~yy, respec-
tively, are the reduced temperature, transition temperature and suscep-
tibility critical exponent of pure (¢9p = 0) isotropic short-range Heisen-
berg (d = 3,n = 3) spin system, 7 = x/z,y,z = gp/elhy, T, = Ip/€), €g =
[Tc(9p) —Tc(0)]/Te(0) is the shift in the transition temperature caused by
long-range interactions, ¢ is the crossover exponent which equals [17] vy,
and X (7) is the crossover scaling function. The asymptotic critical behavior

is determined by the singularity in X (7) occurring at 7 = 1 (or equivalently,
at ¢ = (T = To(9))/Telg) = 0):

X(rx1l)~(1—=7)P (6.13)

where 7p is the susceptibility critical exponent and Tx = T (g) is the
true transition temperature of isotropic dipolar ferromagnet. According to
Egs. (6.12) and (6.13), dipole - dipole interactions are expected to manifest
themselves in the vicinity of a crossover temperature eco = gll)/(;5 such that
for € >> €co the spin system behaves as a pure d = 3, n = 3 system whereas
for € >> €co the asymptotic critical behavior is that of a d = 3 isotropic
dipolar ferromagnet. A detailed RG calculation [13,14] of the crossover
scaling function yields the final expression for susceptibility and its effective

critical exponent, defined as v.;7(e) = d[inx ' (€)]/I(Ine), as

X(r) =T /% (1—7)7% p(r) (6.14)
r@ = 1= [y o (7= ) +6 (C22)] (61s)

ot . PA\1-7 p(7) '
where I' is a non-universal critical amplitude, 7 = (¢,/ex)?, ex = [T —

Tc(0)]/Te(0), Te(0) = Te(g = 0) is the transition temperature and vy
the susceptibility critical exponent of the pure (¢ = 0) IH d = 3,n = 3
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spin system, ¢, = [Te:(g) — Tc(0)]/Tc(0) is the shift in T caused by ID
interactions of relative strength (i.e., the ratio of the ID energy to isotropic
exchange energy), g, vp is the susceptibility critical exponent of the d = 3
ID fixed point, ¢ = 7y is the crossover exponent, p(7) is the ‘correction-to-
scaling” function, 77 Y¢ — 1 =€ = [(1+¢,)/¢,] € and e = (T —Tc:(g))/Tc(g).
The explicit forms of p(7) and its derivative with respect to 7, p '(7), are
given in [14]. Equations (6.14) and (6.15) assert the following. (a) The ID
interactions become important below a crossover temperature €., ~ €g;p =
¢"? such that for € < €., the asymptotic critical behavior is that of a
d = 3 ID ferromagnet whereas for € > €., the spin system behaves as a pure
d = 3,n = 3 system. (b) 7.ss(€) goes through a minimum in the crossover
region such that at € = €4, Yery has the universal (independent of the RG
coupling parameter [15] ) value [14] v4, = 1.28(1), for weak dipolar system
with g < 107%. (¢) Yers — vp and vy in the ID (7 — 1) and IH (7 < 1)
limits. In the ACR (0 < € < € < €), the expansion of the scaling function
p(7) in Eqgs.(6.14) and (6.15) yields the result [18,20]

x(e) =A, e P[1+a, o (6.16)
Yess(€) = vp — ay Ap €P (6.17)
ay ~ 0.099 €, 27 (6.18)
and
€y = 0.349 ¢, (6.19)

where a, and Ap are the leading ‘correction-to-scaling’ amplitude and ex-
ponent, and x~!(e = ¢) = 4x. This type of crossover has been observed for
the first time in Lag7Pby3Mngg(Ni, Co)y 203 manganites, emphasizing the
importance of dipolar interactions in stabilizing FM order and is elaborated

in chapter 4.
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Isotropic dipolar to uniaxial dipolar crossover

The RG calculations [11,12] show that the crossover scenario in the critical
region gets quite complicated when both dipolar interaction and magnetic
anisotropy are present in an otherwise isotropic short-range (d = 3,n = 3)
Heisenberg spin system. This is so because the dipolar interaction and
magnetic anisotropy act as relevant scaling fields in the RG sense and make
the Heisenberg fixed point unstable. In this case, zero-field susceptibility at

temperatures above T takes the scaling form [19]

X(€n, gD, ga) < ey’ X (% %) (6.20)
¢ fH

where ey = [T' = Tc(0)]/T(0), Te(0) = Te(gp = g4 = 0) and vy, respec-
tively, are the reduced temperature, transition temperature and susceptibil-
ity critical exponent of pure (gp = g4 = 0) isotropic short-range Heisenberg
(d = 3,n = 3) spin system. The crossover exponents ¢p and ¢4 are positive
while gp (g4) is the dimensionless ratio of dipolar energy (anisotropy energy)
and isotropic short-range exchange energy. Alternatively, gp and g4 are a di-
rect measure of the dipolar and anisotropy (relevant) perturbations. For suf-

ficiently high temperatures, i.e., ez >> g,13/¢D

,gi‘/ 4 the critical behaviour
is that of an isotropic Heisenberg ferromagnet. As the temperature is low-
ered towards the critical point, a series of crossovers occur depending on the
initial values of g4 and gp and their relative strengths. In the temperature
ranges g,lj/(bD << eg << gz/m and gz/m << eg << g,lj/(bD, the spin system
exhibits anisotropic short-range (e.g., d = 3,n = 1) and isotropic dipolar
critical behaviour, respectively. The behaviour of the system in the asymp-
totic critical region, i.e., at temperatures ey << g,lj/(bD , 9114/ 4 or equivalently,

in the limit ¢ — 0, is determined by both anisotropy and dipolar interac-
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tions; the reduced temperature € measures the temperature deviation from
the critical temperature Te(gp # 0,94 # 0) of the anisotropic dipolar fixed
point. The RG calculations [11,12] have addressed three distinctly different
cases. Based on the calculated temperature dependence of the effective crit-
ical exponent for susceptibility, Vess(€) = diny '(€)/dlne, at temperatures
spanning the asymptotic critical region and crossover regimes, these RG
theories predict the following sequences of crossovers as the temperature is
lowered from high temperatures to the critical point, 7. Case I: When
both gp and uniaxial anisotropy (gy) are extremely large [11], Gaussian
regime—short-range Ising (I) — uniaxial dipolar (UD) fixed point (charac-
terized by mean-field critical exponents with logarithmic corrections [9-12]).
Case II: When gy >> gp [12], Gaussian — Isotropic short-range Heisen-
berg (IH) — I — UD. Case III: when gy << gp [12], Gaussian — IH —
isotropic long-range dipolar (ID) — UD. Theoretical investigations of the
cases I, I, and IIT were basically motivated by the expectation that the
materials such as LiTbF, or GdCl3, Fei4uNdsB or Fe4YsB, and Gd could

be their respective experimental realizations.

6.3 Magnetocaloric effect

The magnetocaloric effect (MCE) is intrinsic to all magnetic materials and
is caused by changes of the magnetic entropy of the material. The MCE,
initially called adiabatic demagnetization, discovered in 1881 by Warburg,
was used to achieve temperature less than 1 K using paramagnetic salts.
As expected, the maximum field-induced change in magnetic entropy oc-

curs around the ferromagnetic-to-paramagnetic transition temperature, 7.
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Realizing this fact, the application of MCE for magnetic cooling in a wide
temperature range including room temperature, and even higher, was in-
vestigated in the pioneer experimental work by Brown in 1976 [21]. He
suggested the use of ferromagnetic rare-earths or rare-earth based com-
pounds with a Curie temperature around room temperature for magnetic
refrigeration. In general, the magnetocaloric effect manifests itself as ei-
ther absorption or emission of heat when a magnetic material is placed in
a magnetic field [22]. This is caused by the coupling between the magnetic
spin system and the lattice. MCE is also used as a complimentary tool to
understand the thermodynamics in magnetic materials. The MCE is most
easily observed as the adiabatic temperature change, AT,,, but can also be
measured indirectly as the isothermal entropy change, ASy,;. The relation-
ship between the two properties can be illustrated using a schematic S —T
diagram (Fig.6.1). In general, the total entropy of a magnetic material can
be expressed as Sy (T, H) = Sp(T) + Sg(T) + Sy (T, H), where the lattice
entropy Sy (7T") and the electronic entropy Sg(7) depend only on tempera-
ture while the magnetic entropy, Sy (7, H), strongly depends on both the
magnetic field and temperature. When an external magnetic field is applied
under isothermal conditions, the magnetic moments tend to get aligned in
the field direction, resulting in the increase in the magnetic ordering with
consequent decrease in the magnetic entropy, ASy,. If the magnetic field
is applied under adiabatic conditions, the total entropy remains constant
during the magnetization process. Thus, when the magnetic entropy is de-
creased, the lattice and electronic entropy must increase concomitant with
the increase in temperature, AT,;. When the external field is removed, the
magnetic spin system reverts to its original alignment, which decreases the

thermal entropy and returns the sample to its original temperature. This
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way of changing the temperature of a material by a magnetic field is the
principle behind magnetic refrigeration. Heating and cooling caused by a
changing magnetic field are used analogous to the heating and cooling of a

refrigerant gas in response to compression and expansion.

H=0

H=z0

g

AT (1)

Entropy

AS(T) 4

Temperature

Figure 6.1: Thermodynamic T-S diagram demonstrating the magnetocaloric
effect by the adiabatic temperature change, AT,q(T,AH), and the isothermal
mag- netic entropy change, ASy (AH,T).

Different methods to determine the MCE have been categorized into [22]:
1. Direct method. Measuring the adiabatic temperature change, AT, , ei-

ther by subjecting a stationary sample to a pulsed field or by rapidly moving
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the sample in and out of a uniform magnetic field region. However, the ac-
curacy of this method is limited to 5 —10% due errors in thermometry, field
setting and the degree of the thermal isolation of the sample.

2. Indirect method (i) Magnetization method: By determining the magne-
tization curves at various temperatures, the magnetic contribution to the
entropy change, ASy/, can be extracted.

(ii) Calorimetric method: By measuring specific heat capacity as a function
of temperature at various magnetic fields.

M, — My

NSy |=
| &S| Tih — T,

A H; (6.21)
The mixed-valent manganites show simultaneous occurrence of structural
and magnetic transitions that can strongly influence the magnetic entropy
change. The Curie temperature of these materials covers the entire tem-
perature range from very low temperatures to near 300 K and some show

sufficient MCE to be used as magnetic refrigerants.

The effect of size reduction on the nature of the FM-PM phase transition
for x = 0.33 [23] system has revealed that the first-order transition seen in
bulk [24-27] changes over to a continuous (second order) transition on re-
ducing the size, and the exponents approach a value close to that predicted
by the mean-field theory. A similar result has been obtained in the present
study. This change in the order of transition was attributed to the trun-
cation of the coherence length by the finite sample size. In nanocrystalline
x3, the critical exponent for the order parameter has the value [3] 8 = 0.33.
This estimate for (8 is at variance with presently obtained value § = 0.5. It
has been pointed [29] out that the composition = = 0.4 is at the boundary

of first-order and second-order phase transition line and exhibits a tricritical
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behaviour. This tricritical point separates the first-order (z < 0.4) from the

second-order (z > 0.4) in La;_,Ca, MnO3 manganites.

