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Abstract

We have developed a probe to measure specific heat of Gd-doped PbMo,S,,
at low temperatures in high magnetic fields up to 12.5 T using a heat pulse method
and an a.c. technique. Comparison between these heat capacity measurements and
transport measurements provides critical complimentary information about
fundamental thermodynamic properties and granularity in superconductors.

We have used a tiny, robust, highly sensitive and broadly field independent
Cernox thermometer (CX-1030), eliminating the use of bulky gas thermometry or
capacitance thermometry. The diameter of the probe is 20 mm which facilitates use
in our 17 T high field magnet and in free-standing cryostats.

Experiments include accurate measurement of temperature oscillations of 10
K. The measurements and analysis of the data were made fully computer controlled.
Measurements on Cu and NbTi demonstrate we achieved an accuracy of +0.2 K in
temperature and a typical accuracy of ~10% in the specific heat values quoted.

Gd-doped Lead Chevrel phase material Pb, ,Gd, Mo.S; has been fabricated
in a controlled environment using simple sintering methods and a Hot Isostatic Press
(HIP) operating at pressures up to 2000 atmospheres. Cp has been measured and the
properties of the materials including B,(T) have been determined. HIP processing
improves the materials, increasing Tc ~ 15 K and B.,(0) ~ 60 T. These values are

amongst the best reported values for the Chevrel phase materials to date.

I am personally responsible for taking all the data and its analysis. The
modification of the probe were also undertaken by me. The fabrication of the

samples was not my work
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CHAPTER 1

SUPERCONDUCTIVITY

1.1. General Introduction

Superconductivity is a strange and remarkable phenomena whereby certain
materials when cooled below a certain temperature, called the transition temperature Tc,
show a remarkable combination of electric and magnetic properties. Below this
temperature the material loses its resistance and excludes the magnetic field.. Hg was the
first materials observed by Heike Kammerlingh Onnes, in 1911 at Leiden [1] with zero-

resistivity. After that a series of material were tested. It was found that Nb has the

highest T of 9.25 K of elemental superconductors [2] and the lowest T is reported in"

Rh at 0.325x10? K [2]. Before April. 1986, the higﬁest Tc reported was in Nb,Ge of - -
23.2 K [2].

In'April 1986, J. Bednorz and K. A. Muller [3] reported a possible Tc of = 30. . -

K in the ceramic Lanthanum-Barium Copper Oxide. In Jan. 1987, Wu et al [4] reported -
a Tc.of 92 K in' Yttrium-Barium Copper Oxide. The report of Tc above 90 K initiated-
a world wide revolution among the technological community since the material can be
- made superconducting without expensive liquid Helium. During early 1988, Maeda et

al.[5] reported a Tc of = 110 K in BiSCCO series. A Tc of 125 K was reported [6] in

- .Tl- series and 133 K in Hg-series [7] at normal pressure and above 150 K [8] with a

150 kbar pressure. There are isolated reports of T, close to 250 K [9-11] but no general
confirmation from other laboratories. The evolution of Tc- is shown in the Fig. 1.1. Still
the community is waiting for the good news of room temperature superconductivity
which may be just around the corner waiting to be discovered.

The chapter consists of ten sections. Section 1.2 gives the basic definition of a
superconductor describing the zero resistance and the Meissner effect. Two kind of
superconductors type-I and type-11, based upon their behaviour in the magnetic field are

described in section 1.3. Some thermal properties are explained in section 1.4. Section
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Fig.1.1: The Evolution of the Transition Temperature (1911-93)

1.5 describes the theories of superconductivity including the two fluid model, the
London’s model, microscopic BCS theory and its main predictions, and the macroscopic
GL theory. Section 1.6 explains the different kinds of magnetic materials. In section 1.7
superconducting materials are described. Some small scale and large scale applications
of superconductors are described in section 1.8.-Since the whole thesis is primarily using
temary superconductors (Chevrel Phases), their preliminary introduction is given in

section 1.9. and section 1.10 concludes this chapter.

1.2: Zero-Resistivity and Meissner-Ochsenfeld Effect

All superconductors exhibit zero (d.c) electrical resistivity and pronounced
diamagnetic properties below a critical transition temperature T.. Indeed, persistent or
_ supercurrents in a superconductor have a lower limit of decay time 10° years

experimentally and beyond 10'° years theoretically {2]. This corresponds to a resistivity

2




which is 20 order of magnitude smaller than that of copper at room temperature.

The abrupt change from normal conductivity to superconductivity occurs at a
thermodynamic phase transition. This is determined not only by the temperature, but also
by the magnetic field strength H. applied to the specimen. This was first discovered by
Meissner et. al. [13] in 1933 and called Meissner-Ochsenfeld effect or simply the
Meissner effect. Alternatively, the superconducting sample will return to its normal state
if a magnetic field of greater than that of a critical field H. is applied. This is contrary
to the perfect conductor, where the magnetic.flux.is irapped in the material. Applying
Maxwell’s equation, V x E = V x (pJ) = -dB/dt, zero resistivity would imply that, dB/dt
= (. However, the Meissner effect always occurs whether.the sample is cooled in a
magnetic field or if the field is applied after cooling below T.. Therefore, the exclusion
of the magnetic field from the material is an intrinsic property of a superconductor. Tt
can therefore be said that the superconducting state is a thermodynamic equilibrium state .
- exhibiting perfect diamagnetism. -

The critical current density Jc is defined as the highest amount of electricity that
can flow through a superconductor without destroying its. superconducting properties. -
Any greater current than this value will destroy the superconductivity and the material
returns to its normal state. It. is measured in A.m?, In terms of thermodynamic critical
field He, the J is 2H/a, where a is the radius of the wire carrying current I.. In reality,

the critical current density is usually less than this upper limit.

1.3: Type-1 and Type-II Superconductors

Superconductors can be divided into two classes depending on the way in which
the transition from the superconducting to the normal state proceeds. Consider a
superconductor-cooled in zero applied field. On applying a magnetic field, a type I
superconductor excludes the flux up to the thermodynamic critical field B.. Above B,
the entire sample enters the normal state, the resistance returns and the diamagnetic
moments -becomes zero i.e. the internal field of the sample B, is equal to the applied
field B,,,. All superconducting elements (with few exceptions) are considered to be type
[ superconductors.

