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Synopsis

In type–II superconductors, the mixed phase of the (H-T) phase diagram has been constantly

under purview both from experimental and theoretical view points, since its inception. After

the discovery of high Tc superconductors [1], vortex phase diagram of conventional low Tc

type–II superconductors like Nb [2, 3], 2H-NbSe2 [4–6], YNi2B2C [7, 8], Ca3Rh4Sn13 [9–

12], etc. have been revisited several times to search for similarities/differences with that of

the high Tc superconductors [9, 13–17]. This (H-T) phase diagrams are affected by a lot

of parameters like coherence length (ξ ), penetration depth (λ ), static disorder, anisotropy,

quantum fluctuations, temperature fluctuations, order parameter, etc. Hence, it is the natural

interest of a physicist to study the various vortex phases and its transformations in the (H-T)

phase space of a low Tc type–II superconductor to prove its genericness with that of the high

Tc superconductors.

The critical current density (Jc), which arises due to the presence of inhomogeneities in

the atomic lattice, has the potential to provide the information about the correlation volume

(Vc) within the vortex matter, via the collective pinning description (Jc ∝ V−1/2
c ) [18, 19].

Apart from the direct measurement, the information of this material attribute Jc, can be de-

rived from the width of the magnetization hysteresis loop [20]. The two well documented

anomalous features of the magnetization hysteresis loops observed in the mixed phase of the

type–II superconductors are the second magnetization peak (SMP) and the peak effect (PE)

phenomena. The PE phenomenon is interpreted as a rapid collapse of the elastic moduli

of the vortex solid compared with that of the pinning force at the incipient flux line lattice

melting transition [2, 21–25]. The SMP on the other hand is now widely accepted as a

fingerprint of transition from a Bragg glass (BG) phase (i.e., a vortex state without topo-

logical dislocations) to a multi-domain vortex glass (VG) phase, a state with dislocations

[11, 26–28].
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Evidence has mounted over the years that the SMP line in the vortex phase diagram is

temperature independent both in high Tc superconductors, like Bi2Sr2CaCu2O8 (BSCCO),

YBa2Cu3O7−δ (YBCO), etc., as well as in low Tc cubic superconductors, like Ca3Rh4Sn13

[11, 14, 29], etc. In high Tc superconductor BSCCO, where the intrinsic pinning strength

varies with the oxygen concentration, the usual temperature independent onset field of the

SMP was reported to increase/decrease with enhancement in temperature and the notion of

‘inverse melting’ over a limited range of (H,T ) values in a few crystals [16, 30]. But till

today there is no report about the variation of the SMP line with various pinning strengths

in low Tc superconductors.

Signatures of metastable effects across the SMP and PE regions have been observed and

possible connections between the quenched random disorder and the spinodal nature of the

above features have been derived [26, 31–33]. Further the small angle neutron scattering

(SANS) measurements in MgB2 have demonstrated the occurrence of a metastable state not

related to pinning with a slightly different vortex lattice structure from that of the original

structure [34]. Different vortex lattice structures, which may be a metastable one, leave an

imprint as two depinning currents in a single current-voltage (I-V) characteristics [35]. Ex-

periments have already been done to find the characteristic time scales for such metastable

structures [36]. The coherent dynamics of the vortex lattice at various regions of the mixed

phase is very intriguing.

Numerous reports about paramagnetic Meissner effect (PME) (a positive magnetization

signal in the superconducting region) in both bulk and nano superconductors while field

cooling the sample have raised considerable interest [3, 37–41]. One of the most prob-

able explanation is the flux trapping on field cooling of the materials and its subsequent

compression [40]. Theoretical model based on Ginzburg-Landau theory shows that vari-

ous metastable states with positive and negative signs of magnetizations are possible in this

PME region [42]. Hence, exploring the metastable magnetic states close to the normal to

superconducting phase boundary will be of considerable interest.

The ternary stannide Ca3Rh4Sn13 is an isotropic weakly pinned low Tc superconductor

which shows most of the anomalous properties like SMP, PE, positive magnetization on field

cooling (PMFC), etc. in its magnetization data [9, 10, 12, 40, 43–45]. Hence, this material

provides an ideal platform to investigate both the static and dynamics properties of the mixed

phase and its metastability effects. This thesis is focused on the results of magnetization
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studies of one batch of these crystals (Tc ∝ 8.37 K), which have slightly higher pinning

strength (or Jc) than the previously reported Ca3Rh4Sn13 single crystals [11].

The following chapters will be included in the thesis:

Chapter 1: This chapter briefly introduces the basic aspects of superconductivity and

physics of vortices in type–II superconductors. It contains the Abrikosov’s mean field de-

scription for explaining the incomplete shielding of the type–II superconductors. The three

important deformations (compressed, tilt and shear deformations) of the hexagonal vortex

lattice are discussed in detail. The effect of thermal fluctuations and quenched random disor-

der in the vortex lattice are included. The relation connecting Jc with the correlation volume

(Vc) of the vortex lattice and the width of the magnetization hysteresis loop is discussed. For

an easy understanding of the reported results of the thesis, brief descriptions of the SMP,

PE, paramagnetic Meissner effect, surface superconductivity, etc. are included in this chap-

ter. A short summary of the impacts of the metastability effects in the static magnetization

measurements of type–II superconductors are also included in this chapter.

Chapter 2: This chapter explains the experimental tools used to carry out the present

work. A small introduction about the preparation of the Ca3Rh4Sn13 single crystal is in-

cluded along with the X-ray Laue diffraction pattern of the crystal. The working principles

of commercial superconducting quantum interference device - vibrating sample magnetome-

ter (SQUID-VSM) is discussed in this chapter. The basic measurement principles of the ac

susceptibility measurements are also discussed.

Chapter 3: This chapter deals with the magnetization studies on one of the single crystal

sample of Ca3Rh4Sn13 which is a weakly pinned low Tc type–II superconductor. The vortex

phase diagram of the single crystal (cf. Fig.1) shows a well ordered Bragg glass phase

which is sandwiched between the multi-domain vortex glass and an amorphous vortex state

in a portion of the field–temperature phase space. The non-monotonic variation of the SMP

anomaly in the magnetization hysteresis loops is akin to the inverse melting phenomenon

reported earlier only in samples of high Tc superconductors [30]. This chapter also narrates

a step change in the equilibrium magnetization across the SMP and PE regions, which is a

suggestive feature of the first order phase transition. We have determined a lower field limit

(like a spinodal line) of the transition to the vortex glass phase via the identification of the

SMP anomaly in the ac susceptibility measurements, where shaking of the vortex matter

can facilitate the accession of the underlying equilibrium phase.
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Figure 1: Vortex phase diagram in Ca3Rh4Sn13 with H||[100]. The onset positions of the
SMP and PE anomalies are denoted as Hon

SMP and Hon
PE , respectively. The non-monotonic

behavior of the Hon
SMP indicates the inverse melting nature of the vortex system.

We have also made attempts to understand the spectral fluctuations in noise in magne-

tization data of Ca3Rh4Sn13 single crystal across the SMP and PE anomalous region. The

signature of 1/ f noise deep inside the mixed phase of this superconductor is observed. This

may be the indication of the self-organized critical nature of the ordered state of the vortex

lattice. Further across the SMP region, a single resonance frequency appears in the power

spectra and it persists till the superconducting to normal phase boundary. While crossing

the PE anomaly another set of resonance peaks in the low frequency range emerges which

is distinctly different from the one which appeared in the SMP, indicating the underlying

difference in the origin and nature of the SMP and PE phenomena. The zero temperature

molecular dynamics simulation studies of the dynamic vortices also show the 1/ f nature of

the noises in its power spectrum.

Chapter 4: This chapter is devoted to the stable field mode dc magnetization studies

of the Ca3Rh4Sn13 single crystal. The observation of sudden shifts in the M-H curve in
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Figure 2: Five quadrant M-H loop of Ca3Rh4Sn13 single crystal at T = 1.8 K recorded by
the stable field mode method. The sudden magnetization shift observed in the third (III) and
fifth (V) quadrants are denoted as –HS and HS, respectively.

the stable field mode magnetization measurements (cf. Fig. 4.2) revealed the existence of

two Jc states in the same magnetic field and temperature. The two critical current densities

indicate the possibility of two vortex lattice structure configurations present in the system.

The relaxation of magnetization allows it to go to the new Jc state. Increasing the applied

magnetic field after field cooling the sample also results in the new Jc state.

Chapter 5: The positive magnetization on field cooling (PMFC) and surface supercon-

ductivity effects of the Ca3Rh4Sn13 single crystal are studied in this chapter. The field

dependance of the PMFC region is studied. The observed paramagnetic state is found to be

metastable and the diamagnetic state can be restored by changing the external measurement

conditions. The vibration amplitude dependance of the Ca3Rh4Sn13 single crystal enables

the switching of the metastable magnetic states from paramagnetic to diamagnetic region

in the PMFC region (cf. Fig. 5.3). We have tried to explain the switching behavior using

the notion that the paramagnetic effect is a surface effect which is amalgamated with the

conventional diamagnetic effect which arises from the bulk. The phase diagram constructed

shows a clear distinction between the surface superconductivity and upper critical field in
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Figure 3: Magnetization vs. time plots while changing the vibration amplitudes (av) at the
PMFC region of the field-cooled cool-down magnetization curve at H = 48 Oe and T =
8.21 K. A momentarily change in av switches the magnetization from one state to another.
Changes in av are made in a time interval of 1800 seconds everywhere.

the low temperature region and they eventually merge near the superconducting transition

temperature.

Chapter 6: This chapter is devoted for the comprehensive summary of the over all work

undertaken in the present thesis.
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Chapter 1

Introduction

1.1 Superconductivity

One of the important milestone in the history of physics is the discovery of superconductivity

by a Dutch scientist H. K. Onnes [49] in 1911. He discovered that the dc electrical resistivity

of mercury abruptly disappeared below a critical temperature (Tc) ≈ 4.2 K. The outlining

property of a superconductor which distinguishes it from a perfect conductor is perfect dia-

magnetism due to magnetic flux expulsion and the phenomenon is known as Meissner effect

[50]. It was later found that one can destroy the superconductivity by applying an external

magnetic field higher than a critical field (Hc). Later F. London and H. London [51] pro-

posed the phenomenological theory by combining the two superconducting basic properties:

zero resistivity and Meissner effect. They considered the superconductivity as a quantum

phenomenon and established the electromagnetic property of superconductors. They also

found that the applied magnetic field falls off exponentially to the interior of a superconduc-

tor within a length scale λ , where λ is known as the London penetration depth. Another

important formalism – the phenomenological description of superconductivity came from

Ginzburg and Landau in 1950 [52]. Their formalism describes the superconducting state

by an order parameter Ψ(r), where Ψ(r) = |Ψ(r)|exp[iϕ(r)]. Here Ψ(r) denotes the wave

function of the superconducting electrons and ϕ(r) is the phase field of the order parame-
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2 Introduction

ter. Normalized Ψ gives the density of the superconducting electrons (|Ψ|2 = ns) and in the

normal state ns=0. Ginzburg and Landau also introduced the next fundamental length scale,

ξ known as coherence length for describing the superconducting state. A microscopic the-

ory for explaining superconductivity was given by Bardeen, Cooper and Schrieffer in 1957

known as the BCS theory [53]. The BCS theory revealed that the superconducting state

contains bound electron pairs (Cooper pairs) which are responsible for the superconductiv-

ity. The BCS theory also predicted the presence of an energy gap between the normal and

superconducting states. The discovery of high Tc superconductivity in Ba-La-Cu-O systems

by Bednorz and Müller [1] in 1986 created a revolution in the history of superconductiv-

ity. After the discovery of high Tc superconductors, vortex phase diagram of conventional

low Tc type – II superconductors have been revisited several times to search for similari-

ties/differences with that of the high Tc superconductors.

1.2 Type – I and Type – II superconductors

.. H.

-4πM

..

Type – I

. Hc.

Meissner

.

phase

.

Normal

.

(a)

. H.

-4πM

...

Type – II
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Vortex phase
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Figure 1.1: Magnetization (M) vs. applied magnetic field (H) variation of (a) type – I and
(b) type – II superconductors.
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1.2 Type – I and Type – II superconductors 3

Depending on the amount of the applied magnetic field (H), superconducting materials

exist in normal or superconducting state. One can observe a perfect diamagnetism in a ma-

terial if the material has a magnetization (M) identical in magnitude and reverse in direction

to the applied magnetic field. It is known that B = µ0(H +M), and expulsion of B from the

bulk of the superconductor requires an energy 1
2 µ0H2 per unit volume.

The superconducting condensation energy is the energy difference between the free en-

ergies per unit volume of the material in the normal (Fn) and superconducting (Fs) states.

Hence, as long as this magnetic energy is less than the condensation energy, it remain su-

perconducting. Superconductivity is destroyed and the normal state is arrived, with com-

plete magnetic flux penetration, by the introduction of a critical magnetic field Hc(T ) where

1
2 µ0H2

c (T ) = Fn(T )−Fs(T ).

The magnetic response of superconductors are shown in Fig. 1.1 as magnetization (M)

vs. magnetic field (H). Type – I superconductor show complete shielding of magnetic fields

up to a critical field Hc and above Hc the material reaches the normal state. However, type

– II superconductors show incomplete shielding, i.e., the magnetic flux start to penetrate

above a certain field Hc1(T ) creating normal cores surrounded by superconducting currents.

If the applied magnetic field is greater than Hc2(T ) – the upper critical field, then the type –

II superconductor becomes a normal conductor.

One can define the magnetic field response of a superconductor with the help of a param-

eter, κ , known as the Ginzburg-Landau (GL) parameter where κ = λ (T )/ξ (T ). Also, it is

possible to categorize the superconductors depending on the value of κ . It is observed that

for type – I superconductors κ < 1√
2

and for type – II superconductor κ > 1√
2
. κ is usually

considered to be constant for most materials, and is weakly dependent on temperature. The

value of κ is very small for conventional superconductors [47, 54]. Between Hc1 and Hc2,

the magnetic flux penetrates in quantized units and the quanta of a magnetic flux is known

as a vortex.
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4 Introduction

1.3 Abrikosov vortices

Alexei Alexeyevich Abrikosov, a Russian theoretical physicist obtained a periodic solution

of the phenomenological theory of Ginzburg and Landu [52] for explaining the incomplete

shielding of the type – II superconductors under the mean field description. Abrikosov

derived the spatially periodic solution of the linearized GL equations when a magnetic field

(say along z-direction) is applied to a superconductor [55] as:

ψL(x,y) = ∑
m

Cmψm = ∑
m

Cmeimqye[−(x−xm)
2/2ξ 2], (1.1)

which is periodic in y by construction and, also, periodic in x, if Cm+v =Cm (periodic).

The value of v = 1 corresponds to a square lattice periodicity and v = 2 corresponds to

a triangular lattice periodicity. The above solution describes the mixed state (incomplete

shielding state) or the Abrikosov phase of a type – II superconductor. The superconducting

order parameter vanishes periodically at xm and remains suppressed within a further distance

of ξ in the mixed phase. In the mixed phase, the applied magnetic field penetrates the

superconductor and decays a length scale of λ . So each term in the above solution represents

a vortex (flux line) with the central normal region called as the core. Due to the gradient in

magnetic field, the vortex core is threaded by circulating supercurrents ranging up to λ . The

fourth Maxwell’s equation, ∇×B = µ0J, leads to the presence of circulating supercurrents

J around the core ξ . Each vortex of the superconducting specimen carries one quantum of

magnetic flux, ϕ0 =
hc
2e = 2.07×10−7 G-cm2. The magnetic field around a vortex is given by

the equation:

h(r) = (ϕ0/2πλ 2)K0(r/λ ), (1.2)

where K0(r/λ ) is a zeroth order Hankel function, which decays exponentially at large r and

varies logarithmically for ξ << r << λ . Equation 3.3 is derived for the case of a large κ

superconductor where one can approximate the vortex core as completely normal.
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1.3 Abrikosov vortices 5

The vortices repel each other due to the supercurrents flowing around them. The in-

teraction energy between two vortices separated by a distance r is given by the equation:

F =
ϕ 2

0
8π2λ 2 K0(r/λ ), (1.3)

It is observed that for large distances the inter-vortex interaction falls exponentially and for

small distances it varies logarithmically.

Figure 1.2: First experimental visualization of triangular Abrikosov’s vortex lattice on the
surface of a lead alloy rod by Bitter decoration technique [Courtesy [46]].

In between Hc1 and Hc2, the Abrikosov’s solution (1.1) shows that the vortices are orga-

nized in the form of a lattice called the flux line lattice (FLL) or Abrikosov’s vortex lattice,

which is entrenched in the atomic lattice. The triangular lattice corresponds to the minimum

energy configuration and each vortex in the minimum energy configuration is surrounded
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by six other vortices (hexagonal lattice). The nearest-neighbor distance for the triangular

vortex lattice:

a∆ = (4/3)1/4(ϕ0/B)1/2 = 1.075(ϕ0/H)1/2, (1.4)

From the above equation it is clear that one can tune a∆ simply by changing the applied

magnetic field H. The first direct observation of Abrikosov lattice in superconductors were

obtained by Essmann and Trauble in 1967 using the Bitter decoration method in Pb-4at%In

and Nb specimens [46].

Figure 1.3: The mean field (H–T) phase diagram of a typical type – II superconductor.