6.4 Experimental details

Extensive ac magnetic susceptibility measurements have been carried out on

21 (Lao.gr5Cap.125MnOs), 22 (Lag.grsCag125MnOs 06), ©3 (Lag.easCao.375MnO3)
and 5 (Lag 375Cap.e25 MnO3) at an ac driving field of rms amplitude, rang-
ing from 0.1 Oe to 10 Oe, and frequency, from 87 Hz to 10 kHz, over a
wide temperature range 2 K < T < 310 K that embraces the critical region.
However, only representative data sets are presented in the following sec-
tions. Magnetization as a function of magnetic field was measured at several
fixed temperatures in the above mentioned temperature range on x1, x2,

x3 and x5 in fields up to 90 kOe, using Quantum Design PPMS-VSM and
SQUID-VSM systems.

6.5 Data analysis, results and discussion

6.5.1 ’Zero-field’ critical behaviour

The real component of linear ac susceptibility, x'(7"), of the sample z1
(z2) measured as a function of temperature at an ac driving field of rms
amplitudes hy. = 0.1,1,5,10 Oe and frequency v = 111(333) Hz, peaks at
113K (108K), is depicted in Fig. 6.2 (6.3)(a). The observed temperature
variation resembles that in the bulk counterpart, annealed under helium

gas atmosphere [30]. By contrast, the imaginary component, y”, exhibits
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two peaks : a frequency-dependent peak at T,; = 102 K (104 K) and a
frequency-independent peak at T, = 124.0(5) K (~ 124 K) in the sample
xl (22). T, is very close to the onset of JT distortion (Q2 mode) in the
bulk counterpart [31].

The inverse intrinsic susceptibility, x~}(T), is related to x' ~Y(T) as
X HT)=x "YT)— 4rN, where N is the demagnetizing factor. We first
analyse x'(T) at T > T¢ in terms of the single power law (SPL)

X NUT) = Acsp(T) € err ™) e>0 (6.22)

where € = (T' — T¢)/Te, Te is the Curie temperature, and ~.rp (Aerys) is
the effective critical exponent (amplitude). N, Ty (T = 143.13(3)K for
xl and T = 134.10(2)K for 22), Acpp(T) and ~erp(T) were determined
by the "range-of-fit” (ROF) method, detailed in chapter 4. ~.s; has values
close to the mean-field (MF) value of v = 1 for temperatures below a well-
defined crossover temperature €, = 1.90(6) x 1072 (1.50(5) x 10~2) for
22 (x1) above which 7.y rises steeply. Acsr(T) and verp(T) in x1 (22)
for € < €, are displayed ( open circles) in the right-middle and bottom
panels of Fig.6.2 (6.3). The MF behaviour is normally expected at a lattice
dimensionality of d > 4 unless the dipole-dipole interaction, concomitant
with the uniaxial anisotropy, lowers the upper critical dimensionality from 4
to 3. Since we are dealing with a d = 3 system, the observation v.rs — 1 as
e — 0 strongly indicates a uniaxial dipolar behaviour in the ACR, € < €.

Thus, the expression [33]
X HT)=A €7 |lne| 73, e>0 (6.23)

with v = 1, predicted by the renormalization group (RG) calculations for
uniaxial dipolar (UD) ferromagnets, is used to analyze x~!(T) in the ACR.
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Figure 6.2: Temperature dependence of the (a) real and imaginary components
of ac susceptibility, measured at fixed frequency, v = 111 Hz and different driv-
ing field amplitudes, for the sample x1. The top right panel displays inverse
susceptibility data (open circles) along with the LC fit (continuous curve), based
on Eq.(6.23), in the asymptotic critical region (ACR) and its inset shows the
temperature variation of the effective susceptibility critical exponent, vepr. The
temperature variations of the SPL and LC fit parameters in the ACR are displayed
in middle and bottom panels.
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Figure 6.3: Temperature dependence of the (a) real and imaginary components
of ac susceptibility, measured at fized frequency, v = 333 Hz and different driving
field amplitudes, for the sample x2. The top right panel displays inverse suscep-
tibility data (open circles) along with the LC fit (continuous curve), based on
Eq.(6.23), in the ACR and its inset shows the temperature variation of the effec-
tive susceptibility critical exponent, vepy. The temperature variations of the SPL
and LC fit parameters in the ACR are displayed in middle and bottom panels.

The ROF analysis [33] (see chapter 4) of x~'(T) in the ACR ( open cir-
cles), based on Eq.(6.23), which, besides SPL, includes the leading multi-
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plicative logarithmic correction (LC), yields the optimum LC fit (continu-
ous curve), shown in the top right panel of Fig.6.2(6.3). A and v (solid
circles) at different ¢ = (T — TYP) /TP (with THP = TSPE), are dis-

played in right-middle and bottom panels of Fig.6.2 (6.3). Unlike A.y;
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Figure 6.4: Temperature dependence of the (b) real and imaginary components
of ac susceptibility, measured at fixed frequency, v = 87 Hz and different driving
field amplitudes, for the sample x3. The top right panel displays inverse sus-
ceptibility data (open circles) along with the LC fit (continuous curve), based on
Eq.(6.23), in the ACR and its inset shows the temperature variation of the effec-
tiwe susceptibility critical exponent, verr. The temperature variations of the SPL
and LC fit parameters in the ACR are displayed in middle and bottom panels.

and 7.ss that constantly increase with €, A is a non-universal constant

and v (v = 0.9999(2) for z1 and v = 1.0003(3) for z2) has the value
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v = 1 predicted by the RG calculations. This result asserts that the
asymptotic critical behaviour of 1 and x2 is that of a d = 3 UD ferro-
magnet. Narrower ACR (7.45 x 107% < € < €, = 1.5 x 1072 in 21 and
7TO0x 1074 <e<e, =20x10"21in x2) in x1 indicates that the uniaxial
anisotropy is stronger in x2 and persists to higher temperatures. Similar
results obtained for 23 and x5 systems are displayed in figures 6.4 and 6.5,
respectively. Various parameters obtained from the above analysis, pre-
sented in table 6.2, reveal that the width of ACR decreases with the hole
doping in LCMO manganites. This observation signals the weakening of
dipolar interactions due to the reduced dipole moments on hole doping.
Considering that the FM-PM transition occurs in the insulating state (as
revealed by the resistivity data in chapter 8), the dipolar interactions oper-
ate between the localized e4-electron spins (due to polaron effects) and/or
the localized to4-electron spins and thereby sustain FM order in the insulat-
ing state. Another important point to note is that, in conformity with RG
prediction for the case when gy << gp (case III under subsection 6.2.3),
a crossover from the uniaxial dipolar to isotropic dipolar critical behaviour

occurs when € > ¢,,.

6.5.2 ’in-field’ critical behaviour

Several methods of analysis have been used in the literature [4] to extract
the critical exponents from bulk magnetization data. The critical exponents
that some of these methods yield are the effective ones which depend on
the temperature range used in the analysis (even within the ACR) and can
be significantly different in magnitude from the ‘true’ asymptotic exponents

that are of interest in the theory. The values of these effective exponents ap-
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Figure 6.5: Temperature dependence of the real and imaginary components of
ac susceptibility, measured at fived frequency, v = 87 Hz, and different driving
field amplitudes, for the sample x5. The top right panel displays inverse sus-
ceptibility data (open circles) along with the LC fit (continuous curve), based on
Eq.(6.23), in the ACR and its inset shows the temperature variation of the effec-
tive susceptibility critical exponent, vepy. The temperature variations of the SPL
and LC fit parameters in the ACR are displayed in middle and bottom panels.

proach those of the asymptotic exponents only in the immediate vicinity of
Te (i-e., in the limit 7" — T¢). On the other hand, the method that includes
the ‘correction-to-scaling’ terms in the analysis yields the true asymptotic
values of the exponents. It is customary to determine the critical exponents

£ and v from bulk magnetization data taken in external magnetic fields
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Table 6.2: Various parameters extracted from acs data

‘ ‘ xl ‘ T2 ‘ 3 ‘ x5 ‘

Te (K) | 143.13(3) | 134.10(2) | 273.50(2) | 270.00(5)
5 0.9999(2) | 1.0003(3) | 1.000(1) | 1.00(1)

€eo (1072) | 1.50(5) | 1.90(6) | 1.00(4) | 0.80(5)
ACR (1073) | 0.75-15 | 0.7-20 | 0.5-10 | 0.5-7.5

by using a specialized form of the general scaling-equation-of state (SES),

proposed by Arrott and Noakes [36], given by
(H/M)" =d e+ MYP (6.24)

where 8 and v are the spontaneous magnetization and initial susceptibil-
ity critical exponents, respectively, and the temperature-independent coefhi-
cients ¢’ and b are related to the critical amplitudes I'; D and B of Eqs.(6.3),
(6.4) and (6.1) as [4]

o =T~V ¥ =DY" and d/V =BY" (6.25)

According to this method, the raw M vs. H isotherms taken at differ-
ent temperatures in the critical region are used to construct the M/# vs,
(H; /M) plot, popularly known as the modified Arrott plot (MAP). Note
that H; = Hepy — 4N M(T, H.y), where N is the demagnetization fac-
tor. As a first step, the measured magnetic isotherms, M(H), at vari-

ous temperatures are converted in to M (H;) isotherms (Figs. 6.6 and 6.7)
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Figure 6.6: Magnetization as a function of intrinsic field at various tempera-
tures for xl.

by taking slope in linear M(H) region (very low-field region) to calculate
H; = H — (M/slope). The values of critical exponents § and v are varied
so as to make the M'Y# vs. (H;/M)'" isotherms in a narrow temperature
range around T a set of parallel straight lines, especially in the high-field
region, (with the critical isotherm at T passing through the origin) over as
wide a range of H/M values as possible. The critical exponents obtained
in this way are still effective exponents and exponent values very close to
the asymptotic ones can be obtained if the temperature range around 7T¢ is

narrowed down to such an extent as to approach T as closely as possible.
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Figure 6.7: Magnetization as a function of intrinsic field at various tempera-
tures for x3.

Note that Eq. (6.24) with mean exponent values (5 = 0.5 and v = 1.0)
yields the well-known Arrott-Kouvel plots.

The modified Arrott plots constructed in this way for x1 and 3 are
well described by the 3D Ising (f = 0.325 and v = 1.241) and tricriti-
cal (f = 0.25 and 7 = 1.0) exponent values as can be seen in figure 6.8.
In contrast to x1, modified Arrott plot isotherms for 2 could not be made
straight in the high field range by choice of any known universality class crit-
ical exponents. This clearly suggests that oxygen off-stiochiometry brings

in unconventional magnetic order in the presence of magnetic field. It is
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evident from the figure 6.8 that the M (T, H) data significantly deviate
from the linear MAP isotherms at low fields for temperatures away from
Tc and such deviations become more pronounced as, |T° — T¢| increases.
In order to determine the ‘zero-field’” quantities such as spontaneous mag-
netization, Mg(T,0), and initial susceptibility, x(7"), the high-field linear
portions of the MAP isotherms are extrapolated to H/M = 0 to yield inter-
cepts [M(T,0)]"% and [x~(T)]"/" on the ordinate (7' < T) and abscissa
(T > Tc), respectively, as shown in figure 6.9. The Mg(T,0) and x~*(T)
data, computed from these intercepts, are plotted against € = (T'— T¢)/Tc
in Figs. 6.10 and 6.11, respectively. The Mg(T,0) and x~!(T) data, so

obtained, are analyzed in terms of the single power laws
Ms(e) = B (—¢)”, T<T, (6.26)

and

X '(e=T"¢, T>Tg; (6.27)
In order to arrive at accurate estimates of T¢, § and  the following steps (i)
and (ii) are used self-consistently/iteratively till the trial and final parameter
values are identical and T, = TZ. (i) Construct Modified Arrott plots
with initial/trial 8 and 7 values and obtain Mg(T) and x (7)) through
linear extrapolation of the MAP isotherms. (ii) Fit the single power laws,

Eqs.(6.26) and (6.27) to the Mg(T) and x~'(T) data to obtain T, 3 and
7.