For a type-1I supercohductor, the transition to a completely normal specimen is

more' gradual. The flux is completely excluded only up to the lower critical field B,,
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at which point it penetrates in quantised flux lines and the state is called the mixed or .
vortex state. The superconductivity is only destroyed when the applied field is greater
than the upper critical field B,. All compounds and high temperatures superconductors
-are type-II superconductors. The magnetisation curves of Type I and Type I .
superconductors are shown in Fig.1.2. All type-I superconductors have a sharp transition -
at T in specific heat measurements while type-II shows a broad transition. Due to their

higher B, type- II superconductors are used in high field applications.

1.4. Thermal Properties
Gibbs Free Energy

In a fixed magnetic field strength H (A.m™), the thermodynamic potential used
to describe an equilibrium state is the Gibbs function g; g = f - BH (f is the free energy,
B is the magnetic flux density in Tesla). At a fixed temperature the superconducting-

normal transition requires,

g.(T, He) = gs(T, He) (1.1)



8.(T, Ho) = gs(T, He) (1.1)
where subscripts n and s denote normal and superconducting states respectively. Noting
B=pH in the normal state and B = 0 in the superconducting state (i.e. the Meissner
effect), and using dg = -SdT - BdH = -BdH (T=constant), it can be shown that,
2.(T, 0) - g5(T,0) = f(T, 0) - f5(T,0) = pH 2 (1.2)
A system will be most stable if it is in its lowest energy state. As the Gibbs free energy
for the superconducting state is less than that of its normal state [14], the

superconducting state is the stable state.

Entropy
. In all superconductors the entropy decreases markedly on cooling below the Tc.
The decrease in entropy between the normal and the superconducting state implies that
superconducting state is more ordered than the normal state. Combined with the standard
thermodynamic relation, Eq. 1.2 leads to the entropy relation as,
S8 = ‘.LloHchP;g (1.3)
Specific Heat '

From the two kinds of the specific heat (lattice specific heat and the electronic
specific heat), only the electronic specific heat is playing an active role in the
superconducting state as lattice specific heat remains almost constant in normal and
superconducting state even in applied magnetic field. The specific heat has a
discontinuity or jump at Tc. After that specific heat follows the exponential form instead
of the T? behaviour. Fig.1.3. (See chapter 2 for more details). The above Eq. 1.3 can be

written as in terms of specific heat as,

i .2 .
R A=y (1.4
Equations 1.2-1.4 describes a thermodynamic phase transition along with the
superconducting transition. In undergoing this phase transition, normal electrons are
condensed into a new state which has lower free energy.
Energy gap.
The first hint of a “forbidden” energy range or energy gap in the

superconducting state came from measurements of an exponential specific heat [16,
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Corak, 1954]; the presence and magnitude of the gap was confirmed by measurements
of electromagnetic absorption. It has totally different origin than that.of insulators.
The energy spectrum of Cooper-pair electrons has a gap of +A around the Fermi
level E,, that is, a width specified as 2A, typically on the order of 10° eV. The gap
reduces to zero as temperature approaches Tc, but is maximum at 0 K [17, J.D. Doss,

pp.62]. The demonstration of the energy gap has been shown in Fig. 1.4.
1.5: The Theories of Superconductivity

1.5.1: Two fluid model

Gorter and Casimer [18] proposed two-fluid model in which at Tc there are no
superelectrons, all are conduction electrons with a density of n, = N/V, where N is the
number of conduction electrons in the sample with volume V. As the sample is cooled
down the number of superelectrons n, start increasing and the number of conduction
electrons n, start decreasing. It implies that, at non-zero temperature, not all conduction -
- electrons participate in the superconducting behaviour and sample-is considered to be .
two-fluid state. The density of superelectrons ng at any temperature below Tc can be
calculated as,

n, = ny{1 - t*} (1.5)

where n, is density of superelectrons at 0 K, and t is T/T.. If the fraction of
superelectrons is 1-- t*, the fraction of normal electrons is 1- (1- t*) or simply t* for
values of T< T, [17]. Fig.1.5. displays the graphical representation of the two fluid

model.

1.5.2: The London Model

To explain the superconducting state i.e. zero resistivity and the exclusion of the
magnetic field, F. London and H. London in 1935 [19] proposed a theory based on two-
fluid model. According to the two-fluid model, the total current flowing in the
superconductor is simply, the sum of the superconducting current plus the normal
current, J = J¢ + J . The supercurrent is J§ = ngevg and m,(dvg/dt) = eE, which leads to

3/, nsezE (1.6)

ot m,
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Fig.1.5: In the two fluid model, the density of the paired electrons (n,)
increases as temperature drops below T, while the density of the unpaired
electrons (n,) is decrease; the paired electrons provide the supercurrent
flow. '

(here, m, is the mass of the electron, vs is the velocity of the superconducting electrons,
e is the charge of the superconductor electrons and E is the electric field strength).
Combining Eq. 1.6 with the Maxwell equation, V x E = -dB/dt and integrating they
obtained, ‘ )

nse? 5 1.7y -

Vxdg = -

Eq. [.6 and Eq. 1.7 are the two London equations. Eq. 1.6 describes a conductor with
R= 0 and Eq. 1.7 describes the Meissner-Ochsenfeld effect. By applying another
Maxwell's equation, V x B = yJs to Eq. 1.7 and solving for a simple one dimensional
case, it can be shown that the parameter A, called the London Penetration Depth,
describes the range over which the field extends inside the superconductor and is given
by,

(1.8)

rol —

}\.L = (——*‘”L >
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Again applying Maxwell's equation, V x B = ) to Eq. 1.7 gives V B? = B/A, 2. If this
is solved for fields parallel to the surface, then,

Ax) -Re * 4

i. e. the field decays exponentially in the sample within the London penetration depth.