Fig. 1.3 shows a schematic representation of mean field phase diagram of a type –

II superconductor consisting of a normal, a mixed and a Meissner phase. In the mixed

phase of a clean superconductor, the Abrikosov’s vortex lattice have seamless translational

invariance, ∇×B⃗ = 0 and therefore, it does not withstand any current density. Let us consider
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1.4 Elastic properties of the vortex lattice 7

the effect of an external current J⃗ on a FLL configuration, with J⃗ being applied perpendicular

to the magnetic field B⃗. Due to the Lorentz force, F⃗L = J⃗ × B⃗, the flux lines start to move

in a direction perpendicular to the applied current, which leads to a finite dissipation, and

the zero resistance property of the superconductor is jeopardized. To stop the movement of

the vortices, presence of an opposing force is desirable. Pinning centers usually act as the

source of this force. Let F⃗p be the force arising from the pinning centers. As long as F⃗L does

not exceed F⃗p, vortices will not move from their positions. At a critical value of the current

density, J⃗c known as the critical current density, F⃗L = J⃗c × B⃗ = F⃗p. So, J⃗c is a measure of

pinning or disorder present in a type – II superconductor.

1.4 Elastic properties of the vortex lattice

Interaction between the vortices impart elasticity to the vortex lattice. The notion of elas-

ticity of the magnetic flux lines was put forward by Maxwell who explained the forces

on systems in relation to line tension and compressibility of the field. Silcox and Rollins

[56, 57] were the first to describe the elastic constants by considering the interaction be-

tween the neighboring vortices and later Labusch [58] calculated whole elastic constants

by considering the appropriate derivatives of the free energy of the vortex assembly. In

the usual notation, stresses, σi are linked with the strains, ε j, by σi = ci jε j. Here, i ac-

cepts values from 1 to 6 which refers to the suffixes xx,yy,zz,yz,xz and xy, respectively, and

εxx = ∂ux/∂x and εxy = ∂ux/∂y+ ∂uy/∂x where u is the displacement of the lines. The

z axis is taken to be parallel to the flux lines and the hexagonal lattice in the xy plane is

isotropic. In the z direction, the length of the vortex line is infinite, hence, the line tension

is independent of length and so these forces cannot dependent on ε3. Consequently, all the

elements in the 3rd column and, by symmetry, these in the 3rd row of the ci j tensor are zeros.

Thus the Hooke’s law takes the form
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with the condition that 2c66 = c11 − c12. The 3 elastic moduli: compression modulus

(c11), tilt modulus (c44) and shear modulus (c66) are only needed (see Fig. 1.4) for a com-

prehensive understanding of the elastic nature of the vortex lattice [59, 60].

..

c11 (Compression)

.

c44 (Tilt)

.

c66 (Shear)

..

Figure 1.4: Three different deformations of the hexagonal vortex lattice leading to three
different elastic moduli, viz., c11 for compressed deformations, c44 for tilt deformations and
c66 for the shear deformation.

The elastic moduli of the triangular vortex lattice for uniform distortions as follows:

c11 − c66 = (B2µ0)(∂H/∂B), (1.5)

c44 = BH/µ0, (1.6)

c66 = (Bϕ0/16πλ 2µ0)(1−
1

2κ2 )(1−b)2(1−0.58b+0.29b2), (1.7)

TH-1418_09612132



1.5 Beyond the mean field description 9

where b = B/Bc2. The above equations are valid in the long wavelength limit (vortices

are loosely packed) of the lattice deformations. In the short wavelength limit (vortices are

closely packed), the non-local effects must be taken into consideration. The wavelength (k)

dependent elastic constants, c11(k) and c44(k) get modified as [59]

c11(k)≈ c44(k)≈ (B2/µ0)(1+ | k |2 λ 2)−1. (1.8)

Abrikosov’s mean field picture predicts a rigid and perfectly hexagonal vortex lattice through-

out the mixed phase space. But, the above equations show that the elastic constants are de-

pendent on the precise location of wave vector in the phase space. Thus, in a phase diagram

the rigidity of the vortex lattice is also different in different regions.

1.5 Beyond the mean field description

Generally, all superconducting specimen inherently has a certain amount of quenched ran-

dom disorder (point defects) in the form of vacancies, interstitial impurity atoms, etc. A vor-

tex line is energetically favorable to stay in the potential well of the point defects (pinning of

the vortex lines) and hence deviates from its equilibrium position, leading to a modification

in the mean field description of the vortex state. In addition to the point defects, thermal

disorder, also makes modifications in the mean field phase diagram.

1.5.1 Thermal Fluctuations

Thermal fluctuations can make considerable modifications on the vortex lattice structures

by changing its elastic properties. The quenched random disorder is static but the thermal

disorder is dynamic. Thermal fluctuations can create changes in the mean field (H-T) phase

diagram of a superconductor. The vortices can displace from its position because of ther-

mally activated jumps. Sometimes even at J < Jc, theses jumps overcomes the pinning
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potential barrier and make a flux creep phenomenon and this affects the dissipation-free cur-

rent flow criteria for the superconductors. The fundamental parameter which governs the

strength of the thermal fluctuation is known as the Ginzburg number Gi which is defined by

the equation:

Gi =
1
2

(
kBTc

H2
c (0)εξ 3(0)

)2

(1.9)

where kB represents the Boltzmann constant, ε is the anisotropy parameter, and Hc is the

thermodynamical critical point. Qualitatively, Gi suggests the ratio of the thermal energy

kBTc, with respect to condensation energy H2
c (0)εξ 3(0) at temperature T = 0 within a co-

herence volume. Due to large Tc and small coherence length ξ , thermal fluctuations are

usually strong in high Tc superconductors (Gi ∼ 10−2). But in conventional low Tc type – II

superconductors the thermal fluctuations are quite small (Gi ∼ 10−8) and negligible.

It is observed that close to the normal to superconducting transition boundary | Ψ | is

subjected to high thermal fluctuations. These large thermal fluctuations may lead to the

melting transition [61] via the transformation of a vortex solid into a vortex liquid. The

phenomenological Lindemann criterion was proven successful for explaining the melting

transition of first order nature [62, 63] of the flux line lattice. The Lindemann criterion

states that a crystal lattice melts in a situation when the thermally driven displacement uT of

an atom becomes significant fraction of a0, where a0 is the lattice spacing. The conventional

form of Lindemann criterion of the melting of flux line lattice is formulated by the equation:

⟨
u2(Tm)

⟩
T ≃ c2

La2
0 (1.10)

where ⟨...⟩T denotes the thermal average and the proportionality constant cL is the Lin-

demann number, which usually varies from 0.1 to 0.2 [64, 65]. With the help of elastic

description one can also calculate the melting of flux line lattice. An easy calculation of the

vortex solid gives [66],

Tm/c = c2
La2

0 (1.11)

TH-1418_09612132



1.5 Beyond the mean field description 11

From eqn. 1.11, one can notice that an increase in the applied magnetic field (or de-

crease in the lattice spacing, a0) makes Tm to go down, where Tm is the melting temperature.

Researchers have already reported the significance of the Ginzburg number and have con-

nected the thermal fluctuations of the width of the critical regime to that of the melting line

via the equation [61, 62, 64, 65]

Hm(T )≈ 5.6
c4

L
Gi

Hc2(0)
(

1− T
Tc

)2

(1.12)

It is worth to mention that the Hm(T ) line will be well separated from the Hc2 line if the

superconductors have large Gi. Hence, in high Tc superconductors the melting phenomenon

would easily be distinct from the superconducting-normal transition.

1.5.2 Quenched random disorder

Quenched random disorders in the vortex matter leads to the existence of a finite Jc in the

superconducting system. When the vortex system is subjected to an applied current density

(J⃗), the vortices start moving under the influence of Lorentz force with a velocity v⃗,

F⃗L =
1
c

J⃗× B⃗, (1.13)

Within a perfectly homogenous system, F⃗L is only counteracted by frictional force,

F⃗η =−η v⃗ (1.14)

where η is the coefficient of viscosity. Due to the vortex motion, there is a power dissipation

in the system because of the appearance of an electric field E⃗ = 1
c B⃗× v⃗, and consequently

a power P⃗ = 1
c2η (J⃗ × B⃗)2. So, the superconducting property – the dissipation less current

flow will be lost. To overcome this problem, it is desirable to have an opposing force which
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prevents this motion. Pinning centers are the sources of this force and known as pinning

force F⃗pin. Therefore,

F⃗L =−1
c

J⃗c × B⃗ = F⃗pin (1.15)

Here Jc is the critical value of current density below which the flux lines are immobilized

and there is dissipation free current flow. The quenched random disorder has important

consequences in the vortex phase diagram because of the destruction of the triangular vor-

tex lattice. Superconductors which which are useful in practical applications require high

critical current density, Jc.

Figure 1.5: (a) An Abrikosov vortex lattice have hexagonal lattice with perfect lattice spac-
ing. (b) The Bragg glass (BG) which have distorted hexagonal lattice. The straight lines in
the panel (a) have changed to distorted lines in the panel (b). (c) The vortex glass (VG) is
distinguished by the presence of dislocations.
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1.5 Beyond the mean field description 13

As mentioned earlier, the disorder can destroy the translational order of the vortex lattice

and create dislocations. Such a disordered vortex lattice with dislocations in a superconduct-

ing specimen is called the vortex glass (VG). Giamarchi and Le Doussal [26, 27, 67] have

proved that the consequence of disorder on the flux line lattice is less vicious than expected

which was also revealed by the neutron diffraction experiments [68]. When the nonlinear

effects of the disordered system was taken into account, it was observed that far from loos-

ing the translational order in an exponential fashion, the vortex system contains a quasi-long

range order. Hence, the dislocations do not get originated if the disorder is moderate, and

the algebraic divergent Bragg peaks in the neutron diffraction exist in these systems. This

kind of vortex systems have several metastable states with divergent barriers. Even though

it is an ordered solid, but having a glassy nature if one look at the dynamic properties. It

is significantly different from that of the VG phase and has been named as Bragg glass

(BG) phase. The BG phase does not have any defects such as dislocations and maintains

quasi-long range order. Fig. 1.5 shows the different vortex lattice phases - Abrikosov lattice,

Bragg glass and vortex glass in panels (a), (b) and (c), respectively.

Collective pinning theory

The pinning sites compete with one another for effective pinning of the flux line by forcing

to twist and turn the flux line. Lubusch [58] calculated the pinning force by statistical aver-

aging of an infinite set of pinning force densities and argued that below a threshold value of

the pinning force, the contribution of pins will be zero in the vortex systems. In the limit of

weak pinning and assuming the pin distribution as random, a model based on the collective

pinning was derived by Larkin and Ovchinnikov (L.O) [18, 19, 69]. The main feature of

L.O collective pinning arising from weak pins is the break down of the long-range order of

the vortex lattice. However, a short range order of the vortex lattice still survives within a

microscopic volume, Vc, within the sample, known as the correlation volume. This correla-
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tion volume has a longitudinal correlation length, Lc, along the magnetic field direction and

transverse correlation length, Rc, over which the vortices maintain a six-fold symmetry (i.e.,

Vc ≈ R2
cLc). Fig. 1.6 represents a schematic diagram of the correlation lengths within the

collective pinning theory.

Figure 1.6: (a) A configuration of straight rigid vortex lines in an ideal superconductor.
(b) Correlation volume R2

cLc over which the order is preserved. (c) A vortex line in the
presence of pinning centers (black dots) deviates a distance u from its ideal straight line
behavior [Courtesy [47]].

Typically the pins present inside the superconducting sample are weak and cannot ef-

fectively pin a vortex, and a large number of them are necessary for pinning action. The

effective pinning at any point of the FLL arises due to the spatially random quenched pins

and is directly related to the fluctuation in the density of pins np at that point. The random

pinning forces would add up like in a random walk problem, giving a net total force, which

increases as
√

Vc or
√

N, where N = npVc is the total number of pinning centers in the Larkin

volume, Vc. The Lorentz force opposes the pinning force, which scales as JVc. Thus, the
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1.5 Beyond the mean field description 15

critical depinning current density Jc, at which Lorentz force equals the maximum pinning

force is given by,

JcB =

√
np

⟨
f 2
p
⟩

Vc
(1.16)

where fp is the root mean square force for a single pin on a given flux line. Equation

1.16 is the most important outcome of the L.O theory which connects Jc with the correlation

volume Vc. So, any changes in vortex lattice caused by the sudden change in the correlation

volume, would attest as a modulation in Jc.

One can estimate the length scales Lc and Rc in terms of the shear (c66) and tilt (c44)

moduli by minimizing the free energy which has contributions from the pinning energy and

elastic energy [47]. The increase in elastic energy δEels per unit volume due to shear (ss)

and tilt (st) fractional distortions (strains) are given by,

δEels ∼ 1
2
[
c66s2

s + c44s2
t
]

(1.17)

Here, ss accommodated over a length scale Rc is ξ
Rc

, and the increase in a line strength

for st over a length scale Lc is given by ξ
Lc

. Therefore, δEels becomes,

δEels =
1
2

[
c66

(
ξ
Rc

)2

+ c44

(
ξ
Lc

)2
]

(1.18)

The corresponding change in pinning energy δEpin over a length scale [47] is ξ fpn1/2
p

V 1/2
c

.

So, the net energy change δF is,

δF =
1
2

[
c66

(
ξ
Rc

)2

+ c44

(
ξ
Lc

)2
]
−

ξ fpn1/2
p

V 1/2
c

(1.19)

TH-1418_09612132



16 Introduction

Minimizing the equation with respect to Rc and Lc by recalling Vc = R2
cLc, one obtains

Lc =
2c44c66ξ 2

np f 2
p

, Rc =
21/2c1/2

44 c3/2
66 ξ 2

np f 2
p

, Vc =
4c2

44c4
66ξ 6

n3
p f 6

p
(1.20)

Equation 1.20 ascertain the physical explanation that the vortex lattice will be more distorted

if there are more and/or stronger pinning sites. Also, the correlation volume is elongated

along the field direction since Lc/Rc =
√

2(c44/c66)
1/2 >> 1.

1.6 Bean’s critical state model

Isothermal magnetization measurements of a type – II superconductor shows hysteresis. In

1964, C. P. Bean [20] established a relation between hysteretic behavior and Jc. According

to Bean’s model, the current flowing at any point of the sample can have value Jc or zero.

The pins present inside the superconducting specimen prevents flux distribution to reach

its equilibrium value and this makes an irreversibility in the magnetization hysteresis loop.

When the applied magnetic field is greater than Hc1, the flux lines penetrate into the super-

conductor to have some gradient in the density of the flux lines. Also, in a static situation,

the gradient in the density of the flux lines does not change with time and this satisfies the

condition FL =−Fp everywhere in the superconductor. Such a state is called as critical state.

In this state, the superconductor reacts to variations in the applied magnetic field via the

shielding currents which is equal to Jc. As the flux lines start to enter the superconductor,

they arrange themselves such that the driving force emerging due to the flux density gradient

is same as the maximum value of the pinning force. Therefore, the magnetic field profile

inside the superconductor can be estimated by the Maxwell equation,
−→
∇ ×−→

B = µ0Jc with

appropriate boundary conditions.

For a superconductor crystal of width 2d in the x direction and the applied magnetic field

H parallel to the superconducting slab (taken as the z direction) then the Maxwell equation

TH-1418_09612132



1.6 Bean’s critical state model 17

..
0

.
△

.
d

. 0.

H∗

.

Ha

.

Hm

.

(a)

.
0

.
△

.
d

. 0.

H∗
m

.

Ha

.

Hm

.

(b)

.

H∗
m

.

Ha

.

0

.

0

.

d

.

(c)

.

0

.

△

.

d

.

−H∗

.

Ha

.

0

.

(d)

Figure 1.7: A graphical representation of the magnetic field penetration profiles at various
stages of the applied field (Ha) predicted by the critical state model. (a) 0 ≤ Ha ≤ Hm (b)
(b) Hm ≥ Ha ≥ H∗

m (c) H∗
m ≥ Ha ≥ 0 and (d) 0 ≥ Ha ≥−H∗ [Courtesy [48]].

becomes dB
dx = ±µ0Jc, where the negative and positive signs correspond to the decreasing

and increasing field, respectively. Fietz and Webb [70] established a relation between Jc and

the magnetization hysteresis with the help of the following convenient relation,

Jc(H) =
M↓(H)−M↑(H)

kR
(1.21)

where M↓ corresponds to the magnetization in the field decreasing leg of the hysteresis

and M↑ are the magnetization corresponds to the field increasing leg of the hysteresis. Also

k is a constant which depends on the sample geometry and 2R is the dimension of the sample

perpendicular to the applied magnetic field direction. Fietz and Webb also showed that the
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equilibrium magnetization (Meq) of the superconductor is given by the average magnetiza-

tion value

Meq =
M↓(H)+M↑(H)

2
(1.22)

The field penetration profile and the current distributions caused by this field profiles for

different stages of magnetic field evolutions are represented in Fig. 1.7 [48]. The current

flows through a layer △ is given by Ha = △/Jc, where Ha denotes the applied magnetic

field. The limiting field at which the current flows through the total volume of the sample is

defined as H∗.

1.7 Two anomalies – peak effect and second magnetization

peak

The two well documented anomalous features in the Jc of a superconductor are the peak

effect (PE) and the second magnetization peak (SMP). The sharp increase in Jc near the

Hc2 boundary of superconductors is identified as peak effect. Fig. 1.8(a) shows the repre-

sentation of SMP and PE phenomenon in the Jc measurements of a typical low Tc type –

II superconductor like Ca3Rh4Sn13. The PE phenomenon, signals the collapse of the rigid-

ity of the flux line lattice near Hc2, leading to a softer flux line lattice binding itself more

strongly to the pinning centers and hence leading to the enhancement of the critical current

[21]. This could be understood mathematically by considering the shear modulus and pin-

ning force density. The shear modulus c66 varies (c f . Fig. 1.8(b)) as ∝ (H −Hc2)
2 while

the pinning force (Fpin) varies as ∝ (H −Hc2). Near Hc2, Fpin wins over the elastic energy

and as a result, a softer lattice can form more readily to the underlying pinning potential,

which results in an increase in Jc. Recent experiments [2, 71] provide enough evidences to

consider PE as a mark of order to disorder transformation of the underlined vortex lattice.
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1.7 Two anomalies – peak effect and second magnetization peak 19

Also, it has been verified that the peak effect phenomenon causes a first order transition in

the vortex systems [2, 25].
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Figure 1.8: (a) A schematic representation of Jc vs. H measurements where the second
magnetization peak (SMP) and the peak effect (PE) are attested as anomalous peaks in Jc.
(b) Variation of shear modulus (c66) as a function of reduced magnetic field, b.