From figures 6.10 and 6.11, it is evident that the critical exponents
obtained from Mg(T') and x~(7T') are in better agreement, within the un-
certainty limits, with the critical exponents characterizing the 3D Ising (I)
than those corresponding to the tricritical (tr) universality class. To rein-

force this finding further, the critical isotherm (the M — H isotherm at a
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Figure 6.9: MAP for x1 and x3 using 3D Ising (a,c) and tricritical (b,d) critical
exponent values with linear extrapolation resulting in intercepts on ordinate and

abscissa that yield Ms(T) and x~(T), respectively.

temperature closest to the Ty obtained from the above analysis) depicted

in figures 6.12 (a) and 6.12 (b) for z1 at 130 K (7T¢(I) = 130.60(5) K
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Figure 6.10: The temperature variation of spontaneous magnetization and in-
trinsic inverse susceptibility for x1, obtained from the linear extrapolation method
demonstrated in Figs. 6.9(a,b), and the continuous curves are the fits based on
Eqs.(6.26) and (6.27), respectively. The insets depict Mg(e) and x~(¢) in the
ACR.

and To(tr) = 129.30(2) K) and for 23 at 267 K (To(I) = 268.16(2) K
and Te(tr) = 267.35(15) K), respectively. The single power law fit to the
isotherm at T" = 130 K and T = 267 K, insets of Fig. 6.12, based on
Eq.(6.5), yielded the critical exponent 6(7" = 130 K) = 4.92(1) for 1 and
(T =267 K) = 5.06(2) for x3. The values for §(T") over the temperature

X' (emu/gOe)’
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Figure 6.11: Mg(e) and x ‘() for 3, obtained from the linear extrapolation
method shown in Figs. 6.9(c,d), and the continuous curves are the fits based on
Eqs.(6.26) and (6.27), respectively. The insets depict Mg(e) and x (¢ in the
ACR.

range T = 1 K are obtained the same way from the logM — logH plots.
d(T), so obtained, is found to obey the relation [4]

Te =T — A [5(Te) — §(T)] (6.28)

with A = 9(1) for z1 and A = 4.6(12) for 3. The values for the critical

exponent ¢ for the critical isotherm deduced from this relation corresponding

X' (emu/gOe)’
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to d = 3 Ising (Tricritical point) §(T. = 130.6 K) = 4.85(1) (§(TF =
129.3 K) = 5.01(1)) and §(T = 268.16 K) = 4.85(2) (8(T% = 267.35 K) =
5.04(4)) for x1 and x3, respectively.
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Figure 6.12: The M — H; isotherms closest to the critical isotherms for (a) x1
and (b) x3. The insets show logM wvs. logH plots with the linear fits based on
Eq.(6.5)

As a further check, the magnetic scaling equation of the state (SES) of
the form [4]
Me, H) /& = fo(H/E), (6.29)

that predicts that M (e, H) is a universal function of reduced conjugate field,
H/e?* | is employed. Here f, (f_) is the scaling function above (below)
Tc. By plotting M/e® against H/e¢**7, all the M — H isotherms taken
at temperatures below (above) T are expected to fall on a single univer-
sal curve f_ (fy). Figure 6.13 shows such a scaling plot for z1 and z3

with 3D Ising and tricritical critical exponents. It is observed that the 3D
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[sing rather than the tricritical choice of critical exponents yields a better
collapse of the data onto two universal curves. As a final test, the best least-
squares straight fit to the modified Arrott plot (MAP) for the isotherms at
T =130 K and T = 267 K (the temperatures closest to the correspond-
ing T¢) using 3D Ising and tricritical universality class exponents values
along with the corresponding deviation plots are shown in figure 6.14 (a)-
(d). Important observations are that the MAP isotherm is linear over a
much wider field range and deviations from linearity are much weaker in
the 3D Ising case. Hence, 3D Ising critical exponents describe the ‘in-field’
behaviour of 1 and x3 better than tricritical critical exponents. This result
clearly demonstrates that the three-dimensional Ising fixed point is stabilized
in 1 and x3 in the presence of magnetic field. Note that the modified Arrott
plots, M'/% vs. (H;/M)Y", at fixed temperatures, from which Mg(7T") and
Xo(T') are obtained by extrapolating from high fields (typically 2 1.5 kOe).
This extrapolation procedure only yields the expected ‘zero-field” behaviour
of the high-field stabilized state, which is completely different from the true
zero-field state. The completely different ‘zero-field” (d = 3 Uniaxial dipo-
lar) and ‘in-field” (d = 3 Ising) critical behaviours can be understood as
follows. Application of a magnetic field at temperatures near Ty polarizes
the #y, spins and thereby aids the uniaxial anisotropy and promotes the
egq electron mobility via double exchange. Thus, the e, electrons, localized
by the polaronic mechanism in zero-field, get delocalized by the field. In
the process, the dipole-dipole interations operating between the localized
eq electrons get progressively suppressed as the field increases in strength.
Hence, it can be concluded that the magnetic field makes the uniaxial dipo-
lar fixed point unstable and instead stabilizes the 3D Ising fixed point in

z1 and z3.
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Figure 6.13: Magnetic scaling equation of state (SES) for 1 and x3 using (a,c)
3D Ising and (b,d) tricritical critical exponent values.

By contrast, modified Arrott plot isotherms for x5 could not be made

straight over any field range by any choice of the critical exponents that

corresponds to a known universality class. For this reason, M (H) isotherms
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Figure 6.14: (a) Linear fit to the modified Arrott plot isotherm at T = 130 K
and T = 267 K based on 3D Ising and tricritical critical exponents, for (a) xl
and (c¢) x3. The corresponding deviation plot for 3D Ising (closed circle) and
tricritical (open circle) exponents are shown in (b) and (d).
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Figure 6.15: (a) Magnetization as a function of field for x5 at various fized
temperatures with fits (solid lines), at a few representative temperatures, based on
Eq. (6.30). (b) Temperature variation of Mg corresponding to the fits shown in
(a), described by the power law, Eq. (6.1), with the critical exponent 5 = 0.59(2).

were analyzed in terms of the following expression
M(T,H) = Ms(T,0) +b H'? +x,,; H (6.30)

where Mg is the spontaneous magnetization, the term b H'/? gives the con-
tribution to M (T, H) arising from the suppression of spin waves by the
external field, H, and xjs is the high-field susceptibility. Figure 6.15 dis-
plays the M(H) isotherms along with the fits based on Eq.(6.30); for the
sake of clarity, the fits for only a few representative isotherms are shown.
The spontaneous magnetization, so obtained from the use of Eq. (6.30),
when analyzed in terms of Eq.(6.26) yields B = 15.1(4) emu/g, 260.2(4) K
and $ = 0.59(2). This value for the critical exponent S does not conform

to any known universality class, consistent with our earlier observation.
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6.5.3 Magnetocaloric effect
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Figure 6.16: (a) Temperature variation of the isothermal negative magnetic
entropy change, —ASy(T), at various applied fields for x1 (symbols) and x2
(lines). (b) The H*/3 variations of the peak value, —ASmaz, and the temperature
T, at which —ASyN(T) peaks, for x1 (open symbols) and x2 (closed symbols).

The temperature variations of the isothermal magnetic entropy change,

—ASy(T), at fixed H, calculated using the Maxwell thermodynamic rela-

ASy (T, H) = /OH (%)H dH, (6.31)

are depicted in Figs. 6.16(a) and 6.17 for the samples x1 (symbols), 22

tion

(lines), x3 and x5, respectively. Fig.6.16(b) displays the variations of the
peak value, —AS,,,,, and the temperature 7, at which —ASy,(T") peaks,
with H for x1 (open symbols) and 22 (closed symbols). The reduced mag-
nitude of —ASy (T, H) in 22 is a consequence of the lower rate of thermal
decline of magnetization (higher spin-wave stiffness, see chapter 7). By con-

trast, lower T is responsible for lower 7, in 22. —AS,,4, in 23 and x5 also
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follows H?/? variation as shown in figure 6.18. Furthermore, the H?/® power
law behaviour of —AS,,.. is consistent with the predictions of the scaling

theory [34] when the MF values 5 = 0.5 and v = 1 are used.

The customary approach of using mean-field (MF) theory to describe
ASpag (T, H) and AT,q(T, H) of magnetocaloric materials over a temper-
ature range that embraces the critical region near 7T has met with lim-
ited success [35]. Apart from failing to address certain material-specific
issues [35], MF theory cannot describe the suppression of critical magneti-
zation fluctuations by H because it neglects spin fluctuations completely. As
a step forward, the Arrott-Noakes magnetic equation of state [36] has been
used to arrive at the magnetic field dependence of AS,,., at T = T [37],

H[(’EH)/A]H7 where A = 3+ v is the gap exponent while

L.e., ASmaglr=1, ~
[ and « are the critical exponents for spontaneous magnetization and ini-
tial susceptibility, respectively. For the MF values = 0.5 and v = 1, this
relation predicts ASmag|T:TC ~ H 2/3, in agreement with the earlier MF re-
sult [38]. To obtain a correct theoretical description of AS,,.,(T, H) within
and outside the critical region, we make use of the form of the magnetic
equation of state [39]

MER) = [ T, (%) (682
in nonlinear scaling variables € = (T' — T¢) /T = ¢/t; e = (T — T¢) /T, and
h=H /t; t = T/T¢, that holds [40-42] over a very wide temperature range
around T¢. In Eq.(6.32), f; are the scaling functions for temperatures
above (plus) and below (minus) T¢, and these functions approach fo (which
is analytic at 5] = 0) as & — 0. In the limit |[]/|h|/A < 1, the scaling

functions fi(z) can be expanded in Taylor series [39] around z = 0, i.e.,
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Figure 6.17: —ASy(T) at various applied fields for (a) 3 and (b) x5.

fo(0), as

|a - |g‘2 T |:§‘3 T
ELF0) + —2 F(0) + —=— J7(0) +
O+ e RO+ e RO

M(E D) = [B5 | fo(0) +
= RIS + FOER " + SR o) s
ST O PR " 6.33)

Retaining only the first four terms in the expansion and using in Eq.(6.31),

one obtains the final result [34]

D Suag (T H) = ag (A" + ay [A" (7 =y [2])
Tag (R ("~ (n/2) [2)
Fag (RIS ER(E — (na/3) D) (6.34)
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Figure 6.19: —ASy(T) at various applied fields for x1 and x2 along with the
fits (continuous lines) based on Eq. (6.34).
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with
—(fo(0)/Tc) [no/(no +1)] ; no = B/A
= (f6(0)/Te) [/ (mi +1)] ni=(B-1)/A
= (f0)/Te) [1/(n2 +1)] ny = (B —2)/A
as = (f'(0)/Tc) [1/(ns +1)] ny=(8-3)/A

and the derivative functions %(0), ”( ) and f”’( ), like fo(0), treated as
constants. The continuous curves through the data in figures 6.19 and 6.20
are obtained, independently below and above the peak temperature, 7,
(taking Te(H) = T,(H)), by using the MF values f = 0.5 and v = 1 and
optimizing the parameters ag, a;, as and az. Eq.(6.34), with the MF choice
of critical exponents, adequately describes AS,,,, over wide ranges of tem-
perature and field. Consistent with the above finding that Eq.(6.34) with
mean-field exponent values closely reproduces the observed AS,,.,(T, H)
particularly near Tp, at T = T, ASyq(T, H) does obey the MF predic-
tion ASpeglr—1. ~ H" (Fig.6.16(b))) and in x3/z5 (Fig.6.18). 3D Ising
exponents also give reasonably good description of AS,,,,(T, H) in 1 and

3.