1.5.3: The Microscopic Theory (BCS)

Although the London equations are able to describe the distribution of currents
and fields in superconductors (at low fields), they do not actually explain the Meissner
effect and perfect conductivity. The microscopic theory, that résolves the mystery of
superconductivity, was given by Bardeen, Cooper, and Schrieffer in 1957 [20], and is
referred as BCS theory.

The central point in BCS theory is that the weak attraction between conduction
- electrons leads to-a condensation of electrons into bound pairs. These bound pairs, called
Cooper pairs, have a lowér -energy than the original normal electrons [Cooper, 21].

. The pairing interaction between electrons occurs: because the motion of one
electron modifies the vibration of an ion in the lattice of the superconductor. This in turn
interacts with a second electron. The total effect is a net attractive force between the
electrons. The distance over which the pair is correlated is the BCS coherence length
£, The electrons pairs are considered to be interacting by the exchange of a virtual
phonon. Because the pair has a total momentum of zero it cannot be influenced by, say
an electric field, without being destroyed (broken apart). The Cooper pairs does not
interact with the lattice unless it is subjected to an energy greater than its binding
energy. This leads to zero resistance in the superconducting material.

The next section presents the main predictions of the BCS theory.

1YCooper Pairs:
According to the BCS theory [20], the electrons in a superconductor pair
up with one another with opposite momentum and spin ( or wave vector k1 and -k ).

The coherence length &, of the pairs is given by,

hvp (1.10)

EO = O 18 kBTC




where v is the Fermi velocity. With a net attractive interaction the pairs will condense
into the ground state, expressed in terms of the state ( k1, -k!). In the normal phase all

the states are filled up to the Fermi wave vector k.

2) Critical Temperature
In the absence of magnetic field, superconducting ordering sets in at a critical

temperature given by,

1 ) (1.11)

kBTC = 1 147-1(06" exXp ( "m

where N(E;) is the density of normal-state electrons at the Fermi energy. The cut-off
phonon energy hw, is related to the Debye energy hwy, in which w,=M"?2 where M

is the atomic mass and V, is the coupling parameter.

3) Energy Gap:
The attraction between electron pairs, leads to a temperature-dependent energy
gap 2A(T) in the electron energy spectrum at the Fermi level. The energy gap is a
maximum at absolute zero, and it is related to T, by '
200) =352 kg T, : (1.12)
As temperature is-increased, A(T) remains nearly constant up to about 0.5 Tc and then
it begins to decrease rapidly, becoming zero at T.. At temperatures below about 0.5 T,
the energy required to break up a Cooper pair is approximately 2A(0) and, therefore,
the number of pairs broken up is proportional to exp[ -2A(0) / kzT]. This leads to an
exponential temperature variation for the electronic specific heat, a behaviour which is

observed in‘experiments at sufficiently low temperatures [22]. This is shown in Fig.1.4.

4) Ratio between C, and yTg:

The result for C, (the electronic specific heat in the superconducting state) and
v (the coefficient of electronic specific heat in the normal state, called Sommerfeld
constant = C /T, where C, is the electronic specific heat in the normal state) from BCS
theory [20] may be approximated over a limited temperature range by;

(1.13)

C:,’S ~ _ TC
YT a exp ( b—7—,)
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where a = 8.5,b = 1.44 for 25 < TJT < 6, and a =26,b = 1.62 for 7 < TJT < 12.
[2,16,17, 23].

5) Specific heat Jump:
The BCS result for the jump (discontinuity) at Tc in the electronic specific heat
is given by
Cs(T9 - ¥7T¢ (1.14)

= 1.43
Y7¢

The agreement of this prediction with experiment is good to about 10% except

for the strong-coupling superconductors. [23].

6) Relationship between H, , T and v:

BCS theory has also predicted a relationship between the critical field at absolute
zero (H,), the critical temperature (T(),-and the coefficient of electronic specific heat in
the normal state (y) as: |

Y7e 2. 14 (1.13)
wof? V,,

The BCS value for Ho(T) exhibit a negative deviation from a reference parabola. -

with a maximum deviation of almost 4% near (T/T.)* = 0.5; the values may be
approximated at low temperatures (T<<T.) by [17,20,23,24],
He = H[1 - 1.07(77)2] (1.16)

C

Almost all weak coupled superconductors show the above mentioned properties. But

there are other (strong coupled ) superconductors which are in disagreement with BCS . . .

theory including Hg, Pb, Nb, and many non-elemental superconductors.

1.5.4. The Ginzburg-Landau Theory

The BCS theory provides a successful account of the superconducting properties
in cases where the energy gap A (or the order parameter as it is alternatively known)
is constant in space. However, there are many situations in which the order parameter
shows a strong spatial variations. The well known example is the complex magnetic

structure of both the, type-I and type-II superconductors, in which there is the co-
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existence of the normal and the supercbnducting regions. In such cases GL-theory is
more successful.
According to the theory proposed by Vitaly Ginzburg and Lev Landau in 1950
[25], all the electron pairs are condensed into a macroscopic quantum state with a wave
function ¢(r,®) = |Y(r)| €'®, (@ is the phase) which characterises the degree of
superconductivity at a point in a material. It is defined to be zero in a normal region and
unity in a fully superconducting regidn at T = 0. The superelectron density is obtained
as,
ar)y = |Wr)? - (L17),
They assumed the transition is of second order and the superconducting free energy in
a magnetic field can be expanded in a series of |{i|? of the form,
Fom FyvafP v 2BIWS ¢ =By B i (<0 2ed) g
(1.18)
The first three terms come from Landau’s own theory of the second order transition [23].
F, is the free energy in the normal state and «, B are suitable coefficients. Close to T,
a good approximation is made by neglecting terms in higher powers of | |. The fourth
term gives the energy to change the magnetic field from its external value, B,,, to the
internal field B;. The last term is the energy associated with the local variation in the
supercurrent and the Cooper pair density ( A is the vector potential of the magnetic -
field). Minimi'sing the free energy with respect to § gives,
v =0 - (1.19)

{a + Bl + ZLL(II%V -2eA)?

and minimising the free energy with respect to A gives an equation for the supercurrent

as,
(1.20)