Most of the high Tc superconductors show the SMP anomaly as an increase in Jc at low

fields [16, 72]. Compared to the PE anomaly the observed SMP anomaly in the Jc of a

low Tc superconductor is less sharp (cf. Fig. 1.8(a)). Recent observation of SMP in low

Tc superconductors [7, 9, 11] validate the idea that the said behavior is generic to weakly

pinned superconductors and not the intrinsic property of only high Tc superconductors. The

SMP is now widely accepted as a fingerprint of a transition from a BG phase, i.e., a vortex

state without topological dislocations to a multi-domain VG phase, a state with dislocations

[26, 73]. The phase diagram of low Tc superconductors usually show temperature indepen-
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dent SMP [11] whereas the phase diagram of some of the high Tc superconductors show

temperature dependant SMP [16, 74].

1.8 Modified phase diagram of a type – II superconductor

Figure 1.9: Modified vortex phase diagram of a type – II superconductor beyond the mean
field description. After BG phase, VG phase commence from the boundary line, HSMP. The
amorphous vortex phase in the phase diagram is due to the PE anomaly and it starts from
the HPE boundary onwards.

The effect of pinning and different types of fluctuations on the vortex system largely

modify the mean field phase diagram of a type – II superconductor. Fig. 1.9 shows the (H-T)

phase diagram of a type – II superconductor which contains SMP and PE anomalies. After

the Meissner phase, there may exist a re-entrant disordered phase of first order nature due

to the changes in the elastic constants. After this re-entrant disordered phase, the ordered

Bragg glass phase attest its presence in the phase diagram. The BG phase is anticipated
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in a large portion of the (H,T) phase diagram of any realistic superconducting sample. In

type – II superconductors, the SMP anomaly indicates the formation of the disordered VG

phase just after the BG phase. In most of the superconductors, the boundary of the BG and

VG phases are shared with the amorphous vortex phase which arises at the commencement

of the PE anomaly [32, 75, 76]. The superconductor becomes normal in the Hc2 phase

boundary.

1.9 Surface superconductivity and paramagnetic Meissner

effect

An infinite superconductor sample becomes normal when the applied magnetic field H is

larger than Hc2 = κ
√

2Hc where Hc is the thermodynamic critical field. Contrariwise, when

the field H is reduced, superconducting regions appear spontaneously at H = Hc2. This

conclusion was obtained for an infinite sample, i.e., by neglecting the surface effects [77].

In some of the superconducting materials, the superconducting properties exist above the

bulk critical field Hc2 up to another critical field Hc3 due to the nucleation of the supercon-

ductivity on the surface of the material. Saint-James and de Gennes [78] first established a

theoretical explanation for the large amount of experimental data on the persistent nature of

this superconductivity at high fields, which was previously misunderstood and thought to be

occurring due to the inhomogeneous nature of the sample. They proved that superconductiv-

ity can nucleate at a metal-insulator interface in parallel field Hc3 higher by a factor of 1.695

than Hc2. There is a superconducting sheath of thickness ∼ ξ (T ) (while ψ → 0 in the sam-

ple interior) forming for field values between Hc2 and Hc3 [47]. Surface superconductivity

was reported in several low Tc superconductors like Nb, In+Sn, Pb+Bi etc [77].

A superconducting specimen, kept in an external magnetic field, H and cooled down

through Tc expels the magnetic flux and this phenomenon is known as diamagnetic Meiss-
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ner effect (DME). But surprisingly, some of the superconducting samples show a paramag-

netic modulation below Tc, which corresponds to the paramagnetic Meissner effect (PME)

or Wohlleben effect. PME was first reported in high Tc superconducting ceramic samples

and this prompted the birth of a number of theories, relating this phenomena to unconven-

tional superconductivity [79–81]. Some studies predicted that the existence of spontaneous

Josephson currents, created at π-junctions across some grain boundaries in the supercon-

ducting specimen make the PME. Such an explanation hold for high Tc superconductors;

however, the later discovery of PME signals in the low Tc superconductors like Nb [3, 39, 82]

and twinned single crystals of YBa2Cu3O7−δ [41] indicated that reasons other than the π-

junctions and unconventional superconductivity can also be the source of PME. A probable

origin of the PME is flux compression caused by an inhomogeneous superconducting tran-

sition [83, 84]. The trapped vortices which may lead to the PME anomaly is expected as

a result of the surface inhomogeneities or inhomogeneous cooling of the superconducting

specimen.

1.10 Metastability of vortices in the magnetization mea-

surements

Metastable states are common in physical systems of many interacting particles. It is very

difficult to construct an equilibrium phase diagram of a metastable system because metasta-

bility usually mislead the exact local minima. Vortices in type – II superconductors provide

a finest example of metastable systems. Some of the phenomena manifesting the vortex

state metastability in type – II superconductors are the history dependence in critical current

density, history dependent dynamic response, long term memory, hysteretic transport char-

acteristics, and negative dynamic creep [85, 86]. Theoretical calculations of Giamarchi and

Le-Doussal [26] have revealed the existence of Bragg glass phase of the vortex system with
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many metastable states. Usually, metastability exists till the spinodal line, where a spinodal

line determines the limit of the fluctuations in a (H-T) phase diagram of thermodynamic

equilibrium. The observation of supercooling/superheating of the vortex system from the

magnetization data indicates the underlying metastability of the superconducting systems

[2, 86, 87].

The metastable vortex states of a superconductor could be very fragile with the presence

of very weak pinning. Any effort to make contact with the metastable system to the outside

world disturbs the original vortex system such that it is altered into a different vortex state,

by losing the primal information relating to metastability [88]. Therefore, it is possible to

change the metastable vortex state to the ground state by applying small perturbations to the

system. Magnetization studies in one of the 2H-NbSe2 single crystal show the possibility to

convert a metastable FC state to an ordered ZFC state by controllably applying an oscillat-

ing magnetic field. Further studies proved that the metastable FC states can be revert back

by applying a heat pulse in the ZFC state [89]. Ling et al. [2] directly demonstrated the

metastable supercooled/superheated vortex matter by the introduction of a weak perturba-

tion and after observing the evolution of the SANS patterns in Nb single crystal in the ZFC

and FC magnetization studies. In their experiment, they observed that above the peak of the

PE, the ordered ZFC state becomes disordered when a small perturbation was applied in the

form an ac magnetic field. This imbibe the fact that above the peak of the PE, the ordered

vortex lattice from the ZFC mode is a metastable superheated state. Hence, the ground state

of the vortex matter belongs to a disordered state. Also, after applying the ac field below the

peak of the PE, the metastable disordered FC states become an ordered ground state. This

suggest the fact that the disordered FC state below the peak of the PE is a supercooled disor-

dered vortex state and applying a small perturbation drive the state into an ordered ground

state of the vortex lattice [2].
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It is observed in 2H-NbSe2 single crystal that the disordered vortex lattice can be easily

supercooled below PE by field cooling, where it rests in a metastable state if the thermal

fluctuations are minimal [90]. In 2H-NbSe2, a significantly larger critical current density is

observed due the presence of these more strongly pinned supercooled disordered phase. Vor-

tices can be found in various metastable states near to the order-disorder transitions. Each

metastable configuration can attest different value of critical current density which is deter-

mined from the specific magnetic history [91]. Minor magnetization loop measurements in

a single crystal of V3Si reveal the Jc history dependence of magnetic fields of small value

to maxima of the PE [91]. This history effects indicates the supercooling and superheating

of the vortex matter when the field is cycled across the transitions. Different metastable

configurations of the vortex matter generated due to different magnetization histories can be

pushed to stable configuration by using repeated magnetic field cycling procedure [92].

Most of the magnetization studies show that the inevitable pinning centers present in

the superconducting samples lead to the existence of metastability. Increasing the pinning

increases the metastability effects in the vortex matter. The ac susceptibility studies in 2H-

NbSe2 single crystals having different pinning strengths show the metastable SMP regions

[6]. The metastability of the SMP is further confirmed by the field scan rate dependence

studies where different scan rates make different metastable Jc curves which include the

SMP anomaly [33].

Recent SANS experiments by Rastovski et. al.[34], in a single crystal of MgB2 resulted

in well ordered vortex lattice with metastability. This point out the fact that vortex pinning

is not the main reason for the metastability in vortex lattice configuration. They have shown

that the vortex density of the observed metastable states increase with increase of H. But,

a vortex lattice pinned with defects must have a constant vortex density, irrespective of

the changes in the magnetic field. They put forward the idea that the metastability arise

"due to the jamming of counter rotated vortex lattice domains which prevents a rotation
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to the ground state orientation." Most of the cases, metastability effects attest its signature

upto the superconducting – normal transition boundary. Theoretical model by Zharkov [42]

predicts that various metastable states with positive and negative signs of magnetization can

be possible in the PME region. The internal transitions between vortex states of different

vorticities (m-states) is also predicted with this model.

1.11 Perspective

A number of phenomena exhibited by the vortex matter pose challenges to researchers in

their precise comprehension. Nowadays, SMP and PE gained enough momentum in vortex

matter research due to its anomalous behavior in different superconducting samples. The

temperature independent nature of the SMP line has been reported several times both in high

Tc superconductors as well as in low Tc cubic superconductors [11, 14, 29]. The pinning

strength variation in high Tc superconductor, BSCCO makes temperature dependent SMP

line and a notion of ’inverse melting’ over a limited range of (H,T) values [16, 30]. However,

the observation of temperature dependent SMP line in low Tc superconductors is still lack-

ing. Our first attempt is to address this issue with the help of newly prepared Ca3Rh4Sn13

single crystals which show both SMP and PE anomalies in their magnetization data. These

crystals have the Ginzburg number, 10−5 which is very less in comparison with the high Tc

superconductors. The pinning strength of Ca3Rh4Sn13 single crystal, jc/ jo = 10−4 (where jc

and jo are the depinning and depairing current densities, respectively) shows an intermedi-

ate value between high Tc superconductors like BSCCO (10−1) and low Tc superconductors

like NbSe2 (10−6). We have also made attempts to understand the spectral fluctuations of

noise in magnetization data across the SMP and PE anomalous region.

The metastable nature of the vortex matter creates interesting effects in the vortex phase

diagram [2, 85, 89, 93]. The effect of metastability in the critical current density of the

materials has been reported in the transport measurements [35, 36, 86]. Different vortex
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lattice structures, which may be metastable, leave an imprint as two depinning currents in

transport measurements [35]. Recent small angle neutron scattering (SANS) measurements

have reported the occurrence of a pinning independent metastable state with a slightly dif-

ferent vortex lattice structure from that of the original structure [34]. Hence, it is interesting

to check whether the metastability effects in the critical current density is a generic char-

acteristics of the vortex lattice. So, in this thesis we employ sweep field mode and stable

field mode magnetization measurements to explore the possibilities of finding two critical

current densities.

Numerous reports about paramagnetic Meissner effect (PME) (a positive magnetization

signal in the superconducting region) in both bulk and nano superconductors while field

cooling the sample have raised considerable interest [3, 37–41]. In this thesis we search

such positive magnetization regions and its characteristics below the transition temperature

of the Ca3Rh4Sn13 single crystal.
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Chapter 2

Techniques and Methods

2.1 Sample preparation and characterization

In this thesis we have explored different vortex phases in details in single crystals of cubic

Ca3Rh4Sn13 with the help of magnetization measurements. The Ca3Rh4Sn13 single crystals

were grown by flux growth method [43, 44]. This simple method, which involves dissolving

Calcium and Rhodium metals in an excess amount of tin proves to be successful in produc-

ing large clean single crystals of Ca3Rh4Sn13. All component materials were obtained from

Aldrich Ltd. of high purity. The starting materials were finely powdered and well mixed

using an agate pestle and mortar. The powder mix was then place into a silica tube, which

was then evacuated and sealed. The silica tube was held upright in a furnace and the melt

was soaked at 1050 oC for 2 hours. Afterwards the melt was slowly cooled by 6 oC/hr down

to 575 oC and after we removed the silica tube from the furnace and cool rapidly to the

room temperature. This rapid cooling helps to get clean crystal surfaces (If we employ slow

cooling for solidification, then the crystal surfaces may spoil due to precipitates [43]). For

removing the excess flux from the crystal, the solid melt was immersed in concentrated hy-

drochloric acid. The crystals were removed from the acid as soon as they broke away from

the excess flux to prevent destruction to the crystal surfaces.
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Figure 2.1: X-ray Laue diffraction pattern of the single crystal of Ca3Rh4Sn13 obtained with
the incident X-ray beam parallel to the crystallographic [100] axis. (b) Simulated Laue
diffraction pattern of the Ca3Rh4Sn13 crystal in the crystallographic [100] axis .

Single crystals were inspected by means of X-ray back scattering in standard Laue ge-

ometry. The crystal is mounted on the goniometer (which can be rotated along all three

axes) such that X-ray beam falls on the plane that one want to expose. Radiation from

anode was used as an incident beam and beam reflected from the sample was recorded on

a photographic film [94]. The Laue diffraction pattern from the crystal is observed on a

photographic film as a regular array of spots. This Laue spots provide information about

the orientation of the single crystal. The difference between this method and the powder

diffraction method is that the angle is kept constant here and the wavelength is effectively

varied due to the polychromatic nature of the source. The pattern obtained on the film helps

to orient the crystal according to the plane required. A typical Laue pattern obtained from

the Ca3Rh4Sn13 single crystal used in the magnetization measurements can be seen in Fig.

2.1(a). Fig. 2.1(b) shows the corresponding simulated Laue diffraction pattern with X-ray

beam parallel to the crystallographic [100] axis. Published values for the lattice parameters

[43] were used to generate the pattern with the help of the open source software package

OrientExpress. Measurement of the lattice parameters, using the positions of the strongest

TH-1418_09612132



2.2 DC magnetization measurements 29

reflections on the film, are in good agreement with published values [43]. After proper ori-

entation with the help of Laue diffraction, samples with desired shape and dimensions were

cut by means of spark-erosion technique. More details of the studied single crystals are

included in Appendix A.

2.2 DC magnetization measurements

Figure 2.2: Schematic of the SQUID-VSM detection system.

The dc magnetization measurements give information about the critical current density,

Jc(H). For the portion of the irreversible magnetization hysteresis loop, the width of the

hysteresis loop gives an estimate of Jc (∝ △M) [20, 70]. For the experimental observation

of the magnetization of the superconductor, one can use the vibrating sample magnetometer

(VSM) or superconducting quantum interference device - vibrating sample magnetometer

(SQUID-VSM).

The vibrating sample magnetometer invented in 1955 by Simon Foner at Lincoln Lab-

oratory MIT, measures the rate of change of magnetic flux by the mechanical vibration of

a magnetized sample, which produces an em f in a detection coil system. The sample is
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vibrated in a homogenous magnetic field with some fixed frequency and amplitude. The

time-dependant induced voltage in the VSM coils is given by the equation:

Vcoil =
dϕ
dt

=
dϕ
dz

dz
dt

(2.1)

where ϕ represents the magnetic flux enclosed by the coil, z represents the vertical po-

sition of the sample with respect to the coil and t is the time. The voltage of the sinusoidal

oscillating sample is given by

Vcoil = 2π fCmAsin(2π f t) (2.2)

where C is the coupling constant, m represents the magnetic moment of the sample, A

and f are the amplitude and frequency of the oscillation respectively. So the magnetiza-

tion of the sample is calculated by measurement of the coefficient of the sinusoidal voltage

responses from the coil.

The SQUID-VSM is a combination of the conventional high speed VSM and the high

sensitive SQUID. Magnetic flux in SQUID-VSM is detected by SQUID sensors. SQUID-

VSM is one of the most sensitive and effective instrument to determine the magnetic mo-

ment/field in less time compared to the usual SQUID magnetometer. Signal created by

sample vibration is frequency modulated to separate the sample signal from the instrumen-

tal artifacts. Fig. 2.2 illustrates the simplified block diagram of the SQUID-VSM detection

hardware. The current in the detection coil is a function of the sample position. In magnetic

property measurement system (MPMS) SQUID-VSM, the superconducting detection coils

are configured as a second order gradiometer, with counterwound outer loops which makes

the set of coils non-responsive to uniform magnetic fields and linear magnetic gradients. The

sensor in the MPMS SQUID-VSM is a Josephson junction - which is a device consisting of

superconducting -insulating-superconducting tri-layer junction. The MPMS SQUID-VSM
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detects the change in currents or frequency to deduce the magnetic moment of the sample.

The MPMS SQUID-VSM is capable of providing magnetic fields in the range ±70 kOe

with field ramp possible as high as 700 Oe/s and sample temperature ranging from 1.7 K to

400 K. Sensitivity is 1× 10−8 emu at earths field and 5× 10−8 emu at 70 kOe.

2.3 AC susceptibility measurements

The ac susceptibility measurements probe the screening response due to the shielding cur-

rent of the superconductor. The ac magnetization measurements are done with an applied

dc field (H) and an ac field hac = h0cos(ωt) of frequency ω and amplitude h0. The expres-

sions for the in-phase part of the ac susceptibility (χ ′) and the out of phase part of the ac

susceptibility (χ ′′) deducted from the nonlinear response of the critical state model are as

follows [95].