6.6 Summary and Conclusion

A detailed study of the ‘zero-field” FM-PM phase transition occuring in the
insulating state has revealed that the systems x1, 22, 3 and x5 behave as a
three-dimensional (d = 3) uniazial dipolar (UD) ferromagnet in the asymp-

totic critical region (ACR) and exhibit a crossover to the d = 3 isotropic

dipolar (ID) critical behaviour outside ACR. The width of the ACR narrows
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Figure 6.20: —ASy(T) at various applied fields for (a) x3 and (b) x5 along
with the fits (continuous lines) based on Eq.(6.34).

down with increasing C'a concentration indicating weakening of the uniaxial
anisotropy. Reducing the average grain size to nano metre regime brings in
an additional constraint of confining the long-range ordered ferromagnetic-
insulating/ferromagnetic-metallic/charge-ordered-insulating regions to a few
nm so that these regions compete with other inhomogeneities of similar
length scales and the physics of these systems is governed by a complex inter-
play of these phase separated entities of similar dimensions. Irrespective of
the Ca concentration, the dipolar interactions operate between the localized
eg-electron spins. The magnetic field stabilizes the three-dimensional Ising
FM fixed point in the asymptotic critical region and reduces Te(H = 0) by
5K —13 K inx =1/8 and x = 3/8 while x = 5/8 does not belong to any

known universality class. The magnetic scaling equation of state with mean
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field exponents describes the magnetic entropy change well over a wide tem-
perature range embracing the critical region. Ample experimental evidence
is provided for a continuous second-order F'M — PM phase transition in
x3 and for simultaneous FFM — PM and CO — PM second-order phase
transitions in x5 at T¢/Teo = 270 K in the absence of external magnetic
field. The question whether or not the distinctly different ‘in-field” critical
behaviour compared to the one observed in ‘zero-field” in the presently stud-
ied systems are characteristic of only the nano systems, forms an interesting

topic which needs to be investigated further.
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Chapter 7

Low-lying magnetic excitations
and magnetic irreversibility

The present chapter deals with the study of magnetic irreversibility and
low-lying magnetic excitations in the nanocrystalline Lay_,Ca, MnOs man-
ganites. The low-temperature magnetic moments are lower than those ex-
pected based on the nominal Mn>* /Mn** concentration, suggesting thereby
a canted spin structure. The effective magnetic moments, calculated from
the Curie constant, obtained from the Curie-Weiss fits in paramagnetic
(PM) region, are higher than the expected values. This observation is in-
dicative of the presence of small ferromagnetic clusters in the PM state.
At low temperatures, the temperature dependence of magnetization in x1,
x2 and x3, is adequately described by the conventional spin-wave relation.
The spin-wave stiffness, so obtained, has values comparable to those for the
bulk counterparts. Irreversibility in magnetization, observed at low fields,

presents several anomalous features which are absent in the bulk.
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7.1 Introduction

In a crystalline ferromagnet, the local deviation from the perfect alignment
at a finite temperature does not remain confined to a microscopic region
of space but propagates like a wave due to exchange coupling between the
spins. These low-lying magnetic excitations are called spin-waves. A spin
wave can be thought of as one spin reversal coherently spread over the entire
crystal. The conventional spin-wave theories are based on localized-electron
picture, in which the magnetic electrons are localized on atomic orbitals.
However, in metallic systems, the magnetic electrons have itinerant charac-
ter. Thus, localized-electron and itinerant-electron models form two exactly
opposite descriptions of the low-lying magnetic excitations. The domains,
the domain wall structure and the non-uniform internal field distribution
play a fundamental role in spin wave generation, propagation and magnon-

magnon interactions.

Hysteresis and coercivity are two consequences of the various metastable
energy states in the domain structure distribution. The coercivity mech-
anism has roots in domain wall pinning via defects, inhomogeneities and
nonuniform distribution of magnetic properties. The strong dependence on
temperature, crystalline and shape anisotropies determines the relaxation
rate (and hence the time-scale during which no change of magnetization
occurs and ferromagnetic state remains stable) exists. Metastability is gov-
erned by local energy minima. The remanence is the remaining magneti-
zation after the applied magnetic field has been removed. The coercivity
is the magnetic field needed to reduce the remanent magnetization of the

sample to zero. It is a measure of the pinning of magnetic domain walls in
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the sample. The coercivity depends on the microstructure of the sample,

and therefore depends on the type of processing.

The thermomagnetic irreversibility, a bifurcation in the ’field-cooled’
(FC) and 'zero-field-cooled’ (Z F'C') magnetizations, Mpc(T') and Mzpc(T),
is observed at low temperatures. The Mpc(T') and Mzpe(T) curves coincide
beyond a certain temperature, Ty¢, which lies between the temperature at
which Mzrc(T') peaks, TpZF ¢ and the Curie temperature, 7. Thermomag-
netic irreversibility (Mpc(T) — Mzrc(T))> 0 and a peak in Myzpo(T) are
more often considered as the characteristic features of spin-glass or super-
paramagnetic systems. However, such a behaviour is also observed in many
long-range ordered systems, like ferrimagnetic systems, due to domain wall
pinning effects. For ferromagnetic systems, it reflects the temperature vari-
ation of magnetocrystalline anisotropy energy barriers. A peak is observed
at a temperature below which the anisotropy field overcomes the applied
magnetic field. Magnetic irreversibility is observed below a certain tem-
perature at magnetic fields lower than a threshold field. The bifurcation
between ZFC and FC magnetizations reflects the presence of magnetic irre-
versibilities that could result from the anisotropy barriers and/or magnetic
inhomogeneities. Generally, irreversibilities in magnetization at low fields
and temperatures well below T are attributed to progressive stiffening of

domain walls with increasing temperatures.

Magnetic hysteresis is negligible at 7' = 10 K for x1 in the bulk [1] which
is the limiting case of A-type antiferromagnetic structure and exhibits a low-
and high-energy spin-wave branch and has an energy gap of ~ 0.25 meV
between these two spin wave branches in the canted state. It is reasoned that

the magnetic percolation does not coincide with the electronic percolation
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and the spin wave dispersion is anisotropic. The presence of AFM and
FM clusters of sizes 20 A and 3 —4 A at 8 K and 293 K in bulk z1
was inferred from small angle neutron scattering experiments [2]. Neutron
scattering study on nanocrystalline 3 [3] has shown intriguing features: a
FM transition at T = 233 K followed by an antiferromagnetic transition
at Ty = 140 K (generally, not expected for optimally hole-doped LCMO).
At 10 K, FM and AFM clusters of 59 nm and 30 nm sizes were found. A
peculiar type of magnetic irreversibility has been observed in x3 at T¢ in the
present study. This anomalous form of irreversibility finds a straight forward
explanation in terms of the competition between the high-temperature AFM

insulating and low-temperature FM metallic phases.

7.2 Experimental details

Magnetic hysteresis loops were measured on the nanocrystalline samples
xl (La0.8750a0.125Mn03)7 x2 (La0.8750a0.125MnO3.06)7 x3 (La0.6250a0.375MnO2.99)
and x5 (Lag 375Cag.625 MnOs94) with average grain sizes of d = 27(5) nm,
d = 18(3) nm and d = 13(5) nm, respectively, in fields up to £90 kOe at
various temperatures. The low-field magnetization at 25 Oe < H < 1 kQe
in the 'zero-field-cooled’(ZFC) and ‘field-cooled’(FC) modes and magnetiza-
tion as a function of temperature at fields in the range 5 kOe < H < 90 kQOe
were measured over the temperature range, 2 K < 7T < 310 K, that em-
braces the critical region. All these measurements were carried on the

PPMS-VSM and SQUID-VSM systems of Quantum Design make.
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7.3 Data analysis, results and discussion

7.3.1 Magnetic hysteresis, remanence and coercivity
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Figure 7.1: M-H hysteresis loops measured for the samples (a) x1 and (b) z2 at
different temperatures.

A direct comparison between the M — H loops for the samples x1 and
22, made in figure 7.1, reveals that, in 22, (i) at any given temperature,
magnetization is consistently lower in magnitude at all fields, and (ii) it is
more difficult to saturate magnetization even at magnetic fields as high as
90 kOe. While the observation (i) reflects a higher concentration of Mn**
ions in 22 due to the oxygen off-stoichiometry, (ii) is a manifestation of
stronger magnetocrystalline anisotropy (MCA) in z2 as is also indicated by

higher coercivity (figure 7.3).
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Figure 7.2: M-H hysteresis loops measured for the samples (a) x3 and (b) x5 at
different temperatures.

The M — H hysteresis loops for the samples 3 and x5, as shown in Fig.
7.2, present the following obvious features. (i) Saturation in magnetization
at 2 K in 23 is essentially achieved in fields as low as 10 kOe. (ii) By
contrast, the magnetization at 2 K in x5 shows no signs of saturation even
at fields as strong as 90 kOe although the technical saturation is reached at
fields ~ 5 kOe. Unusually large high-field susceptibility in the latter case is
a clear indication of strong canted antiferromagnetic-correlated spin regions

coexisting with the regions of ferromagnetically coupled spins.

The temperature variations of remanence, M,, and coercivity, H,, for
x1l-x5, obtained from the hysteresis loops, presented in Figs. 7.1 and 7.2,
are displayed in figures 7.3 and 7.4. Out of these systems, only z3 displays
features that are expected in an archetypal ferromagnet. The M, (T) and
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Figure 7.3: The temperature dependence of remanent magnetization, M,, and
coercive field, H., for the samples (a) x1 and (b) x2, obtained from M-H loops
presented in Fig. 7.1.

H.(T) in 1 and 22 decrease at a faster rate till 6 K and then the rate
slows down, and is roughly linear till M, = H. = 0 at T;. This behaviour
is similar to the thermal decline of magnetocrsytalline anisotropy constant
[4]. Higher coercivity in 22 than in x1 signals the presence of stronger

magnetocrystalline anisotropy in 2.