_ e [h N .
s - 2%[7<ufvw YY) 4eAur¢)}

The GL coherence length £, is the distance over which the order parameter
decays at a superconducting-normal interface. Empirically, the temperature dependence
near Tc is,

o =< (17 (1.21)
where t is the reduced temperature T/T.. The GL penetration depth A, varies in the

same way as A, close to Te. At T both Ay and £, become infinite, the normal vortex
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cores expand to fill the entire material and flux penetration is complete. The GL theory

can be formulated in terms of Ginzburg-Landau parameter, kg, as,
Koy - Q_GL (1.22)
6L

Ginzburg and Landau showed that at a superconducting-normal boundary the
condition kg = 1/v2 describes the point at which the surface energy goes from positive
to negative. Type-I superconductors are characterised by kg < 1/v2 which corresponds
to a positive surface energy and type-1I superconductors are characterised by x,, > 1/v2
which corresponds to a negative surface energy.

By applying appropriate conditions, Abrikosov in 1957 [26] solved the GL
- equations for a type-II superconductor in fields B, < B < B, (mixed state). He showed
that a magnetic field penetrates a superconductor as tubes of flux (fluxons), each

containing one flux quanta,

b = A = 207510 wp (D)

Flux quantization was confirmed experimentally by two groups in 1961 [27,28]. Each
- flux line consists of magnetic flux surrounded by a vortex of superelectrons at a distance
of A;: The core is in the normal state. When fluxons enter a superconductor they attempt
to organise in such a way as to minimise their free energy. This array of fluxons is
known as the flux line lattice and usually in a hexagonal (or triangular) configuration
- in the superconductor. In Fig.1.6 it is shown, how the order parameter is changing [2].

The two critical fields can then be derived as,

¢ (1.24)
BCZ - 277-EZGL - \/ZKGLBC
and
) B, (1.25)
By = 02 Inxg = “In xg

If a field is épplied parallel to the surface of the sample, a superconducting
region can exist at the surface for fields greater than B,, up to a field given by,
| B = 1.695 B, (1.26)
As the angle of the applied field is changed, B reduces to B, when the field is

perpendicular to the surface.
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Fig.1.6: Schematic diagrams showing how the local magnetic field and
Y (x) vary with the distance from a normal-superconductor interface. The
two cases, (a) and (b), show the GL-parameter much smaller and larger
than unity, in indicated [2].

1.6: Magnetism:

Magnetism is a branch of science covering magnetic fields and their effect on
materials, due to the unbalanced spin and orbital momentum of electrons in atoms.
Whenever an electric current flows a magnetic field is produced; as the orbital motion
and the spin of atomic electrons are equivalent to tiny current loops, individual atoms
create magnetic fields around them, when their orbital electrons have a net magnetic
moment as a result of their angular momentum. The magnetic moment of an atom is the
vector sum of the magnetic moments of the orbital motions and the spins of all the
electrons in the atom. The fundamental unit of magnetic moment is Bohr magnetron, .
The dipole moment associated with a loop of current I is IA, where A is the area of the
loop. The current I of a single electron of charge q, and mass m,, rotating in a circular
orbit of radius r, at angular frequency w, will give a magnetic dipole moment, m
defined as;

m = [A = -q(w/27).7r* = - 12 (QWT) (1.27)
The angular momentum L = mqwr2, therefore,
=-(q/2my) L : (1.28)
i.e. the angular momentum is quantized in units of h =(h/27), where h is the Planck’s
constant. The lowest non-zero value for p,=qh/2m,=9.2741x10™* J.T"'=5.79x 105 eV.T".
The suscepnbiliry is defined as ¥ = M/H and permeability as @ = B/H, where M is the

magnetisation, H, the applied field strength, and B, is the magnetic induction.
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All macroscopic magnetic properties of a substance arise from the magnetic
moments of its component atoms and molecule. Different materials have different
characteristics in an applied magnetic field; there are four major types of the magnetic

materials, they are discussed here;

Diamagnetism:
In these materials, M opposes H, the Susceptibility is = -10® m> mol! and
relative permeability = 0. Metals such as copper ,silver and gold are diamagnetic. While.

superconductors are special kind of perfect diamagnetism, with susceptibility -1

Paramagnetic Materials

In these materials spin and magnetic moment have random alignment in the
absence of a magnetic field, while the application of a magnetic field will align the spin
and magnetic moment in the direction of applied field. Metals such as Al, and most
ionic solids are paramagnetic. In these materials susceptibility > +0 and relative

permeability = 1.

Ferromagnetic Materials .

Spontaneous magnetisation occurs, i.e. M is finite in zero applied field and is not
proportional to H. Spin and Moment have one direction alignment, parallel to each
other. These materials are characterised by the hysteresis in their magnetization,( M-H)
loops. Iron, cobalt, and nickel together with a few rare éarth (RE) metals such as
gadolinium are Ferro-magnetic. Above a particular temperature called Curie Temperature
they lose their behaviour and become simple paramagnetic. Susceptibility = limg .,

dM/dH and relative permeability = 10%.

Antiferromagnetic Materials
In these materials spin and moments are aligned with alternate order of moments,
i.e. anti-parallel and cancel each other with 0-magnetisation. This alignment can be

observed below Neel's Temperature.



1.7: Superconducting Materials:

Since the discovery of superconductivity in Hg in 1911, hundred of .thousands

materials have been investigated. Many of them shows superconducting properties.

These include elemental, conventional low T, < 25 K and new high T¢, 77 K < T< 152

K, and Chevrel phase (CPC) superconductors and Organic superconductors. Some of

them are listed in Table 1.1.