χ ′ ∼ 1+
αhac

Jc
, for hac < H∗ (2.3)

χ ′′ ∼ α ′hac

Jc
, for hac < H∗ (2.4)

χ ′ ∼−β
Jc

hac
, for hac > H∗ (2.5)

χ ′′ ∼ β ′ Jc

hac
− γ

J2
c

h2
ac
, for hac > H∗ (2.6)

where α , α ′, β , β ′ and γ are geometry dependant factors and H∗ represents the field

at which the induced screening currents flow through the whole sample. With the help of

equations 2.3 and 2.5, one can relates the in-phase part of the ac susceptibility (χ ′) to the

critical current density, Jc. So, changes in (χ ′) can be interpreted as changes in Jc, which
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in turn will be related to determine the changes in correlation volume (Vc). So, the ac

susceptibility measurements may also provide the information about the underlying vortex

lattice. For the ac susceptibility measurements, we have used the AC susceptibility option

of the MPMS SQUID VSM (Quantum Design Inc. USA). This AC susceptibility option

have AC frequency range 0.1 Hz to 1 kHz and AC amplitude range 0.1 Oe to 10 Oe with an

AC moment sensitivity ≤ 5×10−8 emu.
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Chapter 3

Vortex phase diagram of Ca3Rh4Sn13

single crystal

3.1 Introduction

The competition between the elastic energy, the pinning energy and the thermal energy dic-

tates the various characteristics of the existence/coexistence of different possible phases in

the vortex matter. As the second magnetization peak (SMP) which is signaling the domi-

nance of pinning over elastic energy lies deep inside the mixed phase, thermal fluctuations

expected to play a small role in determining the phase transition imprinted by this anomaly.

Evidences mounted over the years [11, 14, 29] that the SMP line in the vortex phase di-

agram is temperature independent both in high Tc superconductors, like Bi2Sr2CaCu2O8

(BSCCO), YBa2Cu3O7−δ (YBCO) etc., as well as in low Tc cubic superconductors, like

Ca3Rh4Sn13, etc; a small positive slope in the thermal variation of the SMP line is accepted

as self-explanatory [16, 22].

As the temperature enhances even deep inside the mixed phase, it could decrease the

effective pinning energy, leading to a slight shift of the onset field of SMP towards a higher

value. In high Tc, BSCCO, where intrinsic pinning strength varies with oxygen concen-
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tration (hole doping/vacancies), the usual temperature independent onset field of SMP was

reported to increase/decrease with enhancement in temperature over a limited range of (H,T)

values in few crystals [16]. The overlap of SMP line having positive slope (dHon
SMP/dT >

0) with the thermal melting line at higher (H,T) values led to the proposition of concept of

‘inverse melting’ concurrent with usual melting, wherein BG phase transformed to vortex

liquid/vortex glass state on increasing/decreasing the temperature in a portion of the (H-T)

phase space [30]. The elucidation of the notion of ‘inverse melting’ was also claimed in few

crystals of YBCO [74, 96], wherein a SMP phase boundary with positive slope eventually

merged with the PE line, making the collapse of elasticity of the vortex solid. An entropic

change across FLL melting transition in BSCCO was measured conclusively and the first

order nature of amorphization of vortex matter across PE lines had received support from

the existence of superheated/supercooled metastable states in a crystal of Nb, an example

of low Tc superconductors [2, 30]. However, conclusive evidence for the matter of BG/VG

transition across onset field of SMP anomaly has remained elusive.

In the background of the above stated facts, it is not irrational to anticipate the exem-

plification of the generic nature of the notion of inverse melting in a specific portion of the

(H-T) phase space in those samples of conventional superconductors which imbibe positive

slope of SMP phase boundary. Keeping this in view, we explored the details of vortex phase

diagram in different single crystals of cubic Ca3Rh4Sn13. In this chapter we present the

magnetization (dc as well as ac) studies in one of these crystals, which has slightly higher

pinning than that in the earlier studied crystal by Sarkar et. al [11]. The new results indeed

validate the characteristics of inverse melting in an isotopic low Tc superconductor, analo-

gous to that reported in the anisotropic high Tc superconductor YBCO [74] for H||c, thereby

establishing the generic credential of this notion for the vortex matter. The ac susceptibility

measurements demonstrate the spinodal line in this crystal, which endorses the first order

nature of phase transition across SMP in this low Tc superconductor. We have also made at-
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tempts to understand the spectral fluctuations in noise in magnetization data of Ca3Rh4Sn13

single crystal across the SMP and PE anomalous region. The observation of 1/ f noise deep

inside the mixed phase of this superconductor is also discussed in this chapter.

3.2 Experimental

The Ca3Rh4Sn13 single crystal (2.8 × 1.6 × 1 mm3, 32.22 mg) was prepared using flux

growth technique. The dc magnetization measurements were carried out using a commercial

SQUID-vibrating sample magnetometer (Quantum Design (QD) Inc., USA, model S-VSM)

and the ac susceptibility measurements were carried out using a SQUID magnetometer (Q.D.

Inc., USA, Model MPMS). The ac measurements were performed with a frequency of 211

Hz. The applied dc field (coaxial with the ac field) was kept parallel to the [100] axis of the

cubic crystal. The dc magnetization measurements revealed the superconducting transition

temperature (Tc) as 8.37 K (△Tc/Tc ≈ 0.05, where △Tc is the transition width).

3.3 Observation of SMP and PE in Ca3Rh4Sn13 single crys-

tal via dc magnetization measurements

Inset of Fig. 3.1 shows the five quadrant M-H loop of Ca3Rh4Sn13 at 2 K where the two

bubbles in the M-H curves identified as SMP and PE. Main panel of Fig. 3.1 shows the right

half portion of the M-H at 2 K, which unambiguously demonstrates the occurrence of the

SMP and PE. The two effects fingerprint as two maxima, the lower field one being the SMP

and the upper field one being the PE. The sharpness of the two peaks point out the rapid

increase in the Jc at SMP and PE. The onset fields of SMP and PE anomalies stand marked

as Hon
SMP and Hon

PE and the peak positions of SMP and PE are identified as Hp
SMP and Hp

PE ,
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Figure 3.1: Main panel shows the right half portion of the M-H loop without the virgin
(I) curve in a Ca3Rh4Sn13 single crystal. The sharp modulation near Hc2 is identified as PE
and the modulation in the lower field side is identified as SMP. Complete five quadrant M-H
loop at 2 K is shown in the inset.

respectively. Above Hp
PE , the magnetization falls rapidly as the applied field ramps across

the upper critical field, Hc2.

On examining the M-H data from 2 K to 6.5 K (Fig. 3.2) we noticed that the SMP and

PE varies with temperature. From Fig. 3.2, the distinction between the SMP and PE can be

clearly observed only below the temperature, 4.5 K (Fig. 3.2 (c)). At 5 K, the SMP anomaly
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Figure 3.2: Portions of the M-H loops at constant temperatures (a) 3.5 K, (b) 3.7 K, (c) 4.5
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juxtaposes with the PE and one can mark only the onset position of the coalesced SMP and

PE anomaly (Fig. 3.2 (d)). Above 5 K , only PE anomaly is observed (cf. Fig.s 3.2 (e) and

(f)). The asymmetric nature of the SMP and PE peaks are clearly observed from the forward

and reverse legs of the M-H curves.

3.3.1 Observation of SMP and PE from Jc
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Figure 3.3: Log-log plots of normalized Jc/Jc(10 Oe) vs. b for Ca3Rh4Sn13 at different
temperatures from 1.8 K to 5.5 K, where b=H/Hc2 is the reduced magnetic field.

Fig. 3.3 shows the Jc/Jc(10 Oe) vs. reduced magnetic field b, for temperatures ranging

from 1.8 K to 5.5 K. Upto 4.5 K, two modulations correspond to the SMP and PE are

observed in Jc. After 4.5 K only one modulation which corresponds to the PE anomaly is

observed in Jc. Fig. 3.3 shows the monotonic decrease of PE anomaly with increase of

temperature. However, with increase of temperature, the onset field points of SMP anomaly

increases upto 3.7 K and after 3.7 K it decreases. For getting a clear idea of the observed non-
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monotonic variation of the SMP anomaly, we have plotted the variation of Jc as a function

of field in and around 3.7 K (Fig .3.4).
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Figure 3.4: Log-log plot of normalized Jc [∝ △M(H)/△M(50 Oe)] vs. H at (a) 3 K, (b) 3.7
K and (c) 4 K. The onset positions of the SMP and PE stand marked by arrows.

Fig.s 3.4(a) to 3.4(c) portray the log-log plot of Jc(normalized) [∝ △M(H)/△M(50 Oe)]

as a function of applied field at 3 K, 3.7 K and 4 K, respectively. It reveal that the onset

field of the SMP, Hon
SMP, increases from 10.9 kOe to 13.0 kOe as the temperature enhances

from 3 K to 3.7 K (cf. 3.4(a) and 3.4(b)). Further with the increase of temperature from 3.7

K to 4 K, the value of Hon
SMP decreases from 13.0 kOe to 12.3 kOe, (cf. 3.4(b) and 3.4(c))
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thus exemplifying the non-monotonicity in the temperature variation of SMP. The peak field

of SMP also follows the characteristic behavior of Hon
SMP. However both the onset ( Hon

PE)

and peak (Hp
PE) fields of the PE monotonically decrease with the increase of temperature (cf.

3.4(a) to 3.4(c)), as anticipated.

3.3.2 Identification of different vortex phases from Jc
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Figure 3.5: Log-log plot of the critical current density, Jc vs. H at 2 K in Ca3Rh4Sn13 single
crystal. The Jc curve has been divided into four vortex regions with the help of dotted (red)
lines.

As described in section 1.5.2, the equation of Larkin-Ovchinnikov [19, 69] relates the

correlation volume, Vc of the vortex domain to the critical current density, Jc. So, changes in

Jc indicate the changes in the associated vortex phase. Fig. 3.5 shows the calculated log-log

plot of Jc vs. H at 2 K of the Ca3Rh4Sn13 single crystal. Based on the behavior, we have
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divided the Jc curve into four different regions and designated as individually pinned vortex

regime, Bragg glass regime (power law regime), vortex glass region and amorphous region.

The first region shows almost a flat variation of Jc with increasing magnetic field, H.

This kind of behavior is expected for individually pinned vortices in the weak limit where

the intervortex spacing a0 is greater than or equal to the penetration depth, λ where λ

predicts the range of interaction between the vortices. The Bragg glass region, which is

identified with the power law is a collectively pinned region. In this region, vortices behave

as an elastic medium and quasi-long range transitional order survives. A cross over from an

individually pinned to a collectively pinned regime is to be predicted at a threshold field Ht ,

above which Jc follows the power law behavior. An order of magnitude estimate for Ht can

be made in terms of the ratio of depinning (Jc) by depairing (J0) current densities and Hc2

using the relation Ht ∼ 5[Jc/J0]Hc2 [18, 19, 97]. For Ca3Rh4Sn13 single crystal, we get Ht ∼

10−2 Tesla, where Jc/J0 ∼ 10−4 and Hc2 ∼ 3.8 Tesla. The quasi long range transitional order

of the vortex lattice vanishes at the onset of the SMP anomaly. As mentioned earlier, SMP

region contains vortex lattices with dislocations and this region is identified as vortex glass

region. The amount of disorder is maximum at the peak of the SMP and after the peak, the

disorder of the vortex lattice heals upto the onset of the PE. In the PE region, amorphization

of the vortices starts and once again Jc increases.

3.4 Observation of SMP and PE in Ca3Rh4Sn13 single crys-

tal via ac susceptibility measurements

Within the Bean’s critical state model prescription Jc has been shown to relate to the in-

phase ac susceptibility [95] χ ′, as χ ′ ∼ -1+αhac/Jc, where α is a geometry dependent factor

and hac is the ac amplitude.
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Figure 3.6: Field dependence of the normalized (Normalised with -χ ′ value at 0 Oe) isother-
mal in-phase ac susceptibility data in a single crystal of Ca3Rh4Sn13 measured with temper-
atures ranging from 2 K to 7 K with hac = 4 Oe and frequency, f = 211 Hz. (a) χ ′ vs. H at
2 K where the first inset shows the enlarged portion of the SMP region where the Hon

SMP and
Hp

SMP are marked with arrows. The second inset shows the PE region via a derivative plot
and the Hp

PE is marked with an arrow. (b) χ ′ vs. H plots at temperatures 3 K, 4 K and 5
K. (c) χ ′ vs. H at temperatures 5.5 K, 6 K, 6.7 K and 7 K. All the curves are meeting at the
upper critical field, Hc2 at zero χ ′ value (For example, Hc2 of 2 K curve is marked in (a)).

Therefore we considered it fruitful to perform isothermal ac susceptibility measurements

to corroborate the unusual result of non-monotonicity in the thermal evolution of the SMP.
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Interestingly, we have observed the signatures of SMP in addition to the PE anomaly in

the same field scan. This is the first report of observation of SMP via ac susceptibility

measurements in a low Tc superconductor. Fig. 3.6 shows normalized (Normalised with a

-χ ′ value at 0 Oe) in-phase ac susceptibility vs. field with different temperatures. The main

curve of Fig. 3.6(a) shows the χ ′ vs. H at 2 K and the first inset shows the expanded SMP

regime where the Hon
SMP and Hp

SMP are marked with arrows and the second inset shows the

Hp
PE via the derivative plot. Fig. 3.6(b) shows χ ′ vs. H at temperatures 3 K, 4 K and 5

K. After 4 K, the attestation of the PE region is well noticeable. Hence, at 5 K we have

marked Hon
PE and Hp

PE with arrows. We observed the signature of SMP only upto 5 K and

after that the SMP anomaly probably merged with the PE region as in the dc magnetization

measurements. Fig. 3.6(c) shows χ ′ vs. H at temperatures 5.5 K, 6 K, 6.7 K and 7 K.

Here we can see that the PE attestation upto T = 6.7 K and above 6.7 K the PE collapses

completely.

Fig. 3.7 present a collation of the isofield in-phase ac susceptibility data recorded with

hac = 4 Oe and frequency, f = 211 Hz with different constant fields from 1 kOe to 21 kOe.

The 1 kOe and 5 kOe χ ′ vs. T curves ramp in a featureless manner but the superconducting

transition is broader. Above 5 kOe, the peak effect starts to attest its presence by making a

peak in the χ ′ vs. T curve. From 8 kOe onwards, one can observe the PE across the tempera-

ture region. The onset and peak positions, Ton
PE and Tp

PE of the PE anomaly are marked with

arrows in Fig.3.7. However, we were unable to notice any signature of SMP phenomena

from the isofeild ac susceptibility measurements. In the mixed state, the oscillating ac field

can push the Bragg glass state to an equilibrium disordered vortex glass state upto the onset

of PE. Hence, one can observe only an amorphous phase transition (i.e., PE transition) in

the χ ′ vs. T curve. The PE is very sharp in the intermediate field range, hence above 5

kOe we could clearly see the peak effect anomaly. From 13.5 kOe onwards, the number of
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Figure 3.7: Temperature dependence of the normalized (Normalized with -χ ′ value at 1.8 K)
values of the in-phase ac susceptibility in Ca3Rh4Sn13 measured with an applied frequency
211 Hz and an amplitude, hac = 4 Oe. (a) χ ′ vs. T data plots at 1 kOe, 5 kOe and 8 kOe
and the transition temperature Tc of 1 kOe curve is marked in the figure. At 8 kOe, the onset
and peak positions of the PE anomaly are marked with arrows as Ton

PE and Tp
PE . (b) χ ′ vs. T

data plots at field values 9 kOe, 11 kOe and 13.5 kOe. (c) χ ′ vs. T at 16 kOe, 19 kOe and
21 kOe.

vortices forming inside the crystal is more. Hence, the driving ac field is unable to pick the

onset of the PE, however it picks the peak of the PE transition (Tp
PE).
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Figure 3.8: Plots of normalized ac susceptibility (χ ′(H)/χ ′(0)) vs. applied magnetic field
in a single crystal of Ca3Rh4Sn13 at (a) 3 K (b) 3.7 K (c) 4 K. The upper critical field Hc2
is marked with arrows. The circled region is expanded and plotted in the inset of all the
panels. Hon

smp and Hp
smp are shown in the insets. The other inset is a plot of dχ ′/dH versus H

in arbitrary units (a.u). The location of PE peak pointed with an arrow (Hp
PE).

The field dependencies of the in–phase ac susceptibility data (normalized to the saturated

value of χ ′ in zero applied field) at various temperatures (3 K, 3.7 K and 4 K) are displayed

in Fig.s 3.8 (a)–(c). The left insets show enlarged views of the circled portions which demon-

strate the ubiquitous SMP in the isothermal ac susceptibility measurements. The onset and

peak positions of the SMP anomaly are marked in each inset. As mentioned earlier, PE phe-

nomenon was determined by using a derivative plot, dχ ′(H)/dH vs. H (see the right inset

in each panel of Fig. 3.8). The ac susceptibility data confirm the non-monotonicity of Hon
smp

and Hp
smp as the temperature increases from 3 to 4 K. However, we noted that the values of
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Hon
smp and Hp

smp in the ac susceptibility measurements were lower than those obtained from

dc magnetization measurements. We believe that the presence of the ac driving force in the

ac susceptibility measurements has resulted in inducing the BG/VG transition at a lower

threshold value. The well ordered BG state extending up to a higher limit during the dc

magnetization measurements is the metastable superheated state which transforms to a rela-

tively less ordered VG like phase on shaking of the vortices in the BG phase. One can thus

obtain the spinodal limit (Hspinodal) [98] of the order–disorder (BG to VG) transition from

the ac susceptibility measurements. The onset and peak fields of the PE as determined from

the χ ′ data overlap with those obtained from the dc magnetization data and they decrease

with increase of temperature, as expected.