The temperature variation of M, that mimics the thermal dependence

of spontaneous magnetization, Mg, is analyzed in terms of the power law

T—T(,)ﬁ

e (7.1)

M,(T) =B (
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Figure 7.4: The temperature dependence of remanent magnetization, M,, and
coercive field, H., for the samples (a) z3 and (b) x5, obtained from M-H loops
presented in Fig. 7.2. The top panel show the fits based on Eq. (7.1)

In Eq. (7.1), which holds for Mg(T") in the asymptotic critical region, T¢ is
the critical temperature and (8 is the critical exponent of the order parame-
ter. The fits to the M, (T) for 23 and x5, based on Eq. (7.1), and displayed
in the top panels of Fig.7.4 yield B = 26.2(5) emu/g, Tc = 273.50(2) K
and § = 0.49(1) for 3 and B = 5.01(2) emu/g, Tc = 269.8(5) K and
B = 1.12(2) for 5. These values for T are in excellent agreement with
those obtained from the analysis of ’zero-field” ac susceptibility in chapter
6. The value of ~ 0.5 for the critical exponent g for x3 is also consistent

with the results obtained in chapter 6 wherein an elaborate analysis of the
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ac susceptibility clearly demonstrates that the sample 23 behaves as a three-
dimensional uniaxial dipolar ferromagnet in the asymptotic critical region.
In contrast, 5 in x5 possesses a value that does not belong to any univer-
sality class. This result is consistent with in-field magnetization analysis

discussed in chapter 6.
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Figure 7.5: The scaling of the coercive field, H.(T), with remanent magnetiza-
tion, M,(T), for the samples (a) x1 and x2 and (b) x3 and z5.

Figure 7.5 displays that H.(T) scales with M,(T') for z1, 22, x3 and x5.
This observation strongly indicates that the anisotropy energy barriers play

a crucial role in the magnetization reversal process.

7.3.2 Magnetic irrevesibility

In order to quantify the effect of size reduction on the magnetic properties

in 21, a comparison with the bulk counterpart [5] is displayed in Fig.7.6.
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Figure 7.6: The temperature variations of susceptibility, x = M/H, for z1 in
the (a) bulk [5] (b) nanocrystalline state.

The following observations are noteworthy. The charge order temperature,
Tco, and the ferromagnetic-paramagnetic phase transition temperature, 7T,
reduces from 80 K to 40 K and 150 K to 143 K, respectively. The CO fea-
tures are suppressed and transition becomes broader in the nanocrystalline
system. An anomaly at 6 K is observed in x1 that is absent in the bulk.
The critical field, H.., beyond which the irreversible domain wall motion
governs the functional dependence of magnetization on field increases from
90 Oe (at 5 K) to 157 Oe (at 2 K) and magnetization at 2 K and 100 Oe is
~ 1.7 higher than in the bulk [5]. Although the shape of the M(T') curves
recorded at 100 Oe on z1 and its bulk counterpart [6] is similar, magneti-
zation at 2 K is higher by a factor of ~ 3.8 and the magnetic irreversibility

is stronger in the former case.

M(T) for 23 is similar to that in bulk at H = 2 kOe [7] while it is higher
than the one reported in [25] at H = 1 kOe. The magnetic irreversibility

in 23 depicted in Fig.7.8 shows an unusual feature around 7. Contrary
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Figure 7.7: The temperature variations of zero-field-cooled’ (ZFC) and ’field-
cooled’ (FC) magnetizations, and magnetic irreversibility AM(T)=Mpc(T) —
Myzpc(T) for the samples (a) x1 and (b) 22, at low static fields.

to the usual observation that the irreversibility in magnetization, AM(T)
= [Mpc(T) — Mzpc(T)] > 0 at all H where AM is finite, AM(T) < 0
and exhibits a (negative) dip at 7" ~ T whose magnitude increases with
H. This observation asserts the coexistence of randomly-oriented insulating
antiferromagnetic to,-spin clusters with the insulating e,-spin ferromagnetic
matrix for 7" < T¢, in the FC state and the coexistence of FM insulating
clusters with the paramagnetic matrix that consists of randomly-oriented

insulating antiferromagnetic clusters, in the ZFC state. This observation
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Figure 7.8: M(T) in ZFC and FC modes and magnetic irreversibility, AM, at
different static fields for the samples (a) x3 and (b) z5.

is consistent with the presence of short-range/dynamic CE-type charge-
ordered phase (consisting of FM zigzag chains that couple antiferromag-
netically with each other) in the high temperature region reported [7,9]
earlier. At high temperatures, the spatial or temporal fluctuation of CO is
such that the short-range CO state may contain only one short FM ‘zigzag’
Mn?t — Mn* — Mn?t — Mn* — Mn?t with 11 A in length or one short
FM ‘zig or zag’ (Mn®** — Mn** — Mn®t) with 5.5 A in length. These ex-
tended objects enhance the overall FM correlation. The short FM zigzag

can be considered as correlated FM polarons which could exhibit dynamic



251

nature [9]. The M(T) curves in 5 resemble that of a conventional fer-
romagnet in contrast to the bulk that exhibits a CO transition at 270 K
and an antiferromagnetic transition of CE-type at 150 K, characterized by
a drop and a kink in the magnetic susceptibility, respectively [10]. In x5,
M(T) is larger by at least an order than that in the bulk at H = 1 kOe [10]
and at H = 1 kOe for x = 0.63, suggesting that the grain size reduction
results in the enhancement of FM behaviour at the expense of CO. An-
other important observation is that AM(T) at 250 Oe/250 Oe in x1/22,
100 Oe in 23 and 500 Oe in x5 mimics the corresponding H.(7'). That
AM(T) ~ H.(T) underscores the common origin of the irreversibility in
magnetization and coercivity in the competition between the external field
and anisotropy field.

Magnetic susceptibility, in the paramagnetic state, obeys the Curie-Weiss

law,
X(T) = =— (7.2)

where C' = NpZ;;/3kp is the Curie constant with N, the number of mag-
netic ions per unit volume, pi.s¢, the high-temperature magnetic moment
and kg, the Boltzmann constant. The paramagnetic Curie temperature, 6,
is positive for ferromagnets. The theoretical high-temperature moment has
been estimated using the formula (u%)? = [(1 — 2)g®Sams+ (Sams+ + 1) +
292 Sprnat (Symar +1)] p% with Landé factor g = 2, Sypps+ = 2, Sprpat = 3/2
and x, the doping concentration. It follows that %, = 1/(24 — 9z) in units
of pp. The low-temperature moment is calculated from the magnetization
value at 2 K and 90 kOe on the virgin curve. The corresponding theoret-
ical estimate is given by plt. = [(1 — 2)gSams+ + gSams+] pp resulting in

pif = (4 — x) pp with doping concentration x. The Griffith’s temperature,
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Ta, below which ! shows a downturn when approaching T from above is

also displayed in table 7.1. It is noticed that M (2 K,90 kOe) in x1, 22, 23

Table 7.1: Comparison between the parameters, extracted from the magnetiza-
tion data, and the corresponding values expected from the theoretical considera-
tions based on the concentration of Mn>T/Mn** ions

xl 2 x3 i)
) 3.875 3.875 3.625 3.375
) 3.46 3.30 3.165 0.59
ph () 4.783 4.783 4.542 4.287
uss (up) 6.48 5.72 6.07 2.71
C (1072) 2.29 1.79 2.25(5) | 0.51(1)
(emu K/g Oe)
0 (K) 187(1) 194(2) 270(1) 270(4)
Te (K) 143.13(3) | 134.10(2) | 273.50(2) | 270.00(5)
TH= (K) 270(2) | 275(1) | 285(2) | 298(2)

and x5 reaches only 89%, 85%, 87% and ~ 18% of the values theoretically
predicted for a collinear ferromagnet. This observation indicates a much
weaker spin canting at low temperatures in 1 — 23 compared to that in x5.
However, the observed high-temperature magnetic moments in x1, 2, x3
and x5 are 1.36, 1.20, 1.34 and 0.63 times larger than those theoretically

expected. This result underscores the presence of FM correlations/magnetic
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polarons in z1, 22, 23 as opposed to the AFM/CO correlations in x5 in the
paramagnetic insulating state. The low-temperature moments in 1 and x2
are higher than in the bulk [2,19] and so also the Curie constants [12,19].
M(T) in z1 at H =5 kOe is comparable in magnitude to that reported in
bulk [16]. T = 6 for 21 in the bulk [1]. The low-temperature moment in 3
is slightly smaller than that in the bulk [14] but definitely higher than the
nanocrstalline sample [3], reported recently. The order parameter critical
exponent of 0.33 in contrast to the present case of 0.5. For x5, u%% << ui.
indicates large canting in the spin structure or presence of an antiferromag-
netic ordering at low temperatures while u%5. < pi%. implies the presence of
non-interacting (randomly oriented) antiferromagnetic clusters in the para-
magnetic insulating state. Moreover, § < T¢ indicates that the first-order
nature of the magnetic phase transition. The inflection point of Mg stays
constant at 260 K for magnetic fields 50 Oe — 500 Oe while that in Mzpc
starts at 268 K for 25 Oe and decreases to 260 K at 1 kOe. The tempera-
ture at which a dip in the temperature derivative of Mpc occurs, Tg;,, has
a field dependence that yields upon extrapolation to H = 0 the value of
Tuip (H = 0) that matches with the one obtained from the Mg(7T") analysis
presented in chapter 6. This clearly demonstrates that the in-field magnetic
phase transition in 25 is unconventional/first-order-like. In contrast, Ty,
(H = 0) equals the Curie temperature obtained from the ac susceptibility
analysis (chapter 6). This observation asserts that the FM-PM phase tran-
sition in x1 — 5 is a continuous second-order phase transition in zero-field
and, as shown in chapter 6, these samples behave as an uniaxial dipolar

ferromagnet in the critical region.
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7.3.3 Low-lying magnetic excitations: spin waves
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Figure 7.9: Thermal decline in magnetization at high fields along with the cor-
responding spin-wave fits (continuous curves), based on Eq.(7.3), at low temper-
atures for (a) x1 and (b) z2.

The thermal decline in magnetization up to 7" = 50K at magnetic fields
in the range 10kOe < H < T0kOe, shown in figure 7.9(a), demonstrates
that, regardless of H, M is higher at all the temperatures for x1. The mag-
netization at low temperatures is fitted to the conventional spin-wave (SW)
relation for magnetization in a three-dimensional Heisenberg ferromagnet

3/2
M(T,H)y=M(0,H)—gup Z (g,tH) {%} / (7.3)
where the Bose-Einstein integral function

3

Z(5otu) = §(3/2)F(3/2,t) = Zj n~Sexp(—nty) (7.4)

with £(3/2), the Riemann zeta function, ty = gupH/kpT allows for the

energy gap in the spin-wave spectrum. The thermal renormalization of
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Figure 7.10: Spin-wave description (continuous curves) of the observed low-
temperature and high-magnetic field magnetization of x3.

spin-wave stiffness in conventional localized /itinerant-electron ferromagnets

occurs in accordance with the relation
D(T) = D(0) [L — DyT? — D5, (7.5)

where D(0) is the spin-wave stiffness at 7' = 0 K and the T7°/2 (T?) term
arises from the direct (indirect) magnon-magnon interactions (mediated
by conduction-electron spins). That Eq.(7.3) along with the 7°/2 term
in Eq.(7.5) adequately describes the observed M (T, H) variation is obvi-
ous from the quality of the SW fits (continuous curves) to the data (sym-
bols) shown in figures 7.9 and 7.10. Excitation of spin waves costs much
higher thermal energy in 22 since D(0) is larger (D(0) = 45(3) meV A?)
in 22 than (D(0) = 35(2) meV A?) in 21. The spin-wave stiffness D(0) =

145(5) meV A% in 3. These values of spin-wave stiffness are comparable



256

to their corresponding values in the bulk counterparts determined from the
inelastic neutron scattering experiments [1,15]. M (T, H) for 25 could
not be analyzed using the spin-wave expression, Eq.(7.3), as it shows an
upturn in magnetization at temperatures below T = 50 K. However,
the magnetization at T' < 50 K could be described well by the expression
M(T,H) = M(0,H) (1—aT"?).