Material Te (K) | Bo(0) | Bo(0) | ACIYT. |8y (K) | 2A0)ksT.

| (T) (mT) | BCS=1.43 BCS=3.52

Hg 416 |- 411|237 72 4.6

Pb 719 |- 80.3 |2.71 105 45

Nb 922 |- 206 1.87 277 3.6

NbTi 9.8 17 006 |2.06 270+20 | 3.66+0.46**
| Nb,Ge 232 |38 044 |23 302:3 | 4.2:0.2

PbMo,S; 153 |60 6.4 2.29 411 384

Y-123 ( I ab-plane) | 92 670 |85 2.1:0.7 440:10 | = 6

Y-123 ( Il c-axis) 120 25

Bi-2223(ll ab-plane) | 110 1200 |2 Oto 1.84 |312:5 |68

Bi-2223( | c-axis) - 40 0.2 -

Table.1.1: The data in the table has been compiled from refs. 2, 29, 30, 31, 32, 33, and

34; ** Due to different composition.

1.8: Applications

Before the discoveries of HTSC, the superconductors were already in use in

industry with some small scale and large scale applications. A leading use of

superconductors is to produce high magnetic fields. Magnetic fields exceeding 10 T have

been produced in a handful of laboratories. With the discovery of ceramic HTSC, a

chance of producing very high magnetic fields is quite feasible but still some technical

problems have to be overcome. There are three major parameters by which the

superconductor can be characterised, named, T, Hc,, and J.. For the commercial use of

a material J. should be in the range of 10° amp.cm™ or more. HTSC have T, and H,
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very high but J. is not crossing the basic limits. However, all over the world a
tremendous effort is being made to overcome this problem..

‘Zero resistance in superconductors can help in electrical transmission lines where
about = > 5 % energy are being dissipated during the transmission. This can be saved
using superconductor wires. Due to its of high Bg,, the superconductors are currently
. used in noiseless and high efficient levitation trains. Certainly.the industry is looking for
_ the use of superconductor in transmission cables, generators, and energy storage.
However, as with any new technology its takes time, same is true for HTSC in large
scale applications.

Superconductors are already used in small-scale applications, major use in
SQUID (Superconducting Quantum Interference Device, based on two quantum effects,
. the flux quantization and the Joseﬁhson effect in SC) which can detect and measure
~ extremely small currents, voltages and changes in magnetic flux densities of the order .

of 10°T to study the human brain activities etc. Progress continues on the development

of other building blocks of HTSC circuit technology; multilayers, which are required to -

produce integrated circuit chips. With a lot of efforts, it is still difficult to predict the

future but optimism is.there.

1.9: Ternary Superconductors (Chevrel Phases Compounds, CPC)

These ternary superconductors, well known by the name of their founder R.
Chevrel [35] in 1971, have a general formula M,MogX,, with M = 3d elements, In, Sn,
Pb, alkalines, alkaline-earth, etc; X is either Sulphur, Selenium, or Tellurium, and n is
a number less than 4 depending on the element M. In 1972, Matthias et.al. [36] reported
that many of these new phases were superconducting with reaéonably high transition
temperature (e.g; PbMo,S; : Tc = 15 K). A year latter it was reported by Fischer et. al.
[37] that many of these compounds have very high By,( e.g. = 60 T, in PbMo,S,) and
they became a potential candidate for high field-applications beyond 20 T to 40 T at 4.2

. K. Since then a large number of investigations have been published showing that most
properties of these material are of intermediate nature. (Intermediate in the sense that
the properties lie in between the LTSC and HTSC).

If one compares the B, of PbMogS with that of NbTi and Nb,Sn, two technical

superconductors, at 4.2 K, B, is a factor of 2 - 2.5 higher compared to Nb,Sn and more
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than a factor of 4 to NbTi. [38]. In Fig.1.7, the temperature dependence of the upper
critical field B, of PbMo,S, has been compared with both LTSC and HTSC. [2,34,38].

Currently, several groups are working in the fabrication of PMS wires and at
present, critical current density are of the order of 2 x 10® A.m™ under a 20 T magnetic
field [39-41]. The transport critical current density J., of PMS material fabricated in
Geneva using Hot Isostatic Pressure is compared with two low temperature

superconductors in the magnetic field is shown in Fig.1.8.

1.10: Concluding Remarks:

This chapter is based on the basic ideas of the superconductivity. The discovery
of superconductivity by H. K. Onnes in 1911, opened a door of -a totally new field of
science. Meissner in 1933 completed the definition of superconductor which
distinguished it from the perfect conductors where magnetic flux is trapped but in
superconductors the flux is excluded. Using this criteria, superconductors can be divided

into two families, elemental type I and complex type II superconductors with high Be,.

It is difficult to describe all the thermal properties in this short chapter. Some of them - -

have been-discussed, including, Gibbs free energy, which is a parameter to find the
stability of the system, the lower the Gibbs free energy, the more stable the system is.
- The supercbnducting state has a p,H%/2 less Gibbs free energy as compared to the
normal state which demonstrates that the superconducting state is the stable state. It is
clear from section 1.4 that superconducting state has lower entropy than the normal
state, which points to the superconducting state being highly ordered as compared to the -
normal state. Similarly, by measuring the specific heat much information can be
gathered which will be explained in chapter 2. The energy gap in a superconductor is
typically on the order of 10” eV which has a zero value at T and increases as the
temperature decreases toward the zero Kelvin, where it has a maximum value. It has a
totally different origin with that of an insulator. The first indication of an energy gap in
a superconductor came from the specific heat measurements which along with isotope
effect gave grounds to Bardeen et.al. (BCS) in 1957 to develop their landmark
microscopic BCS theory. Although Gorter et.al. in 1934, using the idea of superfluid
helium and applying it to superconductivity, had already given a model of two fluids

stating that at T, there are no superelectrons but as the temperature is decreasing the
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amount of superelectrons starts increasing and becomes maximum at 0 K. Nevertheless,
the two-fluid model gives a physical basis for understanding superconductivity. The
London’s brothers tried to explain the phenomena on the basis of two fluid model but
were unable to explain the phenomena completely.

As discussed above, the first comprehensive explanation of the mysterious

' phenomenz{ of 'sﬁp'erconductivity came after the work of Bardeen, Cooper and Schrieffer,
BCS, in 1957, who gave the concept of condensation of electrons into a bound pair
called Cooper pairs. They explain, the transition temperature T, the energy gap A, the
electronic specific heat C,, and the jump ratio, AC/yT, and gave the successful
explanation of the exclusion of the magnetic field from the superconductor, the Meissner
effect. The theory deals well with the weak coupled superconductors but for strong
coupled and type II superconductors in high fields it is not suitable where one has to
consider the GL-theory developed in 1950's.