3.5 Step change in equilibrium magnetization across SMP

and PE

As inferred from the previous figures, the SMP and PE are manifested by anomalous in-

creases of Jc which in turn relate to rapid reductions in the spatial correlation volume across

these regime. If these reductions are a result of a phase transition then one expects to observe

a step change in the equilibrium magnetization (Meq) which is a signature of the thermody-

namic first order phase transition. As noticed, the measured magnetization is irreversible

in this domain. This is because the measured magnetization is a combination of the equi-

librium magnetization and the magnetization caused by the circulating shielding currents

of magnitude Jc. Within a conventional critical state model [20, 70], the value of Meq is

calculated from the equation Meq = (M↓(H)+M↑(H))/2, where M↑(H) and M↓(H) are the

magnetization values along the forward and the reverse hysteresis legs, respectively.

The main panel of Fig. 3.9(a) shows a portion of the four quadrant M-H loop of

Ca3Rh4Sn13 at 3.5 K. The dotted curve represents the equilibrium magnetization line, Meq.
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Figure 3.9: The panel (a) shows a portion of the M-H loop of Ca3Rh4Sn13 at 3.5 K. Panels
(b) and (c) show the enlarged view of the step changes in the SMP and PE regions, respec-
tively. The solid lines are guide to the eyes.

Interestingly, we observed two step changes in the same Meq line which are highlighted in-

side the rectangular boxes. The enlarged view of the step changes is shown in Fig. 3.9(b)

and (c). In Fig. 3.9(b) the line with circles represents the Meq line and the solid lines are

just guide to the eye. The change in Meq which occurs at an applied field of 13.3 kOe is of

magnitude 4π∆M ∼ 354 mOe. We noticed that this change in the Meq juxtaposes with the

onset of the SMP anomaly. In Fig. 3.9(c), we extrapolated the Meq lines before and after

the PE anomaly (solid lines) and obtained a step change in Meq of magnitude 4π∆M ∼ 719
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mOe. Here the jump in Meq appears at a field value ≈ 19.7 kOe which is in between the

Hon
PE and Hp

PE . The values of the observed steps in the Meq lines of the present crystal are

consistent with the results of Bi2Sr2CaCu2O8 and YBa2Cu3O7 crystals [30, 99].
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Figure 3.10: Panel (a) shows the step change in the Meq line of Ca3Rh4Sn13 at 3.7 K in the
SMP region. The solid lines are just guide to the eyes. Panel (b) shows the discontinuous
step change in the Meq line which is obtained by extrapolating the Meq line before and after
the PE anomaly (solid lines) at 5 K.

Now at a constant field of 13.5 kOe, we try to observe jumps in Meq across the onset of

SMP and across the PE phase boundaries. Fig. 3.10(a) shows the step change in the Meq

line at 3.7 K, which aligns with the onset of SMP phase boundary. Fig. 3.10(b) depicts the

step change in the Meq line at 5 K which lies in the PE region. The values of the 4π∆M in

TH-1418_09612132



3.5 Step change in equilibrium magnetization across SMP and PE 49

the SMP and PE regions are 320 mOe and 530 mOe, respectively. We observed a maximum

of 75 mOe noise in the measured value of step changes from the Meq data.

It is worth mentioning that the sharp step change in the equilibrium magnetization across

the SMP regime occurs in juxtaposition with the onset of the SMP. The step change in the

Meq across the PE regime is derived from the difference in Meq before and after the PE

anomaly. The entire PE regime is a region of coexistence of ordered–disordered phases,

implying the first order nature of the phase transition [31]. Here, one observes two jumps in

the equilibrium magnetization at two different temperature (or field) domains for a particular

field (or temperature).

We have collected all the 4π∆M values from the SMP and PE region and calculated the

change in entropy (∆S) per vortex per unit cell distance along the [100] axis of the cubic

crystal with the help of Clausius–Clapeyron equation

∆S =−ϕ0d
Hon

∆B
4π

dHon

dT
(3.1)

where ϕ0 is the flux quantum, d is the unit cell distance along the [100] axis, ∆B is the

measured step change in magnetization and Hon is the onset field point of the anomaly.

Fig. 3.11 shows the step change ∆B (or 4π∆M) and the calculated ∆S versus temperature

across the SMP region. The values of ∆S compares well with the data reported in the high

Tc superconductor BSSCO [30]. Below 3.7 K the ∆S is negative which signifies that the

entropy is higher in the ordered lattice than in the disordered state. This is not surprising

because even though the entropy is higher in the ordered state the extra entropy might be

absorbed by the additional degrees of freedom.

Fig. 3.12 shows the calculated ∆B and the associated change in entropy across the PE

region. Here, one observes a monotonic decrease in ∆B and ∆S with increase of tempera-

ture, a feature not unusual in the theoretical framework where ∆S is predicted to decrease

monotonically with temperature according to the equation ∆S(T )≈ (0.1d/ε)
√

Hon
PE(T )/ϕ0,
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Figure 3.11: (a) The measured height of the discontinuous step ∆B and (b) the entropy
difference ∆S per vortex per unit cell distance along the c-axis in the SMP regime.

where ε = 1 is the anisotropy parameter [100]. Although the variation of ∆S with T is seen

to be compatible with theoretical predictions, the observed value of ∆S (≈ 2.5×10−3 kB at

4.5 K) is three orders of magnitude larger than the theoretically estimated one. Thus our

observations are in contrast with the diverging behavior noticed in BSSCO [100].
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Figure 3.12: (a) The measured height of the discontinuous step ∆B and (b) the entropy
difference ∆S per vortex per unit cell distance along the c-axis in the PE regime.

3.6 Vortex phase diagram of Ca3Rh4Sn13 single crystal

Finally, the vortex phase diagram in the present single crystal of Ca3Rh4Sn13 is illustrated

in Fig. 3.13. The onsets and the peak positions of the two anomalies (SMP and PE) and

the upper critical field (Hc2) are denoted with separate symbols and lines. Hon
PE and Hp

PE de-

crease monotonically with increase in temperature and follow the temperature dependence

of Hc2. The BG to VG (order–disorder) transition line marked by the onset of the SMP,

Hon
SMP, shows an upward trend until the reduced temperature, t(t = T/Tc(0)), attains a value
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Figure 3.13: Plot of the vortex phase diagram in the given single crystal of Ca3Rh4Sn13.
The thick continuous lines are fits to the theoretical expressions given in the text. The dotted
lines are drawn just to guide the eye. The encircled region C shows where the onset of the
SMP merges into that of the PE.

of 0.44. Above t ≈ 0.44, Hon
SMP reverses its nature and decreases with increase in temperature

until it merges with Hon
PE . Thereafter the distinction between the two anomalous variations

gets blurred, and one witnesses only one composite event marking the order–disorder transi-

tion. The field–temperature region where the two anomalous variations of Jc cease to exist

distinctly gives rise to an impression that a multicritical point may be buried underneath (see

the encircled region C in Fig. 3.13).

TH-1418_09612132



3.6 Vortex phase diagram of Ca3Rh4Sn13 single crystal 53

Kierfeld and Vinokur [63] suggested that the temperature dependence of the disordering

transition, i.e., the onset of the second magnetization peak, can be described by the rela-

tion Hon
SMP = H0(1− td)5/9t−10/3

d exp(2Ctα
d /3), where H0 is a constant, td = T/Tdip, C is a

numerical factor ∼ 25, the exponent α ≈ 3/8 and Tdip is the depinning temperature (the

temperature where the magnetic hysteresis loop vanishes). The thin black line in Fig. 3.13

indicates that the onset of the SMP data (i.e. Hon
SMP) can be fitted fairly well to the above

relation until t ≈ 0.44. It should be mentioned that even though the equation is suggested

for high Tc superconductors it fits very well in our case too. For the case of the PE line the

expression Hon
PE = H(0)(1− (T/Tc)

n) has been used [14]. The thick solid line shows the fit

to our data with the values n = 1 and H(0) = 37 kOe.

It is interesting to note in the phase diagram of Fig. 3.13 that the ordered BG phase is

sandwiched between an amorphous phase on the high temperature side and the less ordered

multi-domain VG on the low temperature side, thereby conforming to the notion of (disor-

der induced) inverse melting. (Normally, rising the temperature makes melting of a solid.

Converse of melting phenomena is the inverses melting where heating of a liquid transforms

the liquid to solid!.) It is worth mentioning that the loss of elastic energy of the VG phase

is balanced by the gain in the pinning energy of the BG phase in this region. We have also

drawn the locus of the spinodal limit (Hspinodal) of the BG to VG transition and it follows a

similar non-monotonic trend to Hon
SMP, just emphasizing the nature of inverse melting in the

phase diagram.

Further, we also observe a ‘vortex slush’ region between Hon
SMP and H p

SMP in the temper-

ature range t ∼ 0.44–0.60. Here the weakly pinned BG phase first goes into a dislocation

induced VG phase and then via a PE phenomenon it goes into an amorphous regime. Such

evidence of the vortex slush regime has been previously reported in YBCO [23]. Another

significant finding in our work is the notion of a multicritical point C where the Hon
PE line

merges with the Hon
SMP. The composite line also disappears at t ≈ 0.78 which may possibly
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end at another critical point. The appearances of such multicritical points with the same

physical basis has also been pointed out in high Tc superconductors [14, 16].

The phase diagram of the FLL which shows the order–disorder phases and the transfor-

mation between them should be too dissimilar between isotropic low Tc superconductors

and anisotropic high Tc superconductors. This may be because the anisotropy effects cause

different phase boundaries lying close or even coincident with each other making them in-

distinguishable. For highly anisotropic superconductors like BSSCO the other direction is

dominant with Josephson vortices and hence the physics becomes entirely different. The

crystal of Ca3Rh4Sn13 studied in this thesis had Jc/J0 ≈ 10−4 (where Jc is the depinning

and J0 is the depairing current density) which is intermediate between ultra-clean low Tc

superconductors, like 2H-NbSe2, and high Tc superconductors. Hence this crystal provided

an ideal platform for simultaneously observing both the phenomenon of the SMP, generally

seen only in high Tc materials, and the PE, observed mostly in ultra-clean low Tc materi-

als. The Ginzburg number (Gi ≈ 10−5) is much lower than for high Tc superconductors

indicating that the effect of thermal fluctuations is minimal except close to the Hc2 phase

boundaries, implying that the amorphous region arising due the PE will be narrow. In short,

in high Tc superconductors the disordered regions like liquid, amorphous, etc will cover a

large area of the phase space compared to the low Tc superconductors. However, parameters

like Jc/J0 and Gi can also be tuned to show similar disordered regions in low Tc supercon-

ductors.

3.7 Variation of SMP in another single crystal of Ca3Rh4Sn13

We have grown another set of Ca3Rh4Sn13 single crystals and selected one single crystal

among them and named it as crystal X. We cut the crystal-X in the [100] direction and

performed the magnetization measurements. Crystal X shows SMP and PE in its isothermal

magnetization loops. The magnetic (H-T) phase diagram of crystal X is shown in Fig. 3.16.
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Figure 3.14: Plot of the vortex phase diagram of another single crystal of Ca3Rh4Sn13
(crystal-X).

Here the Hc2, Hon
PE and H p

PE lines are showing the same behavior as the previously studied

crystal (cf. Fig. 3.13). However, the order-disorder line- Hon
SMP appears as flat with increase

in temperature which is dissimilar with the previously studied crystal. This kind of flat SMP

line has already been reported in literature [11].

To find the reason for this difference, we have calculated Jc of the crystal X along with

the previously studied crystal (say crystal-Y) at 1.7 K and plotted in Fig. 3.15. Here crys-

tal Y shows higher Jc than crystal X. Hence, one can conclude that the value of Jc affects

the behavior of SMP line in Ca3Rh4Sn13 single crystals. Similar behavior of second mag-
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Figure 3.15: Jc plots of the crystal X and Y at 1.7 K.

netization lines has been reported in high Tc superconductor, BSSCO [16]. In BSSCO,

an optimally-doped single crystal makes a flat second magnetization line whereas an over-

doped single crystal shifts the second magnetization line upwards which is in concurrence

with our measurements.

3.8 Magnetization noise analysis across SMP and PE

The origin of SMP and PE phenomena are different, but they can be treated as a disordering

phenomenon of the vortex lattice. Dynamic variations of the relative fraction of the disorder

gives rise to metastability effects both across the SMP and PE regions [12, 26, 31–33, 45].

Hence, such complex and possibly nonlinear system may produce spontaneous reorganiza-

tions in its phase. Such reorganizations have characteristic frequencies which have been

already observed in the transport measurements of the 2H-NbSe2 single crystals [101]. Low
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frequency noise measurements also provide the information of such reorganizations [90].

Hence such intrinsic reorganization would also leave an imprint in the power spectrum of

noise in the magnetization data. We believe that the present Ca3Rh4Sn13 single crystal is an

ideal platform to investigate such low frequency reorganizations.

3.8.1 Magnetization vs. time (M–t) measurements

Once again we have shown the phase diagram of Ca3Rh4Sn13 single crystal in Fig. 3.16.

From the (H-T) phase diagram, we choose a temperature, T = 3 K where both the SMP and

PE anomalies are observed in the isothermal magnetization curves. As mentioned earlier,

the origin of SMP and PE are different, but both finally results in the disordering of the

vortex lattice. Hence to understand the effect of these two phenomena only we need to keep

the thermal fluctuations constant throughout this measurement. Therefore, we perform the

magnetization vs. time (M–t) measurements in the selected field points marked with circles

at 3 K in the (H-T) phase diagram (cf. Fig. 3.16).

We used the following procedure for measuring the M–t in the selected field points, by

zero field cooled (ZFC) method. First, the applied field was swept at a constant rate 10 Oe/s

and at the selected value of the field, it was held constant until the magnetic field in the

magnet was stabilized. Then the magnetization of the sample was recorded as a function of

time. We have also performed the M–t measurements in the following method. We cooled

the sample to 3 K by applying a field of 50 kOe. Then we decreased the field to the required

value (marked by points in Fig. 3.16) at a rate of 10 Oe/min and then recorded the M–t

data. The results are found to be similar in both modes of acquiring the M–t data. Hence we

present only the data of the previous method.

The measured M–t curves of the selected field strengths at 3 K are shown in the panels

(i)–(vi) of Fig. 3.17. It is observed that the fluctuation in the M–t curve is very small at 5

kOe (Fig. 3.17 (i)), as it belongs to the ordered BG phase. As the applied magnetic field
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Figure 3.16: The magnetic field (H) vs. temperature (T) phase diagram of a single crystal
of Ca3Rh4Sn13 (same as Fig. 3.13). The line at 3 K contains small circles, which mark the
positions in (H-T) where the magnetization vs. time measurements has been carried out.

increases these fluctuations also increases. Fig. 3.17 (ii) shows the M–t at 10 kOe which is

very near to the onset of the SMP anomaly. The fluctuations for 13.2 kOe depicted in panel

(iii) is close to the maximum of SMP and panel (vi) depicts the fluctuation for the maximum

of PE (22.8 kOe). The M–t at 18.6 kOe is very near to the onset of the PE anomaly (Fig.

3.17 (iv)). We observed a small decay in magnetization value in the SMP region but there
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Figure 3.17: The magnetization vs. time M–t plots at different magnetic fields at 3 K. The
chosen magnetic fields are marked as open circles in Fig. 3.16.

is no considerable decay in magnetization values in the PE region. However, the fluctuation

in magnetization data in the PE region is much larger than the SMP region.

For getting a quantitative idea of fluctuations associated with the magnetization data,

we calculated the root mean square (R.M.S) magnetization fluctuations (or amplitude of the
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magnetization noise) of the M–t data.

R.M.S magnetization f luctuation =

√√√√ 1
T

T

∑
t j=1

(Mi(t j)−Mi)2 (3.2)

where T is the time over which one wants to average and Mi is the ith time averaged magne-

tization value.
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Figure 3.18: Plot of the amplitude of the magnetization noise in arbitrary units (a.u) vs.
applied magnetic field (H) at 3 K of Ca3Rh4Sn13 single crystal.

Fig. 3.18 depicts the variation of amplitude of the magnetization noise vs. applied

magnetic field at 3 K. The amplitude of the noise shows two peaks, one at 13.2 kOe and
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other at 22.8 kOe, which coincide with the H p
SMP and H p

PE , respectively. After the maximum

of the SMP the fluctuations in magnetization decreases. This may be due to the partially

disordered vortex phase nearly heals up by the arrival of the PE region [33]. The PE region,

which is interpreted as the coexistence of ordered and disordered phases, also has a very high

amplitude of the magnetic fluctuations as anticipated. After H p
PE , the magnetic fluctuations

decrease because the amorphization of the vortex lattice is complete.

3.8.2 1/f noise and low frequency resonances

We expect that the reorganizations of the glassy phases may attest characteristic frequencies

in the power spectra. Fig. 3.19 shows the power spectrum (S(f)) vs. 1/f plots of selected

applied magnetic fields at 3 K. These power spectra are the prototypes of the different vortex

phases of the Ca3Rh4Sn13 single crystal. Fig. 3.19(a) is the S(f) vs. 1/f plot at a field of 3

kOe, which lies deep inside the ordered Bragg glass phase. We get a 1/fα noise spectrum

with an exponent, α ≈ 1.8. The solid line represents the portion that obeys 1/f 1.8 variation

in frequency, with a cutoff frequency at the high frequency side. The 1/f 1.8 variation of the

power spectra possibly indicates the self-organized critical nature of this ordered state of

the vortex lattice. Inside the mixed phase of a low Tc type-II superconductor, the vortices

arrange themselves in an ordered state. The experiment is conducted at low temperatures (≈

3 K) where the thermal fluctuations are minimal and hence the mutual repulsive interactions

between the vortices dominates. As the external magnetic field ramped from zero to the

desired field, more and more vortices tries to enter the superconductor and hence a variation

of the density of vortices is achieved inside the superconductor.