7.4 Conclusion

The estimated low-temperature magnetic moments suggest a canted spin
structure at low temperatures while high-temperature moments confirm the
presence of small ferromagnetic clusters in the paramagnetic state. For x1,
x2 and 3, spin wave stiffness has values comparable to those for the bulk
counterparts. In all the samples studied, the temperature dependence of
the (uniaxial) magnetocrystalline anisotropy energy barriers is basically re-
sponsible for the observed temperature variations of the remanence, coercive
field and irreversibility in magnetization. Reducing the average crystallite
size to nanometer regime brings about the following changes. (i) Larger
spin wave stiffness in 22 than in z1 indicates the strengthening of magne-
tocrystalline anisotropy caused by oxygen off-stoichiometry. (ii) Presence of
randomly oriented antiferromagnetic t,-spin clusters within the insulating
ferromagnetic matrix at 7' < T in 23. (iii) Charge ordered phase gets

suppressed and ferromagnetic order appears in 5.
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Chapter 8

Electrical and
magneto-transport properties

The transport and magneto-transport properties of the nanomanganite

Lay_,Ca,MnOsys (v =1/8,3/8,5/8) system have been studied treating the
bulk counterpart as the reference system. Resistivity data have been analyzed
in the light of existing theoretical models. It is shown that these properties

get drastically affected upon crystallite size reduction.

8.1 Introduction

The electronic properties of manganites are governed by competing Mn?™ —
O — Mn3* superexchange and Mn3*" — O — Mn** double-exchange inter-
actions, local Jahn-Teller distortions, charge ordering and phase separation
effects. In various CMR compounds, adiabatic nearest-neighbhour hopping
(NNH) conductivity of small polarons that obey the Arrhenius law, is ob-
served above room temperature [1,2]. In La;_,Ca,MnO;z; (LCMO), this

261
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behaviour persists up to T ~ 700 K [3] or even up to temperatures as
high as 1200 K [4]. Below room temperature, the hopping conductivity is
strongly influenced by features of the density of the localized states (DOS),
g(€), near the Fermi level, e [5].

The soft gap is attributed to Coulomb interactions (and referred to as the
Coulomb gap [6]) between localized charge carriers while the rigid gap is
associated with the Jahn-Teller effect [7]. Generally, when temperature is
decreased it is energetically favorable for charge carriers to hop beyond the
nearest-neighbor sites, leading to the variable-range hopping (VRH) con-
ductivity [8]. The Mott VRH conductivity sets in when the DOS around
er is finite and constant [8], whereas the soft Coulomb gap leads to another
type of deviation from the Arrhenius law, i.e., the Shklovskii-Efros (SE)
VRH conductivity [6]. In turn, the rigid gap modifies the SE-VRH conduc-
tivity law [5].

In the high temperature regime, i.e., at T > T, LCMO is usually a para-
magnetic insulator (PMI). In this regime, electric conductivity is governed
by electrons hopping through a dielectric insulator. There are three pos-
sible mechanisms for conduction in this regime, each supported by some
experimental evidence: 1) the thermally-activated hopping model [9], 2)
the nearest-neighbour hopping model [3] and 3) the variable range hopping
(VRH) model [10]. Since the experimental observations are carried out in
a narrow temperature range just above Ty it is sometimes very difficult
to distinguish between the three mechanisms. Consequently, there is no

agreement regarding the mechanism actually prevalent in these systems.
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8.2 Insulating/semiconducting regime

8.2.1 Thermally activated carriers

In this model, the carriers are thermally excited across the band gap from
the valence band to a conduction band. The resistivity p follows the Boltz-
mann law, i.e., (8.1), where E is the energy gap and p is the resistivity at

infinite temperature.
p = poc exp(E/kpT) (8.1)

This simple model is based on the resistivity given by p = (neu)™t, where n
is the carrier density in the conduction band, e is the charge of an electron
and p is the carrier mobility. The dominant factor is normally the thermally
activated form of n, and pu is assumed to be independent of temperature.
In general, the mobility can have some temperature dependence, which
would introduce additional factors into equation (8.1). If the conduction
mechanism in the insulating paramagnetic and charge-ordered phases is due
to thermally-activated carriers, the activation energy should be different for
different phases. A transition from the paramagnetic to charge-ordered
states thus shows up via a sudden change of gradient in the logarithm of

resistance versus temperature curve.

8.2.2 Nearest-neighbour hopping

In this model, electrical conduction proceeds via polaron motion. A local-
ized electron distorts its surrounding lattice relative to an unoccupied site
because of the Coulombic interaction of the electron and the surrounding

ions on the lattice and thus producing a potential well that acts as a trapping
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center for the self-trapped carrier. Thus, a self-trapped electronic carrier to-
gether with the pattern of atomic displacements constitutes a polaron and
when this quasi-particle moves as a whole, the electron propagates along
with the lattice distortion. Long-range electron-lattice interactions pro-
duce large polarons with a finite radius, that decreases with the strength of
electron-lattice interaction. The self-trapped electronic carrier extends over
multiple sites and this multi-site extension of the large polaron results in
its itinerant motion with large mobility (metallic-like). In contrast, small
polarons are confined to a single lattice position due to strong short-range
electron-lattice interaction. The extreme confinement of the small polaron
typically leads to its motion by thermally-assisted hopping. One of these two
different types of polarons is stable when both long-range and short-range
electron-lattice interactions coexist [11]. The presence of long-range inter-
actions eases the requirements for forming a small-polaron, but only once
the interactions are sufficiently strong does the polaron change from large to
small. In the paramagnetic-insulating state, e,, electrons are thought to be
associated with lattice distortions (i.e., they form polarons). In this model,
the lattice distortions are of a size similar to unit cell and the polarons move

between the nearest neighbour sites. The resistivity in this case is given by:
p=AT exp(E/kpT) (8.2)

where A is a constant and F is the energy required to move a polaron. How-
ever, the strong electron-polaron coupling in the La;_,Ca, MnQOs3 permits a
motion of the charge-carriers slower than the lattice vibration. The motion
of the electrons and lattice cannot be separated so that in the non-adiabatic

limit, the resistivity is given by [12]:

p=AT? exp(E/kgT) (8.3)
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8.2.3 Variable range hopping

If the activated energies for hopping to neighbouring atoms are not the same,
hopping to a non-nearest neighbour may require a smaller activation energy.
Mott variable range hopping (VRH) assumes a finite density of states at the
Fermi energy level N(FEr) # 0 and localized electronic states near the Fermi

energy, Er. Resistivity due to Mott VRH is given by [8,12,13]
p = poo cxp(Ty/T)"* (8.4)

where Tj is a characteristic temperature. This mechanism is observed for
doped smiconductors and non-crystalline insulating solids at low tempera-
tures. The localization length, Iy gy, can be computed from Tj by using the

following expression
171UmV)1 /3
kgTy
As the distance of hopping grows [ > lygry, direct tunneling becomes a

lVRH = (

dominant conduction process. Smaller localization length implies that the
electron wavefunction is localized at Mn ions. Larger localization length
implies that the electron wave function is more spread out. The localization
length must be greater than the Mn — O — Mn bond length, so that the
electrons are not localized and can participate in conduction. Tj is usually
of the order of 107K [14]. As Ty decreases, the localization length (Iypgr)
increases. As a result, the resistivity at peak temperature, 7},, and resistivity
for the regime 7" > T, is reduced. Shklovskii-Efros (SE) variable range
hopping [6] has the form

p = poo exp(Ty/T)"? (8.5)

which assumes a gap in the density of states brought in by the Coulomb

interactions. The prefactors in Eqs.(8.4)-(8.5) can also have temperature
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dependence. Egs.(8.1)-(8.5) can be written in a more generalized form as
p(T) = po TPexp(Ty/T)?.

The above expression reduces to thermal activation law (Eq.(8.1)) for p =
0 and ¢ = 1, adiabatic small polaron hopping (Eq.(8.2)) for p = 1 and
g = 1, non-adiabatic polaron (Eq.(8.3)) for p = 3/2 and ¢ = 1, SE VRH
(Eq.(8.5)) for p = g = 1/2 and Mott VRH (Eq.(8.4)) for p =0 and ¢ = 1/4,

respectively.

8.3 Conducting/metallic regime

Electron transport (electrical resistivity) in the conducting regime is gener-

ally described by the expression [2]
p=potp2 T+ p, T" (8.6)

where pg is the residual resistivity, the second term denotes the contribution
to resistivity due to electron-electron/coherent electron-magnon scattering
while the third term with n = 9/2 and n = 5 represents contributions from

the two-magnon and electron-phonon scattering.

8.4 Experimental details

ZFC) and

Electrical resistivity was measured in both ’zero-field-cooled’ (p
field-cooled’ (pf“) modes, analogous to earlier magnetization measure-
ments, in zero and finite magnetic fields of H = 10, 20, 30, 50, 70 and 90kQOe,
over the temperature range 2K < T < 310K on Quantum Design PPMS

using the four-probe method.
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8.5 Data analysis, results and discussion

8.5.1 Under hole-doped LCMO- Lagg75Cag.125MnO3

The bulk sample is an insulator right up to the lowest temperature. The
thermal dependence of sound velocity, sensitive to phase transitions, if any,
exhibited two anomalies at 145 K and 170 K, where the resistivity versus
temperature curve exhibited an upturn and a change of slope, correspond-
ing to charge ordering (CO) and ferromagnetic (FM)-paramagnetic (PM)
transition temperatures, respectively [16]. Resistivity as a function of tem-
perature indicates a small decrease just below T = 155 K, with an upturn
below 110 K (signalling the occurrence of a small antiferromagnetic (AFM)
component or residual canting) and it becomes more insulating at low tem-
peratures with a structural transition at Toor = 80 K [17]. It was con-
cluded that the ordering of ds,2_,» and ds,2_,2 orbitals below T;7 = 100 K
results in a long-range AFM order. The presence of small FM clusters was
revealed by the neutron diffraction study on bulk and single crystal sam-
ples [18]. For bulk samples, prepared by the solid-state reaction method,
electrical resistivity continues to increase as temperature is lowered from

room temperature, except for a small slope change at T = 168 K [19-21].