The. superconducting materials are a special case of diamagnetic materials and
the ferromagnetic materials can be better understand by considering the domain concept
-in the materials. The whole thesis is on the Chevrel i;hase superconductors, which have
intermediate properties aé compared to the LTSC and ceramic HTSC. Due to the high
Be,, and J¢, they are potential candidates for use for commercial purpose to produce a
high magnetic field beyond 10 T to 40 T at 4.2 K. The major properties of these
materials rely on the third metallic element to be added to the MogS cluster. The small
tilting angle of this cluster from 90 degree gives appreciable change in its
superconducting properties.

Although with the discovery of HTSC, a revolution occurred as the community
found a suitable superconducting material above cheap liquid nitrogen temperature, but
one out of three major parameters still needs a lot of work, which makes it difficult to
use these materials for large scale applications. However, small scale applications are
in use and people are working hard to overcome all the problems encountered in the
fabrication process and to better the quality of the materials. Apparently the good news
of room temperature superconductivity and overcoming of all the problems is waiting

shortly in some corner to come true.
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CHAPTER 2

RELATED THEORY OF SPECIFIC HEAT OF MATERIALS

2.1: Introduction

The competition between theory and experiment in the study of specific heat has
played an important role in understanding the properties of substances in their solid -
state. The theory which describes thermodynamic phenomena in a solid generally leads
to a set of energy levels which the particles of the system can occupy. These energy
levels may be inter-related with-a particular mode of energy such as the vibrational,
electronic, or magnetic energy of the constituent particles. By using- some suitable
- statistics, one can find the average energy of the system from where the relationship to
the specific heat of that mode can be determined. But often the observed specific heat.
consists of more than one mode of energy. In such cases, theory can help in identifying

the contributing modes and calculate them and, hence, separate .their specific heats [1].

A lot of information about the lattice and electronic. properties of the material .-

can be gathered by measuring specific “heat [1-4]. ‘As specific heat is a bulk
measurement, it can used-to check whether the transition that has occurred is complete
or due to some minority phase present in the material. The field of measuring specific
- heat has been developed to such an extent that one can measure the thermodynamic
critical field B¢, and B, by applying a magnetic field, the Sommerfeld constant vy,
Debye temperature 6, lattice and. electronic contribution to specific heat and the energy
gap A. The adiabatic stability of a material can also be checked on the basis of specific
heat, since higher specific heat leads toward a more stable system [5, pp.357]. The field -
of measuring specific heat is not new but started before- 1819'when» Dulong and Petit
[6] measured thirteen materials and collated their findings in a well-known law that “the
specific heat of any material is a constant quantity equal to approximately 24.92 J.mole’
1K', When it was tested at low temperatures, it was found that the law is only valid
. at room temperature and above and not for low temperatures. The failure of classical
theory to predict the behaviour of specific heat of solids at low temperature led Einstein

(1907) [7] and Debye (1912) [8], to use quantum theory to explain low temperature
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behaviour of Cy for solids using phonons. The electronic contribution, on the basis of
free electron model to specific heat was explained by Sommerfeld (1928) [9].

In thirties Keesom et.al.[10-11] measured the specific heat of superconducting
tin and predicted an energy gap in the superconductor which led Bardeen, Cooper, and
Schrieffer [12] in 1957 to develop the BCS theory.

The range of topics related to the study of specific heat are very broad because
in principle, any thermodynamic quantity can contribute to the specific heat of solids.
Therefore, it is difficult to discuss all the topics in this chapter rather I will confine
myseif to discuss only those topics of specific heat which are related to my work.

. The Chapter is divided into two major parts. Part I describes the specific heat

of materials in general while Part II explains some properties of the:Chevrel phase . -

materials which are the particular focus of this thesis. Part I consists of sections 2.1 -
2.8. Section 2.1, gives some introduction about specific heat. Section 2.2, provides the
_definition of specific heat and its relation to other thermodynamics quantities. In section -
2:3, the theories of lattice (C,,) and electronic specific heat (C,) of normal materials
will be discussed. What sort of information one can get. by measuring specific heat of
superconductors will be addressed in -section 2.4.. The specific heat of Type-I
superconductors will be described in section 2.5.- Type-H superconductors are currently -
used in industry, their theory and specific heat jump will be explained in section 2.6.
Specific heat of some magnetic materials will be described in section 2.7. The final
section 2.8 of Part I, consists of high field and magnetic studies, where different kinds
of materials, evaluation of He,;. and the possibility of co-existence of magnetism and
superconductivity at the same time will be studied.

Part II consists of sections 2.9 - 2.11. In section 2.9, synthesis of Chevrel Phase ..
materials (MMo4S;) has been. provided, section 2.10 gives the structure of Chevrel
phases and section 2.11 provided some electronic and magnetic properties of these

materials. In section 2.12, the summary of the whole chapter is provided.
2.2: Definition of Specific Heat
. The heat capacity of a system of arbitrary mass can be defined as,[1];

C= Lim (2—?)

AT—0

2.1)

25



where AQ is the amount of heat require to add to the system to raise its temperature
by AT. The specific heat capacity or, more simply, the specific heat which is
independent of mass can be obtained by dividing Eq. (2.1) by the system mass ‘m’ to
yield,

C _ (o 22)
m d

o
Il

where dQ represents a very small amount of heat required to raise the temperature of
a unit mass of the system by an amount dT. In general, the heat quantity required, will ~
not only depend upon the temperature of the system but also on the changes that may
occur in other physi'c‘zﬂ broperties (or state véiriébles) which define the equilibrium state
of a thermodynamic system for example pressure P, volume V, and temperature T,
where the equation of state has the functional form as f(P,V,T) =0 and involves only
three variables. |

In most theoretical calculations, the heat capacity is normalised to per mole as
. this refers to a fixed number of particles. This quantity is also referred in literature .as
the specific heat. In S-I System, the units are J.kg"'-K™ for ¢, and c,. The subscripts .
p and v represents the specific heat at constant pressure and. at constant volume -

respectively.