The Bean’s critical state model, a widely accepted simple model, describes a linear

density variation of vortices inside the superconductor. This is definitely a self-organized

state because the vortices rearrange themselves to form a marginally stable state [102, 103].

Now the surface of the sample acts as a strong pinning site and prevents the vortices to

TH-1418_09612132



62 Vortex phase diagram of Ca3Rh4Sn13 single crystal

10 100

1E-4

0.01

10 100

1E-4

0.01

0 200 400
0.00

0.04

0.08

0 200 400
0.000

0.005

0.010

0.015

 1/f (Hz-1)

1/f1.8
3 K
3 kOe

 

S
(f

) 
(a

.u
.)

(a)
 

(b)

1/f1.8

10 kOe

  1/f (Hz-1)

 

f
L

(c) S
(f

) 
(a

.u
.)

18.6 kOe

 

 

1/f  (Hz-1)

f
L

(d)

 

f
H 22.8 kOe

 

 

1/f  (Hz-1)

f
L
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flow very easily inside the superconductor. In order to overcome this extra pinning force,

the size of the vortex bundles have to reach a critical state. Hence, the signature of the
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critical state is embedded in the formation and the motion of these vortex bundles, which

is reflected in the fluctuations of the magnetization. Such fluctuations in the self-organized

critical state should have the power-law correlations which is observed at large time scales

(∼1/f 1.8) as seen in Fig. 3.19(a) and (b). Then it gradually flattens out at short time scales.

This cut-off time indicates the minimum characteristic time to form a discrete bundle in

its self-organized critical state. At smaller time scales the noise is generally caused by the

motion of the individual vortices moving inside the superconductor.

Fig. 3.19(b) depicts the S(f) at 10 kOe which is very close to the onset of the SMP

anomaly. We observe 1/f 1.8 nature of variation for a narrower range of frequencies than

Fig. 3.19(a). This is natural across SMP the vortex lattice becomes disordered and this

leads to the loss of correlation of the vortex lattice. Close to the cut-off frequency one

observes a peak in the spectral frequency curve which is marked as fL (∼0.01 Hz) in the

Fig. 3.19(b). We observe that for all fields higher than 10 kOe, there is no significant

variation in its magnitude of fL. The power spectrum near to the onset of the PE anomaly is

demonstrated in Fig. 3.19(c). Across the PE region, we find that the power spectrum shows

a significant deviation from the 1/f 1.8 nature (cf. Fig. 3.19(c) and (d)). However, another

set of resonance frequencies emerges whose values are higher than the fL (cf. the elliptical

region in Fig. 3.19(d)). This set of frequencies ( fH) have a value which is approximately 10

times larger than the value of fL. Below fL (Fig. 3.19(c) and (d)) the power spectra does not

show any frequency dependence. The distinct nature of fL and fH across the SMP and PE

regions implies that the origin of these two phenomenon are different. But the noteworthy

result is that the fL, which is a feature of the SMP, does not vanish even in the PE regime,

where complete amorphization of the vortex lattice is anticipated. Similar results of two sets

of low frequencies, in the PE region, have been reported in the transport measurements of a

2H-NbSe2 single crystal [101].
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3.9 Observation of 1/f noise in driven vortex systems via

molecular dynamics (MD) simulation

Consider a 2D cross section of Nv vortices driven over a random pinning background at T =0.

By treating the vortices and pinning centers as point particles, we obtain the over-damped

equation [104–106] of motion of a vortex i in position −→ri as

η
d−→ri

dt
=−∑

j ̸=i
∇Uv(−→ri −−→r j )−∑

k
∇U p(−→ri −

−→
Rk)+

−→
Fext (3.3)

where, η is the flux flow viscosity. The first term in the right hand side represents the

inter-vortex interaction which is given by the potential

Uv(r) =
ϕ 2

0 l
2πµ0λ 3 [K0(r̃/λ )−qexp(−r̃/ξ )] (3.4)

where, ϕ0 is the flux quantum, l is the length of the vortex, µ0 is the vacuum permeability, λ

is the London penetration depth, ξ is the coherence length, r̃ = (r2 +2ξ 2)1/2, and K0 is the

zeroth order Bessel function. The first term in eq. 3.4 represents the conventional long-range

repulsion and the second term represents the short-range vortex attraction in exponential

form, and the parameter q reflects the relative strength of the attraction to repulsion inter-

actions. The second term in eq. 3.3 represents vortex pinning by parabolic potential wells,

where U p(r) = U0(
r2

r2
p
−1) for r < rp or 0 otherwise. The pinning centers are randomly lo-

cated at positions
−→
Rk in the simulation box. The third term of eq. 3.3;

−→
Fext = (1/c)

−→
J ×ϕ0ẑ is

the Lorentz force experienced by the vortex due to the external current density,
−→
J . In sim-

ulation, eq. 3.3 is time-integrated using 4-value Gear Predictor-Corrector algorithm [107].

We have normalized all lengths by λ0=λ (B = 0), forces by f0 = (ϕ 2
0 s)/(2πµ0λ 3) and

time by ηλ/ f0. We use the reduced magnetic field b = B/Bc2, and it is calculated from the
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Figure 3.20: The V(I) characteristics in arbitrary units (a. u.) of the vortex system at b =
0.7 with a pin density (np) = 1.82.

lattice constant of the square lattice a0/λ0 = (2π/κ2b)1/2, where κ is the Ginzburg-Landau

parameter. Here, we use κ ≈ 13, which is the typical value for the present Ca3Rh4Sn13

single crystal. We choose Nv=1089, η=1, q=0.1 and rp=0.05λ0. The prefactor U0 of the pin-

ning potential is randomized by ∆± 0.01 where ∆ =<U0 >. Also, we select our simulation

time step, τ as 0.002. We calculated the V(I) characteristics, where I∝ Jy, and the voltage

V∝< vx >.

Fig. 3.20 shows the conventional voltage vs. current (V(I)) curve of reduced field, b =

0.7 calculated from the MD simulation. Here, the simulation initiates with a high current

value and ramp down to zero. In Fig. 3.20, three current regimes can be identified. (i) a

pinned state (I < Ic) where all the vortices are immobile, (ii) a disordered vortex flow state

(or plastic flow state) between Ic < I < Ip where some vortices remain immobile and (iii)

an ordered vortex flow state for I > Ip. Above Ip the driving force becomes dominant over
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at b = 0.7 with a pin density (np) = 1.82. (b) Log-log plot of the power spectrum (S(f)) vs.
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the pinning force so the entire vortex lattice start to move in this state. Interestingly, we

observe the signature of 1/f noise from the disordered vortex flow region. Fig. 3.21 (a)

shows the average velocity of the vortices vs. time step (V-t) at a constant current I = 0.82

from the disordered flow region at b = 0.7. Fig. 3.21 (b) shows the power spectrum (S(f))

vs. 1/f ) of the V-t data of I = 0.82. We observe a 1/f α noise spectrum with an exponent

value α = 1.68 in the disordered flow region. This implies that the self-organization of the

vortices also occurs in the driven vortex system and as a result, one observes a power law

correlation in the noise spectrum. Above b=0.5, we have observed the same nature of noise

in the disordered flow regions.
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3.10 Summary

To summarize, we have examined the loci of various features observed in dc and ac magneti-

zation measurements in a weakly pinned single crystal of Ca3Rh4Sn13 which displays both

SMP and PE anomaly. We observed that an ordered vortex state can be disordered both by

enhancement and lowering of temperature. With a small increment of the pinning strength,

the temperature independent nature of the SMP line can be changed to one with a positive

slope, resulting in the appearance of an inverse melting region in a portion of the phase

diagram. The other significant result is the observation of a step change in the equilibrium

magnetization across the SMP and PE regions. We observe a spinodal line for the BG/VG

transition, which attests its first order nature. We also studied the spectral fluctuations in the

magnetization data in various regions of the phase space. It was proved that distinct reso-

nant frequencies are associated with the SMP and PE phenomenon. Deep inside the mixed

phase 1/f 1.8 nature of the spectral fluctuations were also observed.
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Chapter 4

Two Jc states of Ca3Rh4Sn13 single

crystal

4.1 Introduction

It has been demonstrated now that most of the superconducting materials like YNi2B2C,

V3Si , Pb-Tl, Nb, MgB2 etc., have various vortex lattice (VL) structure in different regions

of the phase space. Changes in symmetry and orientation of the VL can arise due to several

reasons such as anisotropy of the Fermi surface (FS), anisotropy of the superconducting en-

ergy gap, electronic asymmetry, crystal anisotropy effects, jamming of counter rotating VL

domains etc. [108–113]. Various VL structures have been recorded by both local measure-

ments like scanning tunneling microscopy (STM) and bulk measurements like small angle

neutron scattering (SANS). It has been of great interest to study the dynamics of these vortex

lattices when they are perturbed from equilibrium. During such dynamics there are various

characteristic time scales which affects the motions of these VLs. The VL structures or ori-

entations of the VL with respect to the direction of motion of vortices affect the characteris-

tic time. Below and above this characteristic time scales certain VL structures/orientations

are favored. Normally the current vs. voltage (V(I)) measurements are an important tool to
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understand the dynamics of these VLs. Evidences of two depinning currents in YNi2B2C

has been linked to two different types of VL structures [35]. This means that there is a veloc-

ity induced reorientation/change of the VL structure. In fact Okuma et al. [36], have proved

that there is a characteristic time scale (∼10 ns) where the driven VL structure changes from

one orientation to another in MgGe thin films. Hence, metastability effects of various VL

structures is an important area of investigation in transport measurements. Recently, evi-

dences of well ordered metastable states of VLs has been found in MgB2 through SANS

experiments [34, 113]. These metastable states differ from the ground state only by a cer-

tain degree of rotation and these metastable states can be reverted to the ground state by a

small change in the applied magnetic field. It is worth to mention that the characteristic time

scales for various materials in different metastable states ranges from nano seconds to 100

seconds.

The SANS measurements in a previously studied Ca3Rh4Sn13 single crystal revealed

the co-existence of rhombic and square VL phases [114]. Therefore, chances of the ex-

istence of metastable states are very likely in theses crystals and this may lead to different

magnetization/Jc at different characteristic time scales. In this chapter we report the observa-

tion of two Jc states through the isothermal dc magnetization measurements in Ca3Rh4Sn13

single crystal.

4.2 Sweep and stable field mode magnetization measure-

ments

In S-VSM one can measure the magnetization vs. magnetic field (M-H) either in sweep field

mode or in stable field mode. In sweep field mode the applied magnetic field will change

continuously and the magnetization is recorded simultaneously, but in stable field mode first

the magnetic field is stabilized to a certain value and then the magnetization of the sample
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Figure 4.1: Five quadrant M-H loop of Ca3Rh4Sn13 single crystal at T = 1.8 K recorded
by the sweep field mode technique. The two modulations in the magnetization curves are
identified as SMP and PE.

is recorded after a delay of 1 Sec. In this chapter the measurements are carried out with a

magnetic field sweep rate of 10 Oe/Sec. The applied dc magnetic field (coaxial with the ac

field) was kept parallel to the [100] axis of the cubic crystal.

Fig.4.1 shows the five quadrant isothermal magnetization hysteresis loop of Ca3Rh4Sn13

at constant temperature (T=1.8 K), recorded in the sweep field mode method by sweeping

the field at a rate of 10 Oe/sec. The first and second modulations in the M-H loops are

denoted as second magnetization peak (SMP) and peak effect (PE), respectively. The peak

positions (maxima) of the SMP and PE are marked as Hp
SMP and Hp

PE . The mixed phase
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Figure 4.2: Five quadrant M-H loop of Ca3Rh4Sn13 single crystal at T = 1.8 K recorded in
the stable field mode technique. The sudden magnetization shift observed in the third (III)
and fifth (V) quadrants are denoted as -HS and HS, respectively.

ends at the upper critical field, Hc2. Here, the virgin (I) and fifth (V) quadrant magnetization

curves overlap together from very low magnetic fields and continue like a single curve till

Hc2. It is evident from the figure that the negative field side magnetization curve (ie. third

(III) and fourth (IV) quadrant) are mirror images of the positive field side (i.e. second (II)

and fifth (V) quadrant) magnetization curves. Hence, multiplication of the magnetization

data with negative one (-1) for the negative field region should produce the magnetization

data for the positive field region and vice versa. As per the prescription of Bean’s criti-

cal state model [20], width of the magnetization hysteresis loop is directly proportional to

the critical current density, Jc. Therefore, in sweep field mode, both positive and negative
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Figure 4.3: Plots of the stable field mode magnetic hysteresis loops of Ca3Rh4Sn13 single
crystal at constant temperatures (a) T=3 K, (b) T=4 K, and (c) T=6 K. Right hand side M-H
loops are the expanded portions of the rectangular region of the left hand side M-H loops.

quadrants have the same Jc value. Further the values of Hp
SMP and Hp

PE for the positive and

negative quadrants are also exactly identical.

Fig. 4.2 shows the five quadrant M-H loop at a constant temperature of 1.8 K recorded by

the stable field mode technique. Here, the virgin (I) forward and reverse (II) magnetization

curves show the normal behavior. However, in the third (III) quadrant, a sudden anomalous
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increase in magnetization at ≈ -20.1 kOe is observed and is denoted as -HS. The fourth

(IV) quadrant also shows the normal behavior, however in the fifth (V) quadrant a sharp

decrease in the magnetization occurs at ≈ 20.1 kOe and is marked by HS in the figure. Note

the anomalous change in the magnetization in the third (III) and fifth (V) quadrants occur

exactly at the same magnitude of the applied magnetic field. It is interesting to note that the

virgin (I) curve and the fifth (V) quadrant do not overlap till HS, above which the curves are

identical. As it is well known that the width of the magnetization hysteresis loop is directly

proportional to Jc so it can be interpreted that there is a change in the value of Jc at ∓HS. It

is worth mentioning that the onset and peak field points for the SMP and PE anomalies are

identical to that of the sweep field mode magnetization data.

To further confirm the anomalous behavior at ∓HS in Fig. 4.2, we have recorded the dc

magnetization hysteresis loops at different temperatures in the stable field mode. Fig. 4.3(a),

(b) and (c) show the M-H loops at 3 K, 4 k and 6 K without the virgin (I) curve. We found

that every magnetization loops upto 4 K have an upward (downward) shift in their third (III)

(fifth (V)) quadrant at the same magnitude of HS. It is worthwhile to mention that above 4 K

the superconductor becomes normal at 19 kOe which is below HS (∼ 20.1 kOe) . Therefore,

no shift in magnetization is observed in M-H at 6 K (Fig. 4.3(c)). However, at 6 K, the

asymmetry of the M-H loop still persists or in other words the M-H loop of the positive

field region is not the mirror image of the negative field region. In the positive field region

the PE can be observed distinctly (marked by arrow in the panel (c) for Fig. 4.2), whereas

the bubble in the PE region for the negative side M-H loop is absent. This asymmetry

indicates the existence of two Jc states possibly in different vortex configurations for the

same magnitude of H and T.

The magnetization shifts in the third (III) and fifth (V) quadrants in the magnetization

curves are quite unusual. As mentioned earlier, in the fifth (V) quadrant magnetization curve

of Fig. 4.2, the high Jc state is suddenly reduced to a low Jc state at HS but in the third (III)
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quadrant, the low Jc state is suddenly increased to a high Jc state at -HS. So, the shift in the

magnetization curves make an increase as well as a decrease in the magnetization value and

is contrary to the flux jumps reported in literature (Ref.[115]).

4.2.1 Observation of two Jc states
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Figure 4.4: Stable field mode M-H loop at 1.8 K without the virgin curve (red color). We
multiplied the same M-H loop with negative one (-1) and the resultant loop is shown in
green color.

Fig. 4.4 shows the stable field mode M-H loop at 1.8 K (red curve) without the virgin

curve and we inserted the same M-H loop multiplied with negative one (-1) which is pictured

as a green color M-H loop. Interestingly, the M-H curves are perfectly joined in the shift

points and act as two separate hysteresis loops in the positive and negative field sides. It is a
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Figure 4.5: (a) shows the outer curves i and iv as orange color M-H loop and the inner
curves ii and iii as blue color M-H loop. The sweep field mode M-H loop is also shown as
a Black color M-H loop. (b) shows the log-log plots of the positive field side Jc which is
obtained by considering the curves ii, iii (blue color curve) and i, iv (orange color curve).

clear indication that the plots are related and establishes the notion of two Jc’s in the sample.

To distinguish easily, we renamed the positive side curves as i, ii, iii and iv as shown in

the Fig. 4.4. Now we plot the outermost curves as an orange color loop and the innermost

curves as a blue color loop (Fig. 4.5(a)) from both the positive and negative field regions
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and find that the system is totally symmetric. It gives an indication that two Jc states do exist

independently. We inserted the sweep field mode M-H loop (black color loop) in Fig. 4.5(a)

and it depicts that the sweep field mode data exactly overlaps with the outermost orange

color loop. For focusing on the different Jc states of the material we contemplate the curves

i and iv as one M-H loop, for the high Jc state, and the curves ii and iii as another M-H loop,

for the low Jc state.

So this way of construction gives us two different loop widths of M-H at 1.8 K and the

loops belong to two different Jc states. Fig. 4.5(b) contains the two Jc plots of M-H at 1.8 K

where the orange color curve is calculated from the M-H loop of curves i and iv and the blue

curve is calculated from the M-H loop of curves ii and iii. In Fig. 4.5(b) the modulations

in the Jc are due to the SMP and PE anomalies. The onset and the maximum (marked by

arrows in the figure) of these anomalies occur at the same applied field for both the Jc states.