The effect of particle size reduction to nanometric dimensions on mag-
netic and transport properties of Lagg75Cag125MnOs09 (1) revealed that
the 29 nm (T = 147 K) and 55 nm samples (T = 174 K') have resistivi-
ties higher than the bulk counterpart, at least, by two orders of magnitude
at low temperatures. By contrast, the 45 nm sample (T¢ = 160 K), with
metal(M)-insulator(I) transition at Ty = 153 K, has lower resistivity [22].
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Lag.g75Cao.125MnO3.00 (21) and (b) Lag.srsCao.125MnOs.06 (22).

The occurrence of the M-I transition was attributed to the breakdown of
long-range AFM order and enhanced FM interactions via grain boundaries
at the critical size of 45 nm. However, the oxygen off-stoichiometry of this
sample is not known. That oxygen off-stoichiometry has profound effect on

the electrical transport will be demonstrated in the present section.

As the temperature is lowered from 300 K, ’zero-field’ electrical resis-
tivity, p(7'), undergoes an insulator (dp/dT < 0) to metal (dp/dT > 0)
transition at Ty;; = 97K (77K) and exhibits a minimum (less prominent in
xl) at Tpin ~ 30K (T, ~ 35K) in 22 (x1) below which the system enters
a 're-entrant semiconducting/insulating regime’ (Fig.8.1). Such a resistiv-
ity upturn is absent in the bulk counterpart [21], that shows an insulating

behaviour in the entire temperature range. The magnetic field tends to sup-
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press these features and create a bifurcation in the 'zero-field-cooled’ (ZFC,
higher magnitude) and 'field-cooled” (FC, lower magnitude) p(7) curves be-
low the minimum that grows with H (Fig.8.1). T and T},;, shift to higher
temperatures with increasing H. The T,,;,(H = 0) has a value closer to
the Tco, obtained from M(T') data at low static fields, in chapter 7. That

at T < Tmin7 p%FC

> ph¢ implies that, in the FC mode, H suppresses the
magnon scattering contribution to p(7") more effectively as H does not have
to work against magnetocrystalline anisotropy. The most striking feature
of the p(T, H) curves in Fig.8.1 is that, regardless of the field, the oxygen
off-stoichiometry reduces p(T') at T" < Ty by an order of magnitude. This
is so because an increase in the concentration of Mn** ions due to oxy-
gen off-stoichiometry promotes the metallic ferromagnetic double-exchange
interaction at the expense of insulating antiferromagnetic super-exchange

interaction and thus makes 2 more metallic in over a wider temperature

range.

The resistivity data have been analyzed, independently, in two different
temperature ranges, namely, 7' < T,y and T' > T. The resistivity minima

in both p?F¢(T) and p'“(T) around T, are described well by the following

expression
p = po exp[(To/T)"*) — arja T* + ay T* + agy T/ (8.7)

where the first term is the conventional Mott-VRH mechanism with 7} re-
flecting the localization length of charge carriers, the second term represents
the enhanced electron-electron interaction due to inherent disorder (leading
to short mean free path) while the terms with the coefficients ay and ag /2
denote the contributions from the electron-electron/electron-magnon scat-

tering and two-magnon scattering, respectively [23]. The high-temperature
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on Eq.(8.7). (¢c) For T > T¢, resistivity is adequately described by the conven-
tional Mott VRH model, i.e., the first term in Eq.(8.7).
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on Eq.(8.7). (¢) For T > T¢, resistivity is adequately described by the conven-
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resistivity for both the samples x1 and 22 is well described by Mott-VRH

model, i.e., by the relation

P = Po 63329[(T0/T)1/4] (8.8)
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The fits to the resistivity data at low temperatures around the mini-
mum for both x1 and 22, based on equations (8.7)-(8.8), are presented in
Figs.8.2 and 8.3, respectively, while the field variations of the corresponding
fit parameters are shown in Figs.8.4 and 8.5. Based on the data presented
in figures 8.1-8.5, the following observations can be made. The parame-
ters po, TO1 / 4, aijp and ap decrease with H more rapidly in the FC mode
than in the ZFC mode, as shown in panels (a)-(d). This is so because the
field overcomes the contribution to the resistivity resulting from the mag-
netocrystalline anisotropy more effectively in FC mode. Inclusion of the

ag/2 T°/2 term in the fits based on Eq.(8.7) led to only a marginal improve-
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ment in the quality of fits and hence this term was dropped altogether.
Parameter values for x1 are higher than those for #2 due to the fact that
the former has an order of magnitude higher resistivity in the temperature
ranges of interest. The reduction of parameters with applied field implies
that the ferromagnetic-metallic clusters present in the insulating phase get
polarized and percolate depending on field strength leading to the reduced
in-field resistivity. The field variation of the parameters for T' > T, shown
in panels (e)-(f), are obtained by considering different temperature ranges.
The variation of TO1 / % in both temperature regimes (FMI and PMI), with H
implies that the localization length decreases as the field strength increases.
The observed nature of resistivity mechanism in x1 and z2 is completely
different from that in the bulk system where it follows the SE-VRH mecha-
nism in a narrow temperature range above T¢ ~ 168 K [20] with localization

length ~ 5.48 A and T, ~ 2.12 x 10* K.

The irreversibility in resistivity due to magnetic field
Apier(T)/H = (p?7(T) = p"“(T))/H (8.9)

calculated below T},;,, at various static fields, is displayed in figure 8.6. At
2 K, Ap;(T, H) increases with H while it decreases with temperature at
a fixed field. It reflects the degree of spin polarization at the grain bound-
aries leading to its reduced contribution to the total resistivity. Higher the
value of Ap;,,, the weaker is the contribution of T2 term. As localization
increases, the influence of T2 increases but the field tends to suppress this

tendency. As expected, Ap;.. is higher in sample 1.

As a result of the M-I transition, the negative magnetoresistance (MR),

Ap = (p(H) — p(0))/p(0), reaches a value of 96% for both x1 and z2 at
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H =90 kOe. MR is much higher than that in the bulk at a field of 70 kQe.
In sharp contrast with the observations made on the nanocrystalline samples
xl and 22, as temperature is lowered, MR goes through a maximum at T
with a value of 75% at a field of 70 kOe, shows an upturn at 115 K and
decreases further below 50 K in the bulk counterpart [21]. This temperature
variation of MR in bulk resembles that in the FC mode of the present
samples but here upturn occurs at 7' = 50 K and MR attains its maximum
value at a temperature which lies well below T(». In ZFC mode, MR exhibits

a continuous increase for temperatures below 50 K. Thus, the reduction in

p, (10™)

1/ 4
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Figure 8.6: The irreversibility in “in-field’ resistivity as a function of tempera-
ture below Ty, for (a) x1 and (b) x2.

the grain size to nanometre regime (i) induces the M-I transition with the
re-entrant insulating behaviour at 7' < T, (ii) shifts the CO temperature

to a lower value and (iii) changes the nature of the conductivity mechanism.

8.5.2 Optimally hole-doped LCMO - Lag go5C ag 375MnO5

The bulk counterpart of the optimally hole-doped LCMO (i.e., Lay_,Ca, MnOs
with @ = 3/8) exhibits highest CMR effect at T ~ Ty where it un-
dergoes ferromagnetic-metallic (FMM) to paramagnetic-insulating (PMI)
phase transition [24-26]. It is also inferred that the PMI region consists
of small FM correlated clusters, often termed as magnetic polarons. The
effective medium approach was used to compute the total resistivity due

to coexisting T- and H-dependent polaronic and band-electron fractions in
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r = 0.33 [27] and = = 3/8 [28]. The activation energy associated with
adiabatic small polaron hopping in PMI state for x = 3/8 is 125 meV.

From figure 8.8, it is clear that, as the temperature is decreased from
300K, p(T, H = 0) exhibits an abrupt slope change at T, undergoes an
insulator-to-metal transition at Ty;; = 238.5 K and goes through a shallow
minimum at T, ~ 30 K in 23. The magnitude of resistivity in x3 is
comparable to that in the bulk samples [29]. External magnetic field smears
out the kink at T and creates a bifurcation between p%¢ and pL® below
the T}, that grows with H. Ty shifts to higher temperature with H
while T,,,;, differs within 1 K for ZFC and FC modes and shifts to lower
temperatures. That at T < Ty, p54" ¢ > pgc implies that, in the FC

mode, H suppresses the electron-magnon scattering contribution to p(7")
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more effectively.

The resistivity data have been analyzed in two different temperature
ranges, namely, 7" < Ty and T' > Ty. The low-temperature resistivity
data are fitted over a temperature range 2 K — 140 K (that embraces
the temperature region where the resistivity minima in both p?*“(T) and

pF'C(T) are observed) by employing the following expression
p=po—ais TY? 4+ ay T? (8.10)

In the high-temperature region (7' > T¢), resistivity is well described by
Eq. (8.8).

The fits to the resistivity data for x3 based on equations (8.10) and
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(8.8) are presented in Fig.8.9 while the field variations of the correspond-
ing fit parameters are shown in Fig.8.10. The parameters py, ai/2 and ay
decrease gradually with H, as shown in figure 8.10(a)-(c). The reduction
of parameters with applied field is due to the fact that the non-collinear
spins at the grain boundaries get polarized, spin waves get progressively
suppressed and so also the electron-magnon scattering, while e, (conduc-

tion) electrons get delocalized with the result electron-electron interactions
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weaken. Consequently, the resistivity exhibits an overall suppression with
increasing field. The field variation of parameters for 17" > T, shown in
panel (d), are obtained from fits based on Eq.(8.8) in different temperature
ranges. The variation of TO1 M with H implies that the localization length

decreases as the field strength increases.
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Figure 8.11: (a) Irreversibility in resistivity due magnetic field below Tpip
and (b) magnetoresistance in ’zero-field-cooled’ (symbols) and ’field-cooled’ (lines)
mode as a function of temperature at various magnetic fields for x3.

The irreversibility in resistivity calculated using Eq.(8.9) for tempera-
tures T' < 60 K at various static fields, displayed in figure 8.11(a), has a very
small value and decreases with temperature. MR, depicted in Fig.8.11(b),
increases as the temperatures falls below 7T reaching values as high as
~ 58% at ~ 30 K and 90 kOe and MR measured in the ZFC and FC
modes shows a slight bifurcation below T},;,. MR in a close by composition

x = 0.33 in nanocrystalline form has shown a similar trend with respect
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to the bulk [30]. The large percentage magnetoresistance at low tempera-
tures was attributed to spin-polarized tunnelling at grain boundaries. Thus,
the M-I transition smears out and shifts to lower temperatures while the
T remains more or less robust when the average particle size is reduced
to nanometer range. However, the reduced particle size results in a low-

temperature resistivity minimum.