2.2.1. Specific Heat Relationship to Other Thermodynamics Quantities
The first law of thermodynamics, in its differential form can be written as,
dQ = dU + dW (2.3)
where,
dQ= Heat added to a substance
dU = Change in Internal Energy due to applied heat
dW = The work done by the system.

Or
dQ _ dU, PV
if volume is constant,
dU. (2.5)
C = —
, = D,
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From the second law of thermodynamics,

dQ = TdS (2.6)
and in terms of entropy,
as Q.7
C = T(==
7

The change in internal energy can be written as;
dU = TdS - PdV : (2.8)
Other principle thermodynamics functions are ( in differential form):
i): Helmholtz Free Energy, _ _
dF=d(U-TS ) =-SdT - PdV (2.9)

ii): Enthalpy,
dH = d( U + PV) = TdS + VdP (2.10)
iii): Gibbs Free Energy,
dG = d(U - TS + PV) = SdT + VdP (2.11)
Entropy can be defined as,
S=-(aF/3T), (2.12)

and
oS PF
C. = T(=) = -M—)
87) aT? 2.13)
As Cp - Cv = 1% close to 0/3 and 0.1% at 0,/6, one can take Cp = Cv (for Solids).

2.3: Specific Heat of Normal Materials:

2.3.1: Lattice Specific Heat
All lattice dynamic theories are based upon the harmonic approximation in
which each atom is bound to its site by a harmonic force. When a solid is heated, the
atoms vibrate about their mean positions like a set of harmonic oscillators with some
quantised energy E. This idea explains successfully the lattice specific heat of solids.
In the classical treatment, the Cv due to the lattice vibrations can be obtain by
averaging over a Boltzmann distribution. The average energy per atom can be written

as [13-16],
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s
[/ E e 4 dydy
E

fow eETdXdV

< E> =

(2.14)

where kg is the Boltzmann constant, x, the amplitude to either side and v, the velocity
in one dimension. For a crystal which has N atoms, each is oscillating in three
dimensions, the total energy is 3N<E> and Cv can be obtained using Eq. 2.5 as,
C, - (%’Tf); 3Nk, - 3R @.15)
At room temperature this result, explains very well the Cv of solids. But at
lower temperatures, Cv rapidly falls toward zero which is against the prediction of the
classical theory. This can be seen in Fig. 2.1. Consequently a new theory  was

developed to explain the behaviour of Cv at low temperatures.

3R e -

----- Classical theory
Einstien theory

............ Debye thGOI’y
o Diamond data

' I T S B

0 0.5 7.0
T/6,

Fig.2.1). The comparison of Heat Capacity of Diamond obtained experimentally
to that of obtained by theories. [13] :
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2.3.2: Einstein Theory of Specific Heat
To explain specific heat at low temperatures, Einstein (1907) [7], used the
concept of quantised energy, where every state is discrete given by an energy,

E, = (n + 12)how (2.16)
where n =0,1,2, ..., E, is the energy of the nth state of harmonic oscillator vibrating
with an angular frequency w, h = h/2n = 1.055 x 10> J.s, with h as Planck’s constant.
As every atom has a discrete energy. E,, so replacing the integration sign by a
summation in Eq. 2.14, one gets,

-E

Y E,exp(——=
=0 ~n
B> - kﬂ) @2.17)

R~

Putting the value of E, from Eq. 2.16 in Eq. 2.17 and ' differentiating it with respect.to
T, the specific heat becomes,

—T)—l]2 o (2.18) |

where , is called Einstein angular frequency, (an adjustable parameter, that is,.

different for different solids).

2.3.3: Debye theory (1912) of specific heat

The Einstein theory gave us an improved fit to the heat capacity but at low
temperature, this fit dropped-off faster than observed experimentally. This fit also led
to a thermal conductivity of the wrong magnitude-and temperature dependence. This -
drawback can be removed by considering that all the atoms in a solid do-not vibrate
independently at the same frequency, but that the crystal lattice as a whole possesses "
well-defined normal modes. Debye [8] used this concept and proved that a crystal with
N lattice points can be excited in at most 3N acoustic vibrational modes.

Instead of an assembly of 3N oscillators all of frequency w, we consider a
distribution of normal modes of which the number with frequencies between w and w+

dw is given by D(w)dw[13-16,18], where
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meDD(w) d(®) = 3N (2.19)
and w,, the Débye frequency, is the maximum frequency that can be excited and D(w), -
known as the phonon density of states given by,

_ D(w) = 3Vwyy 2n2v’) (2.20)
where 'V’ is the sample volume and ‘v’ is the velocity of elastic waves.
The mean thermal energy <E> of the lattice vibrations, can be determined, using the
Bose-Einstein distribution for n(w) so that:

<E> = [*"D(©) Koo dw) @21

_ 3Vh (op (03 d
2m2y3J0 hw -1
exp(kBT)

(2.22)

substituting V/v_‘ =3N 2n2/w? and x =hw/kzT, and a characteristic temperature 0=
hw/ky (called Debye temperature) in Eq. 2.22, Cv. becomes, .

0p

_oNk(Lyp[T_xlet
C, = Nki5-) [ T (223)
To check the validity of Eq.(2.23), it can be compared with experimental results. But

one must know the Debye temperature 0,,. The Debye temperature can be chosen, from
Eq. 2.23, in such a way that when this value is substituted into Eq. (2.23), yields the
best fit over the whole temperature range.

) Mathematically it can be deduced using Egs. (2.19) and Eq. (2.20),

= 1(672V3_1Y)1/3 (2.24)
kB

0, 7
where ‘v’ is an average velocity over all polarizations and mode directions. In
determination of Cv, one often finds. thét the contribution of transverse modes is more
than that of the longitudinal mode, due to its lower velocities. Similarly,. materials with
strong interaction forces and light atoms such as diamond and sapphire have relatively
high 6, whereas soft materials with low acoustic velocities have smaller values.