It is worth to mention here that the curve for the high Jc coincides with that of the Jc curve

of the sweep field mode data.

The field ramping by the stable field method may provide sufficient time to relax and

reorganize the vortices. Recent SANS experiments in MgB2 by Rastovski et al. [34, 113],

have shown that the metastable vortex lattice domains persist in the presence of substantial

vortex motion and demonstrated that the observed metastability is not due to vortex pinning.

Instead, they proposed that it is due to the jamming of counterrotated vortex lattice domains

which prevents a rotation to the ground state orientation. So, in our case the high Jc state is

probably due to the high metastability of the underlined VL structure configurations. Hence,

it is clear that the sweep field mode measurements in Ca3Rh4Sn13 probe only one metastable

VL configurations and on the other hand, in stable field mode measurements, the longevity

is such that one can probe a metastable high Jc state and a low Jc state, simultaneously.

However these are only speculations.
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Now the question to be addressed here is to explore the metastability effects of these

two Jc states, or in other words whether it is possible to access the Jc states by creating the

vortex lattice in a different way than the conventional way of the M-H loop. For this purpose

we employ two different standard magnetization measurement techniques such as (a) field

cooled (FC) minor curves and (b) time relaxed magnetization curves.

4.3 Different ways of obtaining the two Jc states

4.3.1 (a) Field cooled (FC) minor curves

The field cooled (FC) minor curves usually corroborate the history dependance in Jc. Such

a procedure was used to trap various metastable states of the vortex lattice which was other-

wise impossible to explore in a normal magnetization hysteresis loop. Using this procedure

it was shown that a vortex lattices (or Jc) have histories of thermodynamic paths that they

have traversed. Here we present results of the thermomagnetic path dependence of Jc by

studying the features of the minor hysteresis curves with respect to the envelope hysteresis

loop. Fig.4.6(a) shows the forward FC minor (blue) curves plotted in the positive quadrant

of the 1.8 K hysteresis loops. The first (i) and forth (iv) quadrant of the M-H loop corre-

spond to the high Jc state. The second (ii) and third (iii) curves of the M-H loop for the low

Jc state. We field cooled the sample at 1.8 K at a field (< HS) and then ramp the field in the

forward direction. The forward FC curves first shoot down and afterwards merges with the

third (iii) curve of the M-H loop. The overshooting of the FC minor curves are well studied

in literature [11]. However the FC minor curves saturated for the curve number iii, which

corresponds to the low Jc state. Such an event can be explained with the choice of ther-

modynamic path dependence while creating the vortex lattice. The path was chosen such

that the features of the low Jc state have been trapped in the vortex lattice, which resulted

in the M-H loop taking such a path. Similar procedure of FC minor loops were followed
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Figure 4.6: (a) positive field side and (b) negative field side M-H loop at 1.8 K (cf. Fig. 4.4)
with field cooled (FC) minor hysteresis curves (blue dotted curves) starting from different
field points at 1.8 K.

in the negative field region. The sample was field cooled at 1.8 K with a negative applied

field whose magnitude was less than that of HS. Then the field was ramped towards -Hc2.

It was found that this state stabilizes to the high Jc state. Hence this procedure traps the

high Jc state compared to the normal M-H loops which settles down to low Jc state in the

negative field region. Hence this entire exercise of thermodynamic path dependence allows
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us to choose whether the vortex lattice will stabilize to low Jc state or high Jc state. Hence,

the existence of the new Jc states in both the positive and negative fields is justified in this

Ca3Rh4Sn13 single crystal.

4.3.2 (b) Time relaxed magnetization curve
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Figure 4.7: Partial portion of the M-H loop at 1.8 K (cf. Fig. 4.4) with end data points of
the time relaxed magnetization (denoted with the blue circles).

Once again the positive field side of Fig. 4.4 is shown in Fig. 4.7 as red and green curves.

We have measured the magnetization relaxation data at particular field points at 1.8 K. The

end points of the magnetization relaxation data are plotted inside the M-H curve as blue
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circles in Fig. 4.7. Interestingly, we note that the magnetization relaxation data coincide

with the third (iii) curve which corresponds to the low Jc state. Hence, the time relaxed M-H

curves successfully achieved the low Jc state in the Ca3Rh4Sn13 single crystal.

4.4 Discussion of two Jc states using Bean’s critical state

model

Figure 4.8: Beans profile (B-x) of the stable field mode M-H at 1.8 K (cf. Fig. 4.2). (a)
Beans profile corresponds to the first (I) quadrant. (b) Beans profile corresponding to sec-
ond (II) and third (III) quadrants. (c) Beans profile corresponding to forth (IV) and fifth (V)
quadrants. The blue and red color B-x profiles correspond to the low and high Jc states, re-
spectively. The dotted lines represent the B-x profile (value of Jc) that would have happened
if there was no shift at ∓HS. Pictures are not drawn to scale.
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82 Two Jc states of Ca3Rh4Sn13 single crystal

Now we attempt to relate the hysteresis behavior of the type – II superconductors to the

critical current density, Jc with the help of Bean’s critical state model [20]. To understand

the changes in magnetization, field profiles of the M-H at 1.8 K data are explained below

with the help of Bean’s critical state model (Fig. 4.8).

The Bean’s profiles, B-x, are plots of the local macroscopic field, B, versus distance, x,

from the center of the sample. Fig. 4.8 shows five quadrant Bean’s profile representation

for an infinite slab of thickness 2d with surface at x=±d and the applied magnetic field,

H being parallel to the surface. According to this model, at any point in the sample, the

current flowing can have value Jc or zero. When a magnetic field, H (H > Hc1) is applied to

a type – II superconductor, it penetrates the sample with a slope of ±µ0Jc (dB/dx =±µ0Jc for

slab). Fig. 4.8(a) is the Bean’s profile equivalent to the first (I) quadrant of Fig. 4.2. While

increasing the external field, the flux enters the sample from the edges and then moves

deeper inside. With a further increase in magnetic field, more and more parts of the sample

experience the field. At H∗, the entire sample experiences the field and hence the field, H∗ is

known as the full penetration field. The slope (dB/dx) becomes zero when the macroscopic

field occupies fully inside the sample at upper critical field, Hc2.

We have observed from Fig. 4.3(c) that it does not have the shift in magnetization at HS,

the positive field range has larger magnetization hysteresis width than that of the negative

field region. This provides us a clue that the entire negative field region (below -H∗) has a

lower value of Jc than that of the positive field region (above H∗). We speculate that such a

choice of Jc in the different directions of the magnetic field may be related with the intrinsic

arrangements of the pinning sites of the crystal rather than being a spontaneously broken

one.

In the second (II) quadrant (Fig. 4.8(b)), as the external field start to reduce from Hc2, the

vortices starts to exit through the edges of the sample. As the choice of the Jc in the positive

field region is the higher Jc, so the slope B-x profiles in Fig. 4.8(b) is drawn accordingly
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(red color slopes). As the field crosses zero towards the negative field region (third (III)

quadrant) antivortices starts appearing. But the choice of the Jc in the negative field region

is lower compared to that of the positive field region and hence the slopes (blue color B-x

slopes) have been changed accordingly. What happens at -HS is not easily comprehensible.

But the internal perturbations cause the state to go to higher Jc beyond this applied magnetic

field, -HS. Hence, the slopes of the Bean’s profile, B-x (red color) are changed accordingly.

But one thing that may happen at ∓HS is that a shift has occurred among the energy scales

(pining energy with intervortex elastic energy) which have resulted the change of Jc.

In the fourth (IV) quadrant, (Fig. 4.8(c)) where the field is reversed from -Hc2 to zero,

the vortices start to exit the sample. As the choice of the Jc in the negative field region is the

lower Jc, hence the slope in B-x profile (blue color) is drawn accordingly in Fig. 4.8(c). In

the fifth (V) quadrant, where the field crosses zero from the negative side to the positive side

we observe a situation similar to the third (III) quadrant. Here also we observe an increase

in the values of Jc (red color B-x slopes), as the choice in the positive field region is the

higher value of Jc. Once the field reaches HS the internal rearrangement of the energy scales

forces the system to go to the low Jc state (blue color slopes). Hence the B-x profiles are

changed accordingly.

In case of the virgin (I) M-H curve, the applied field starts form zero. So, there is

no possibility of a vortex antivortex configuration to be generated. Hence the situation is

completely different from that of the fifth (V) quadrant. So it goes to the low Jc state and

the profiles of B-x (blue color slopes) is drawn as shown in Fig. 4.8(a).

For quenched random disorder, the effective pinning at any point of the flux line lattice

would be proportional to the fluctuation in the density of pins at that point. In an isothermal

magnetization measurement, there is no chance of change in the pinning conditions. As we

know, changes in correlation volume, Vc make changes in Jc [18, 19, 69]. So, the possibility
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Figure 4.9: The voltage-current (V(I)) characteristics of the vortex system with b=0.6, ∆=
0.005 and a pin density np =1.90. The blue and red curves correspond to the forward and
reverse direction V(I) and the dashed lines separate six different vortex flow regions.

of two Jc states may be due to two different vortex lattice structures because different vortex

lattice structures have different elastic constants which change the value of Jc.

4.5 Zero temperature molecular dynamics simulation

Here similar molecular dynamics simulation procedure is employed from section 3.9. Here

also we choose Nv=1089, η=1, q=0.1, κ=13 (typical value for the present Ca3Rh4Sn13

single crystal) and rp=0.05λ0. The prefactor U0 of the pinning potential is randomized by

∆± 0.01 where ∆ =<U0 >. Also, we select our simulation time step, τ as 0.002.

In our simulation, we observed kinks in the V(I) characteristics in a small field window

from b=0.575 to 0.66 and one such V(I) curve at b=0.60 is shown in Fig. 4.9 . Here,

the simulation initiates with a high current value and ramp down to zero (red curve) and
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Figure 4.10: Real space distribution of vortices in six regions of the V(I) characteristics at
b=0.6.

once the current reached zero, we ramp back the current to a high value (blue curve). One

can see a noticeable hysteresis in the V(I) which initiated from the current value where the

kink appears. In Fig. 4.9, I and III are the linearly progressing regions, II is the region

where the kink appears, IV and VI are the disordered vortex flow regions. Vortices are

almost immobile below the critical current (Ic) and this region is marked as V. It is observed

from the V(I) characteristics that the kink appears only when the current ramped down (red

curve). We also observed that region III has the same current values as region VI but the

corresponding voltages are different.

Snapshots of the vortex positions from the six different regions of the V(I) curve at

b=0.60 is plotted in Fig. 4.10. The six regions have current values 1.48 (I), 1.30 (II), 1.20

(III), 0.90 (IV), 0.24 (V) and 1.20 (VI), respectively. The appearance of the ordered square
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Figure 4.11: The number of nearest neighbors of the vortices in six different regions at
b=0.6.

vortex lattice in I and III (Fig. 4.10(a) and 4.10(c)) confirms the steady state vortex flow

in these regions. The disordered configurations of vortices are observed in the remaining

four regions (II, IV, V and VI). It is interesting to mention here that the current values in the

regions III and VI are same but the vortex configurations are different.

For getting a quantitative idea about the vortex lattice structure, we have calculated the

number of nearest neighbors (NNN) in each region of the V(I) at b=0.6 and plotted it in

Fig. 4.11. In the ordered flow regime, I and III (Fig. 4.11(a) and (c)) maximum number of
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vortices have a NNN value 4 as expected. Majority of the vortices in region II (Fig. 4.11(b))

having NNN values 5,6 and 7 inferred that a section of the square lattice from the region

I is changed to hexagonal like lattice structure in the kink area. The disordered vortices of

region II again transformed into an ordered square lattice as shown in Fig. 4.11(c).

It is obvious here that the same current in region III and VI show different voltages as

a consequence of different vortex lattice structures, i.e., here the ramping directions of the

current affecting the structure of the vortex lattice. The region III is obtained from current

ramp down and have high voltages while the region VI is obtained from current ramp up

with low voltages. This seems to have the same type of phenomenon as compared to the

experimentally observed asymmetric M-H loops in Fig. 4.3, where the positive field side

magnetization curve has a high Jc while the negative field side M-H has a low Jc.

4.6 Summary

We have performed the isothermal dc magnetization measurements in an isotropic cubic

single crystal of Ca3Rh4Sn13 in two different methods; i.e., sweep field mode and stable

field mode. During the measurements we have observed that the sweep field mode M-H

data show high critical current densities due to the underlying metastable vortex lattice

configurations. The stable field mode magnetization data revealed the existence of a new

low critical current density state along with the high critical current density state. Further

we probed the two critical current densities via two different measurement methods such as

field cooled minor curves and time relaxed magnetization curves.
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Chapter 5

Positive magnetization in Ca3Rh4Sn13

single crystal

5.1 Introduction

The diamagnetic Meissner effect (DME) is the phenomenon of the expulsion of magnetic

flux from a superconductor during its transition to the superconducting state, is one of the

crucial property of a superconductor. On the contrary to DME, one another phenomenon

known as the paramagnetic meissner effect (PME), or Wohlleben effect, in which the field-

cooled (FC) magnetization of some of the high and low temperature superconducting sam-

ples is paramagnetic below the transition temperature Tc, has been reported several times in

the literature [3, 37–41]. This anomalous paramagnetic effect has been interpreted in the

framework of various models such as Josephson junctions, spontaneous supercurrents due

to vortex fluctuations and d-wave superconductivity etc [80, 116–118]. However, the discov-

ery of such effects in conventional superconductors like Nb and Al indicated that the origin

of PME might be less exotic [3, 119]. Recent studies pointed out that this phenomenon may

arise due to flux trapping on field cooling and its subsequent compression [40, 83]. How-

ever, Zharkov [42] revealed that if supercurrents flow in different directions in a material
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then according to Ginzburg–Landau (GL) theory the material can show positive or nega-

tive magnetization. The investigations further revealed that various metastable states having

positive and negative magnetization do exist in such a model. Under certain conditions the

energy difference between the ground state and these metastable states is minimal. Hence,

it may be convenient to access these states experimentally.

Recent studies in a weakly pinned Ca3Rh4Sn13 single crystal have shown the appearance

of positive magnetization on field cooling (PMFC) the sample at low applied magnetic fields

[40]. In this chapter, we mainly focussed on the isofield dc magnetization measurements

in Ca3Rh4Sn13 single crystal. After that we investigated the metastable vortex states at

the onset of the surface superconductivity and the possible ways of transitions across these

metastable states. We have also studied the surface superconductivity effects in Ca3Rh4Sn13

single crystal.

5.2 Positive magnetization on field cooling in Ca3Rh4Sn13

single crystal

Fig. 5.1 shows the temperature dependence of the field-cooled cool-down magnetization

(MFCC(T )) curves normalized with the value of magnetization at 1.7 K (MFCC(1.7 K)) un-

der different applied magnetic fields. Precautions have been taken so that the remanent

field in superconducting magnet does not affect the results. In the SQUID–VSM, we set

the amplitude of vibration of the sample – the vibration amplitude, (av) as 1 mm. Inset

of Fig. 5.1 shows the enlarged view of the rectangular portion where one can notice the

PMFC modulations of the MFCC(T ). After the PMFC modulation once again the sign of

the magnetization changes and the sample becomes diamagnetic and this is due to the sur-

face superconductivity effects. The end point of surface superconductivity region is marked

by Tc3 by a procedure prescribed elsewhere [3]. This is the first observation of surface su-
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Figure 5.1: Normalized field-cooled cool-down magnetization curves (normalized with the
value of magnetization at 1.7 K) at various low magnetic fields, H = 58 Oe, 108 Oe, 158 Oe,
358 Oe and 558 Oe. The inset shows the expanded portion of the rectangular region which
highlights the PMFC region.

perconductivity in Ca3Rh4Sn13 single crystals. The arrow in the inset shows the Tc3 point

of the MFCC(T ) curve of an applied field, H = 58 Oe. As the applied magnetic field in-

creases, in small steps, the magnitude of peak of PMFC decreases in the MFCC(T ) curves

and almost vanishes around 358 Oe. Above this applied magnetic field the sample is always

diamagnetic below Tc3 as should be the behavior of a conventional superconductor.

5.2.1 Vibration amplitude (av) dependence of PMFC

Now it will be worthwhile to investigate this anomalous paramagnetic feature in the MFCC(T )

curve under different sets of experimental conditions. The field inhomogeneity experienced
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by the sample over a scan length of 2.8 mm is found to be negligibly small. Hence, it would

be interesting to record the MFCC(T ) by varying vibrational amplitude (av) for fixed mag-

netic field, H. Fig. 5.2 demonstrates the plot of MFCC(T ) curves at 80 Oe with av values

0.5 mm, 1 mm, 2 mm and 5 mm. For the smallest amplitude of vibration, 0.5 mm MFCC(T )

curve shows paramagnetic peak as is displayed in the inset of Fig. 5.2. While for an av

of 2 mm MFCC(T ) curve remained always diamagnetic through out the entire temperature

range as is shown clearly in inset of Fig. 5.2. It is worth mentioning that all the MFCC(T )

curves recorded under different amplitudes of vibration merges around 7.9 K denoted as T ∗

in Fig. 5.2. Below this temperature, T ∗, all the MFCC(T ) curves merge together and become

a single curve. Even below Tc3 and the onset of the PMFC region (marked by Tpon in the

inset of Fig. 5.2) the curves do not split considerably. Hence the metastability features in

the PMFC region is accessible with the changes in the amplitude of vibration.