8.5.3 Over hole-doped LCMO - Lag 375Cag.625MnOs

The optimally electron-doped LCMO system is an insulator which under-
goes a PMI-charge ordering (CO) transition at Teo ~ 270 K, where a
sudden upturn in resistivity occurs, followed by a transition to an antifer-
romagnetic state at Ty = 150 K. The resistivity of a similar system with
x = 0.65 is described in terms of adiabatic hopping of polarons in differ-
ent temperature ranges with three different activation energies: 45 meV for
T > Teoo, 220 meV for Ty < T < Too and 220 meV for T' < Ty [31]. Elec-
tron diffraction studies on compounds with = > 0.5 have shown intriguing
charge localization patterns below Ty that take the form of a extremely
stable pairs of Mn3tOg octahedra stripes (with lattice contraction due to
the JT effect). These Mn3TOq stripes are separated with a period of com-
mensurate carrier concentration (1/2,2/3,3/4,4/5) times the orthorhombic
unit cell lattice parameter by stripes of Mn*tOg octahedra. In other words,
the charge segregate preferentially between different sites with nominally
Mn3* or Mn** valence producing an insulating CO state [32]. It is shown
that the CO state of x = 5/8 consists of a fine mixture of 25% 2ay and
75% 3ag paired JT distorted diagonal Mn3TOg stripes [33]. It is believed

that the manganite consists of a competing charge (orbital) ordered and
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ferromagnetic phases that have large strain mismatch [32]. The electrical
resistivity reveals a metallic or an insulating nature depending on whether
or not the FMM grains form a percolating network through the sample. Ex-
ternal perturbation such as temperature, magnetic field, radiation, stress,

doping, pressure, etc., change the relative proportions of these phases.

The thermal variation of resistivity at various static fields for x5, shown
in figure 8.12, indicates that the system is an insulator in the measured
temperature range (42 — 305 K). There is no sudden upturn in resistivity
at the so-called T, as normally expected and observed in bulk over-doped
LCMO. The fits to the resistivity data for x5, based on equation (8.8), are

presented in Fig.8.13 in two different temperature ranges and the variations
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Figure 8.13: Fits (continuous lines) for resistivity data (a) below and (b) above
Te(H = 0) as a function of temperature at various magnetic fields for x5 based
on Eq.(8.8).

of the corresponding fitting parameters with field are shown in Fig.8.14.

The parameters py and TO1 /* show a smooth variation with H.

The irreversibility in resistivity, Ap;..(T'), in the temperature range 2 K-
100 K, shown in figure 8.15(a), decreases with temperature at various fields.
The MR, depicted in Fig.8.15(b), has higher magnitude in the low tempera-
ture region than at 7. The MR in ZFC and FC modes shows a bifurcation
below Te. It exhibits a peak with the highest value of 74% at 90 kOe at
44 K, that shifts to higher temperatures with increasing field, and a small
shoulder around 7. The peak temperature in MR is close to one of the
characteristic peak temperatures in —ASj; and can be identified with Ty.
A plausible explanation for the intriguing behaviour in magneto-transport

in 25 can be understood in terms of a picture where the system is composed
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Figure 8.14: Variations of the fit parameters with field corresponding to the fits
(continuous lines) to the resistivity data above and below Tc, based on Eq.(8.8)
for 5.

of CO ordered grains with disordered spins at grain boundaries at low tem-
perature while both grain and grain boundaries have disordered spins in the
PMI state. Thus, reducing the grain size to nanometer regime shifts the Ty

to lower value and suppresses the CO features.

8.6 Conclusion

From the detailed analysis of resistivity data of x1, 22, £3 and x5 systems

outlined in preceding sections, it is clear that the transport properties of
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Figure 8.15: (a) Irreversibility in resistivity due magnetic field below 100 K
and (b) magnetoresistance in "zero-field-cooled’ (symbols) and ’field-cooled’ (lines)
mode as a function of temperature at various magnetic fields for x5.

these systems are strongly affected by the reduction in the average grain size
to nanometer regime. The nature of electronic transport that was believed
to be of small polaron hopping type in PMI state in the bulk changes over to
Mott VRH type in the nanocrystalline counterparts. Interesting behaviour
is seen at low temperatures that completely differs from that of the bulk.
The dispersion in p4FC(T) — ph(T) absent in zero field builds up with
field indicating the percolating behaviour. The thermal hysteresis in p(7")
arises from the competition between the carrier-localizing JT effect and the
delocalizing tendency of the DE interaction. The aforementioned features
can be qualitatively explained on the basis of a picture where nanometric
grains, having certain type of order (FMI for x1 and 22, FMM for 23 and

CO for z5), are separated by grain boundaries with uncompensated spins
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at low temperatures and in the PM state the spin/charge order within the

grains also gets disordered.
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Chapter 9

Concluding remarks

The present chapter summarizes the results obtained in the preceeding chap-
ters on Mn-site doped LPMO and on the under, optimal and over hole-doped

LCMO series and outlines the future scope for work in this area.

With a view to arrive at a final picture about the nature of magnetic
order present in both LPMO and LCMO, the main results presented in the

preceding chapters are summarized in table 9.1.

TM = Fe,Co, Ni ions exist in TM3" valence state in Mn-site doped
LPMO. The partial substitution of Mn by C'o or N1 stabilizes the long-range
isotropic dipolar (ID) fixed point at the cost of the short-range isotropic
Heisenberg (IH) critical behaviour prevalent in the parent compound. The
presence of TM*" ions gives rise to the localization of e, electrons, pro-
motes long-range dipolar interactions between eg-electron spins and drives
the system towards an insulating regime. Increase in the C'o or Ni con-

centration progressively enhances antiferromanetic (AFM) super-exchange

293
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Table 9.1: Nature of magnetic order in the asymptotic critical region for the
systems studied in the present work.

SL. no System Tc Tvr | ACR
(K) | (K)
1 Lay7PbysMnOs 345 270 IH
2 Lag7PbysMnygNigo03 | 24743 | - ID
3 Lag7Pby3MngsCog203 | 234.3 - ID
4 Lag7PbysMnygFey.03 | 80.0 - | CSG

5 La0.8750a0_125Mn03_00 143.13 97 UD

6 La0.8750a0_125Mn03_06 134.10 7 UD
7 La0,6250a0,375]\/[n02,99 273.5 234 UD

8 La0,3750a0,625]\/[n02,94 270.0 - UD

(SE) interactions at the expense of the ferromagnetic (FM) double-exchange
(DE) interactions and the dipolar interactions tilt the balance in favour of
long-range ferromagnetic order when the competing DE and SE interactions
become comparable in magnitude. Random substitution of Mn*" ions by
Fet ions and the competing FM and AFM interactions respectively cause
the quenched random-exchange disorder and spin-frustration, that consti-
tute the necessary ingredients for the cluster spin glass state. The FM cou-
pling between the magnetic moments of FM clusters is presumably due to
the inter-cluster dipole-dipole interactions whereas the AFM coupling arises

from the TM;t — O* — TMJ" super-exchange interactions, where 7'M,
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T My stand for either Fe or Mn. The above results support the percola-
tion picture (applicable to all those hole-doped manganites with quenched
random-exchange disorder that are below, but close to, the threshold for
long-range FM or AFM order). Furthermore, considerably smaller value
of the exponent [ compared to that theoretically predicted for a d = 3
Heisenberg chiral spin glass with weak random magnetic anisotropy asserts
that a meaningful comparison between theory and experiment is possible
only when the probability of finding magnetic impurity atoms as nearest
neighbours, in a non-magnetic host, is extremely low or when the theory
takes into account the influence of magnetic short-range order on the criti-
cal behaviour of spin glass systems. The existence of magnetic short-range
order could also be a root cause for a wide dispersion in the exponent values
reported for spin glass systems. Non-linear ac susceptibility is a powerful
experimental tool to study the phenomena of phase separation. Regardless
of the degree of hole doping in LCMO, uniaxial anisotropy accompanies the
dipole-dipole interactions in stabilizing the uniaxial dipolar (UD) behaviour
in the asymptotic critical region throughout the concentration range stud-
ied. The observations made on CMR compounds in the thesis, particularly
in the critical region, underscores the importance of dipolar interactions
(which have been completely left out of theoretical considerations so far) in

establishing FM order in the insulating state.

T — H phase diagrams for x1, 22, 3 and x5, as depicted in Figs. 9.1
and 9.2, are arrived at based on the field-dependent characteristic tempera-

tures corresponding to the peak in the isothermal magnetic entropy change,

TfAS

» 7, Curie temperature, T¢, as deduced from the temperature derivative

of FC (open symbols) and ZFC (filled symbols) magnetization, maximum in
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Figure 9.1: T-H phase diagram for (a) x1 (LaggrsCag125MnOs) and (b) x2
(Lag s75Ca0.125 MnOs.06) based on the field variation of various characteristic
temperatures obtained in the chapters 6-8.

resistivity, Tz, resistivity minimum, 77 | obtained in the previous chap-

min>
ters. As is evident from figure 9.1, the oxygen off-stoichiometry increases
the ferromagnetic-metallic (FMM) region at the expense of ferromagnetic-
insulating (FMI) region for x = 1/8 due to the increase in the concentration
of Mn** ions, which promotes DE interactions at the cost of SE interac-
tions. The reduction of magnetization and resistivity in 22, compared to
that in x1, is also brought about by the oxygen off-stoichiometry for the
same reason. Bringing the crystallite size down to nanometre range in-
duces an insulating-to-metal transition and a re-entrant insulating (ferro-
magnetic) phase at temperatures 7' < 30 K in the samples 1 and 2. The
low-temperature FMI state could be accompanied by the charge/orbital or-

dered state, as is indicated by the up turn in resistivity at low temperatures.

The sample 23 has the largest extent of the FMM temperature region, as
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Figure 9.2: T — H phase diagram for x3 and x5 based on various characteristic
temperatures as a function of applied magnetic field.

seen from figure 9.2. That T # Ty and the re-entrance of the FMI state
at low temperatures in x1, 22 and x3 are specific to the nanocrystalline
state, as they are not observed in the bulk. Thus, the crystallite size reduc-
tion is at the root of these physical phenomena. The reduction of crystallite
size down to 13 nm promotes FMI order in the sample 25 and the transi-
tions from the PMI state to the FMI and CO states occur simultaneously
in zero-field” at To/jco = 270 K. x5 remains insulating throughout the
temperature range 2K < 7' < 320 K and undergoes a transition to the
antiferromagnetic state below T which is, most likely, an orbitally ordered

state.

Reducing the average grain size to nano metre regime in z1 (22)/x3/x5
brings into play additional complications due to the comparable length

scales of the inherent phase-separated Ferromagnetic-Insulating/Ferromagnetic-
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Metallic/Charge Ordered-Insulating regions with those set by the grain/
crystallite sizes. Spin alignment in the grain boundaries also has an im-
portant role to play as the number of atoms at the grain-surface increases
at the expense of the number of atoms within the core of grains as the
grain/crystallite size reduces. Thus, smaller the grain size, the larger the
contribution from grain surfaces, grain boundaries and interfaces. The ob-
served glassy like features can be understood in terms of the interaction
of spins within the grain core, grain boundaries and between the grains.
The magnetic field stabilizes the three-dimensional Ising FM fixed point in
r =1/8 and x = 3/8 while x = 5/8 does not belong to any known univer-
sality class. The question whether or not the distinctly different ‘zero-field’
and ‘in-field’ critical behaviours in the presently studied x1, 2, 3 systems
is specific to only the nanocrystalline systems forms an interesting topic
which needs to be investigated further. Neutron scattering experiments
and transmission electron microscopy at different temperatures promises
further insights into the nature and evolution of magnetic (charge) order in
these systems. The nature of magnetic anisotropy can be probed via the

ferromagnetic resonance technique.
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