5.2.2 Switching of magnetization in the PMFC region

We have explored the extent to which these metastable states are stable by performing mag-

netization vs. time measurements. We also have demonstrated the effect of switching from

one av to another and its memory effects during switching. All the panels of Fig. 5.3 depict

the robustness of changes in magnetization with that of time due to the changes in the value

of av at fixed values of applied field and temperature in the PMFC region. The change in

the value of magnetization is instantaneous and the magnitude of the magnetization does

not changes even after 1800 sec. The panel (a) shows a single step when the value of av

is changed from 0.5 mm to 1 mm. The panel (b) shows two steps when the value of av

changes from 0.5 mm to 2 mm with an intermediate step of 1 mm. The panel (c) displays

not only the switching but also displays when the value of av is reverted to 0.5 mm from

2 mm via 1 mm. It is worth to mention that in this constant field and temperature the sign

of magnetization changes from positive to negative when the value of av changes from 0.5
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Figure 5.2: MFCC(T) curves of H = 80 Oe with various vibration amplitudes (av). Magne-
tization values are different in between T∗ and Tc3. The inset shows the expanded portion of
the rectangular region of the main panel.

mm to 2 mm. So the sample can switched from the paramagnetic state to the diamagnetic

state and reverted back. So the bistability of memory device with respect to the sign of

the magnetization in addition to the multistability of the memory device with respect to the

magnitude of the magnetization is well accounted in this figure. Further it is important to

note that there is no relaxation of the magnitude of magnetization which remains constant

in time. The noise level was observed to increase with the decrease in the value of av.

Further we report here the thermal stability of this device, which is shown in the two

panels of Fig. 5.4. The panel (a) shows the MFCC(T ) curves at a constant applied field of 55
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Figure 5.3: Magnetization vs. time plots with different av selected from the PMFC region of
constant H and T. (a) H = 70 Oe and T = 8.17 K (b) H = 23 Oe and T = 8.21 K (c) H =
48 Oe and T = 8.21 K. We have changed av in a time interval of 1800 seconds (30 minutes)
everywhere.

Oe for two values of av, 0.5 mm (red curve) and 1 mm (black curve). To check the thermal

stability of the device we changed the values of av while recording the MFCC(T ) data. So

the blue MFCC(T ) curve is a result depicted from this experiment. The data for the blue

MFCC(T ) curve was recorded with a value of av = 0.5 mm till 8.25 K where it is observed
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to follow the usual path of the red curve. Then suddenly the value of av was changed to 1

mm and then MFCC(T ) data was recorded. It was found that the MFCC(T ) follows the black

curve as expected. At 8.20 K the value of av was reverted to 0.5 mm. Then the MFCC(T )

was recorded both with increasing the temperature as well as decreasing the temperature.

But in both these conditions it trace back the red curve. So the paths of the MFCC(T ) for

various values of av is very robust and distinct in the PMFC region.

Fig. 5.4(b) elucidates the switching behavior of the PMFC region of MFCC(T ) at 80 Oe

where the black and red curves correspond to av of 2 mm and 1 mm, respectively. The blue

MFCC(T ) curve is initiated above Tc3, and cooled down under an applied field of 80 Oe, with

an av of 1 mm. As the temperature reached 8.29 K, the av was changed back and forth from

1 mm to 2 mm, a couple of times. We find that the value of the magnetization coincides

with that of the black to red curves. Even when we increase or decrease the temperature of

av = 2 mm the blue curve traces the black curve. Hence, Fig. 5.4 indicates the stability of

the magnetization curves at different av even with a small variation of temperature.

Normally, a superconductor placed in an external magnetic field generates the diamag-

netic shielding current to screen out the external magnetic field from entering the sample

interior. However, the surface layers of the sample has lots of defects which make its Tc to

be slightly lower than the bulk of the material [39]. Hence for small applied magnetic fields

at a temperature region just below the Tc (of the bulk), it is possible to generate currents in

the surface which are in opposite direction to the shielding currents in the bulk. These type

of surface currents are generally attributed as paramagnetic currents. The competition be-

tween the diamagnetic shielding current and paramagnetic current determines whether the

net magnetization will be negative or positive [42].

Generally, to explore the net magnetization, we place the sample inside the detection

coils of the S–VSM and vibrate it with an amplitude av. If av = 0 then the net magnetization

is zero because the current loops are not affected. Such a situation is depicted in Fig. 5.5(i).
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Figure 5.4: (a) The black and red curves correspond to MFCC(T) curves of av values 1 mm
and 0.5 mm, respectively, at H = 55 Oe. (b) The black and red MFCC(T) curves correspond
to av values of 2 mm and 1 mm, respectively at H = 80 Oe. The blue curve in panel (a) and
(b) is recorded for observing the thermal stability.
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Figure 5.5: Schematic representation of circulating currents in the superconducting speci-
men when the net magnetization is (i) zero (ii) paramagnetic (iii) diamagnetic. The red and
blue current loops represent the paramagnetic and the diamagnetic currents, respectively.

TH-1418_09612132



98 Positive magnetization in Ca3Rh4Sn13 single crystal

Here, the red circles (dotted) represent the paramagnetic current loops and the blue circles

(solid) represent the diamagnetic current loops. If we put a small av then the paramagnetic

current loops representing the surface of the sample are only perturbed as shown in Fig.

5.5(ii) (cf. The inter-distance spacing between the red circles are decreased as compared to

Fig. 5.5(i)). Hence, the detection coils of the S–VSM receive the signal of a positive mag-

netization. Now as the value of av is increased, it start affecting the currents much deeper

inside the sample. This is seen in Fig. 5.5(iii) where both the paramagnetic (red circles)

and the diamagnetic shielding currents (blue circles) are affected. If the situation is such

that the contribution from the diamagnetic shielding currents (i.e., blue circles) outweighs

the contribution of the paramagnetic currents (i.e., red circles) then the net magnetization

can be negative as depicted in Fig. 5.5(iii). Hence, this simple model provides a reasonable

explanation of the experimental data reported here.

From Fig.s 5.2, 5.3(c) and 5.4(b), it is evident that the present Ca3Rh4Sn13 single crystal

can be used as a magnetic switch. i.e., one can switch the magnetization from paramagnetic

to diamagnetic and vice versa by simply changing the av of the sample back and forth under

a constant H and T in the PMFC region. Also, one can think of designing a binary memory

device with the help of Ca3Rh4Sn13 samples by utilizing the PMFC region by detecting the

phase of the magnetization in the PMFC region. For this purpose consider the paramagnetic

magnetization as 1 and the diamagnetic magnetization as 0. Mount the sample in a holder

and attach it with a vibrating motor. A solenoid can supply a uniform dc magnetic field. By

selecting a suitable temperature from the PMFC region, one can detect the flux excluded

by the sample with the help of detection coils. By changing the av of the motor, one can

make 1 or 0 (paramagnetic or diamagnetic magnetization). Therefore, one such crystal of

Ca3Rh4Sn13 in a PMFC state can act as one data bit. By combining eight such crystals

(along with vibrating motors and detection coils), one can make a memory of one byte.

Therefore, such an array of crystals offers a binary memory device.
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Figure 5.6: Inset shows the M-T curves at H=100 Oe measured in two different mechanisms -
field cooled cool-down (FCC) and field cooled warm-up (FCW). Main panel shows a portion
of the high temperature side M-T at 100 Oe, where one can clearly notice the data points
Tirr, Tc2 and Tc3. The solid lines just indicate the slope change in magnetization data. The
gray color solid line helps to predict the position of Tc2 and the green line helps to predict
the position of Tc3.

Inset of Fig. 5.6 shows the magnetization vs. temperature (M-T) curves at 100 Oe which

are obtained via the field cooled cool-down (FCC) and the field cooled warm-up (FCW)

methods. We have marked all important data points by a procedure prescribed elsewhere

[120]. The main panel of Fig. 5.6 shows a portion after the PMFC region where one can
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notice the irreversibility point, Tirr, upper critical temperature point (or superconducting

transition temperature), Tc2 and third critical point, Tc3. The irreversibility of the MFCC(T )

and MFCW (T ) curves ends at the point, Tirr. After Tirr, we noticed a slope change in M-

T which we denoted as the upper critical point, Tc2. After Tc2, the slope changes again

indicating the onset of the surface superconductivity, Tc3. The diamagnetic region between

Tc2 and Tc3 is evolved due to the surface superconductivity effects of the Ca3Rh4Sn13 single

crystal.
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Figure 5.7: (a) A portion of the isothermal M-H loop at 5 K measured by the stable field
mode technique. The forward and reverse magnetization curves are denoted as M f or and
Mrev, respectively. Panel (b) shows the high field side region of the M–H at 5 K. The red line
shows the extrapolation of magnetization from Hirr, which predicts the position of Hc2.

We have also observed the surface superconductivity effects while performing the isother-

mal magnetization measurements by the stable field mode technique. Fig. 5.7(a) shows a

portion of the M-H loop at 5 K (measured by the stable field mode technique) where the

anomalous modulations in the forward and reverse magnetization curves represent the PE
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phenomenon. The onset and peak fields of the PE anomaly are noted in figure. Fig. 5.7(b)

shows the expanded portion of the M–H at 5 K where one can see the irreversibility field

point (Hirr), upper critical field point, Hc2 and third critical field point, Hc3. As expected, the

forward and reverse magnetization curves show irreversible nature in the mixed state. The

peak effect disappeared at the irreversibility point Hirr. In between Hirr and Hc3 there exist

a long reversible region. The linear extrapolation of the magnetization line from the Hirr

determines the Hc2 (see the red line). The magnetization becomes zero at the Hc3 field point.

The diamagnetic region between Hc2 and Hc3 occurs due to the surface superconductivity

effect of the superconducting specimen.
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Figure 5.8: Partial (H-T) phase diagram of the cubic single crystal, Ca3Rh4Sn13.

For getting a clear picture of the extent of surface superconductivity effects, we plot

the partial (H, T) phase diagram (Fig. 5.8) of Ca3Rh4Sn13 single crystal. The observed

PE line is as same as the line obtained from the sweep field mode data (cf. Fig. 3.13).

All the three curves show monotonic variation of field with increasing temperature. We
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observe that the Hc2 and Hc3 lines almost merge in the low field, high temperature side.

Similar merging behavior of Hc2 and Hc3 is observed in a single crystal of Niobium [3]. The

field point Hc3 is a surface enhanced crossover line where one observes the first nucleation

of the superconducting islands in the system. Therefore, when superconductivity occurs

in Ca3Rh4Sn13, it tends to nucleate at the surface of the sample, not in the interior. As

mentioned in section 1.9, it was predicted that the superconductivity within a surface layer

of thickness about the coherence length can exist up to 1.7 Hc2, when magnetic field is

applied to a superconducting interface of radius of curvature greater than the coherence

length [78]. The present Ca3Rh4Sn13 single crystal shows a value of Hc3/Hc2 as 1.1.

5.4 Summary

In conclusion, we have performed the isofield magnetization measurements in a weakly

pinned low Tc superconductor, Ca3Rh4Sn13 and observed the positive magnetization on

field cooling in low applied magnetic fields. We have observed various metastable states

in the positive magnetization region of this superconductor. Also, we have provided the

experimental evidences for the switching of paramagnetic state to diamagnetic state and vice

versa in the positive magnetization region by changing the vibration amplitude of the sample.

These crystals can be used in magnetic switching and binary memory device applications.

We also observed the signature of surface superconductivity effects in this single crystal.
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Chapter 6

Conclusions

After the discovery of high Tc superconductors, vortex phase diagram of low Tc type – II

superconductors have been revisited several times to search for similarities/differences with

that of the high Tc superconductors. This thesis mainly focused on the results of dc as well as

ac magnetization measurements performed in a conventional cubic low Tc superconductor,

Ca3Rh4Sn13. Magnetic measurements in single crystals of Ca3Rh4Sn13 have shown several

interesting features of the vortex matter like second magnetization peak (SMP), peak effect

(PE), positive magnetization on field cooling (PMFC) etc.

To emphasize the similarity in the notion of inverse melting in YBa2Cu3O7−δ and

Bi2Sr2CaCu2O8 [30, 74] we observe that Bragg glass phase is sandwiched between the

vortex glass phase on the low temperature side and an amorphous phase on the high tem-

perature side in the phase diagram. We have shown that an ordered vortex state can be

disordered both by enhancement and lowering of temperature. With a small increment of

the pinning strength in Ca3Rh4Sn13 single crystals, the temperature independent nature of

the SMP line can be changed to one with a positive slope, resulting in the appearance of an

inverse melting region in a portion of the phase diagram. We also observed step changes in

equilibrium magnetization across SMP and PE regions which confirms the first order nature

of these anomalies. Another noteworthy result which has been revealed is the appearance
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of the spinodal line for the Bragg glass/vortex glass transition, which affirms its first order

nature.

We have studied the spectral fluctuations in the magnetization data of this single crys-

tal at various regions of the phase space with the help of isothermal magnetization mea-

surements. Two different kinds of resonance frequencies in the power spectra of magnetic

fluctuations were observed across the SMP and PE region. It was proved that distinct res-

onant frequencies are associated with the SMP and PE phenomena. Such low frequency

resonances are quite unusual in the vortex lattice. Deep inside the mixed phase 1/f 1.8 nature

of the spectral fluctuations were observed. This power law behavior in the noise spectra

possibly indicates the self-organized critical nature of the ordered state of the vortex lattice.

We have also studied the zero temperature transport analysis of low Tc type – II supercon-

ductors with the help of molecular dynamic simulation. Here also we observed a power law

nature of the noise in the dynamic phase of the vortices.

We have also studied the metastable effects of the Ca3Rh4Sn13 single crystals at various

regions of the phase space. The difference in the sweep field mode and stable field mode

magnetization data of Ca3Rh4Sn13 is studied. The observed asymmetry in the stable field

mode magnetization data directly reveal the existence of two critical current densities in this

particular single crystal. The sweep field mode M–H data show high critical current den-

sities due to the underlying metastable vortex lattice configurations. The methods, such as

field cooled (FC) minor curves and time relaxed magnetization curves confirm the existence

of the two critical current density.

Upon field cooling below Tc under low applied magnetic fields, the Ca3Rh4Sn13 crystal

shows an unusual phenomenon of positive magnetization. We were able to show such phe-

nomena are metastable and the diamagnetism can be reverted by changing the experimental

conditions. Further, it is also observed that such metastable states do exist in this field tem-

perature region. In chapter 5, we were able to demonstrate that the switching between these
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metastable states or in other words from the positive magnetization state to the negative

magnetization state, which can be used in switching devices and binary memory devices.

6.1 Future directions

The present Ca3Rh4Sn13 single crystals show different vortex phases in its phase diagram.

Detailed ac susceptibility measurements may result more information about these vortex

phases and this can be done by varying the amplitude and frequency of the ac magnetic field.

Transport measurements across different vortex phases also help to probe the characteristics

of the vortex matter in its dynamical phase. One can study the characteristics of order-

disorder transitions by varying the pins inside the sample. For this purpose one can employ

ion-irradiation technique and notice the changes in SMP, PE and PMFC with variation of

pins. Small angle neutron scattering (SANS) technique is one of the method to directly

visualize the vortices of a superconductor. So employing the SANS experiment helps to

gather information about different vortex phases in different experimental conditions.
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Appendix A

Crystal structure of Ca3Rh4Sn13

Figure A.1: Unit cell of Ca3Rh4Sn13 crystal.

The crystal structure of Ca3Rh4Sn13 is isostructural with Yb3Rh4Sn13 [44, 121, 122].
These are cubic crystals with the space group Pm3n and a lattice parameter of about 9.7
Å. Hodea et al. [121] explained the crystal structure with the help of three dimensional
Patterson series. They explained all major peaks in the Patterson series by placing 24 Sn
atoms in the 24 fold (0yz) position with y ≈ 2z-0.30, the Rh atoms in the 8-fold {1/4,1/4,1/4}
position, the 6 Ca atom in the {1/4,1/2,0} position and 2 Sn atoms in the 2 fold {0,0,0}
position of the Pm3n space group.

X-Ray powder diffraction

The crystalline phase identification was done by comparing the experimental XRD patterns
to the standards compiled by NIMS data base [123]. Fig. A.2 shows the structurally refined
XRD pattern of crystal Y using the standard Rietveld refinement program with the help of
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Figure A.2: Observed and fitted X-ray diffraction pattern of Ca3Rh4Sn13 crystal (crystal Y).

Fullprof software. Crystal X shows almost 100% cite occupancy factor for all ions, however,
crystal Y shows a 99.82% cite occupancy for Ca ion and 99.78% for Sn(1) ion. Other
structural parameters like lattice constant, Sn(2) atom coordinates (other atom coordinates
are unaffected) and bond angles which are different in X and Y crystals are shown in the
table 1.

From the X-RD refinement data, we observed that the structural parameters of crystal X
almost match with the standard Ca3Rh4Sn13 crystal parameters of NIMS data [123] where
as the crystal Y shows a small deviation from it.
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Figure A.3: Surface image of Ca3Rh4Sn13 single crystal (crystal Y) obtained from electron
probe micro-analyzer

Analysis of Ca3Rh4Sn13 single crystal using electron probe micro-analyzer (EPMA)

Further we performed electron probe micro-analyzer (EPMA) measurement in crystal Y for
getting the quantitative elemental analysis very precisely. Table 2 shows the results obtained
from the EPMA analysis. From table 2, one can see that the atomic percentage of Ca is only
11.45 where the ideal atomic percentage is 15. The atomic percentage of Sn is 68.42 where
the ideal atomic percentage is 65.

The properties of the vortex state highly depends on the crystal structure and presence
of impurities. From X-RD and EPMA, it is evident that the crystal Y have slightly higher
concentration of point disorders. Apart from point disorders other types of disorder like
faults, dislocations, etc cannot be ruled out in theses crystals [45].
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