It is clear from Eq. (2.23), that if Cv is plotted versus a reduced temperature
T/6,,, the Debye plot, then the curves obtained for all substances should collapse onto

each other, that is, there is a universal curve for specific heat. Such a curve is shown
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in Fig. (2.2) [13,14].

At high temperatures, when ‘x’ is small, the integral in Eq. (2.23), reduces to
x*dx and hence the energy becomes 3RT and on differentiating with respect to T, it
yields the Dulong-Petit value i.e. 3R, for specific heat.

At low temperatures, when ‘x’ is large, i.e., T << 0, we can take the limits of
integration as zero and infinity. The integral then has the value n4/15. Then [15],

CV:1941(£)3 J K- mol! (2.25)

This is well-known Debye T® law. Thus at low T, the specific heat should decrease as .
T?. A calculation shows that the cubic dependeﬁce should begin at temperature below
0,/10 and, the T® variation of the specific heat at very low temperatures is
experimentally verified.

As Debye theory is strewn with approximations, it achieves greater validity at

. lower and high temperatures but serious error can occur at intermediate temperatures.

6

ox 5

?Cé = o Cu, 343°K
& 3 o Ag, 226°K
> " Pb, 102°K
o 2 xC, 1860'K
S

Q

——

0 05 |
1/6,

Fig.2.2). Specific heat versus reduced temperature for four substances verifying the
universal curve for specific heat [14].
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Fig.2.3: The Phonons density of states D(w) used in the Einstein and Debye theories,
compared with that of a typical real solid. The inset shows the variation in the
Debye temperature 0, of Indium, due to the influence of the extra modes. [13,17]."

due to the over simplification of the density of states D(w). This is shown in Fig. (2.3)
{17]. The slight deviations from T? that do exist are commonly represented as avariation

of 0, with temperature.

2.3.4: Electronic Specific Heat
The conduction electrons in a normal metal are regarded as a highly degenerate
Fermi gas obeying Fermi-Dirac statistics. The Pauli exclusion principle leads to the
Fermi-Dirac distribution given by [1],
1 (2.26)

£-€

.
o7

B
where f(€) gives the probability that an electron has an energy ‘e’ at a temperature T,

Ke) =

exp(

and ‘€., represents the Fermi Energy. The Fermi temperature can be evaluated as,
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Fig.2.4: Variation of the Fermi-Dirac function (Eq. 2.26) as a function of energy -
for various temperatures. [1].

T = €k = ( 10* - 10°K) in metals.
Ground and higher temperature occupation values are described in Fig. 2.4.

At room temperature, Electronic specific heat C, = 2RT/T; = 10?R or approximately
1% of the lattice contribution.

At low temperatures, T <<< Ty and [15],
2 2.27
G = %H(elngZTE YT @20

where n(g;) is the density of states of the electrons at Fermi level given by,

ki
where, ‘m’ is the mass of the electron, z ="N,/N is the number of conduction electron

per atom (valency) ratio and V), is the molar volume.

2.3.5: Experimental Specific Heat at Low Temperatures .

The total specific heat in graphical form, at constant volume in-the liquid
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" helium temperature range (~2-10 K) is shown in Fig.2.5a. This representation can be
written as in mathematical form,

: C=vyT+pT (229
where the y is the Sommerfeld constant defined by Eq. 2.27 and P is defined by Egq.
2.25. The electronic term is linear in T and is dominant at low temperature, while p is
dominant at higher temperatures. It is convenient to exhibit the experimental values of
C as a Debye plot of C T verses T?> which gives a straight line (shown in Fig.2.5b),
yielding values for the slope B (hence, 0;,) and intercept y [15] which is proportional
to the electronic density of states at the Fermi level (Eq. 2.27).

C Cp= T3

(a)

« First experiment

+Second experiment

_ 1 1 ! I

2 & 4 8 12 16
T?/K?

- (b)

Fig.2.5: The Specific Heat of metals at low temperatures. (a) In the
Helium region, the electronic contribution C, can dominate that of the
lattice, C;, (b). A plot of C/T against T? for copper, showing the very good
linear relationship which is obtained [15].
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24: Speciﬁc- Heat of Superconductors

The preceding general discussion of low-temperature specific heat naturally leads
to a consideration of its use in experimental investigations of the superconducting
transition. A typical specific heat curve for Type-I superconductor is shown in Fig. 1.3.-
Calorimetry, a particularly powerful tool in this regard, possesses numerous advantages:
[19-22,37]
1) As a bulk-property measurement technique it is superior to electrical resistivity for
the study of multiphase or otherwise inhomogeneous samples;
2) The specific heat result yields not only T, but also two other important solid-state
parameters, Y and 0;
3) If the transition, for one.reason or another ‘is sharp_but incomplete, the relative -
magnitude of the specific heat jump at T, viz., 'Aé/yTC,' in comparison to some
-expected value (such as the BCS value, 1.43, or perhaps some more appropriate -
- experimentally calibrated ratio) yields a measure of the fraction of the specimen that
participates in the observed transition;
4) If on the other hand the transition is broad, a knowledge -of the form of the
unrounded specific heat temperature dependence below T. enables one to derive a
transition temperature distribution function related to the metallurgical condition of the
sample. In the following sections the specific heat of type-I and type-II superconductors

is presented.

2.5: Specific Heat of Type-I Superconductors

Most of the thermal properties of type-I superconductors have been derived from
classic thermodynamics and from the Bardeen-Cooper-Schrieffer (BCS) theory;[12]. The
corresponding theoretical results-have been already discussed in section 1.5. The effect
on specific heat of type-I superconductors of magnetic field will be described.
2.5.1: First-order and second-order transition |

In the most simple approximation, we assume that the Gibbs free energy G, of
the normal phase is independent of the applied field. When a field is applied to a Type-
I superconductor which is in superconducting state, it will induce a magnetization
(magnetic moment per unit volume) of magnitude M = -H because of the perfect

diamagnetism. In this case, the Gibbs free energy will be different from that of its’
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normal state energy G, and that of its supérconducting state (in 0-field), See section 1.3.
In terms of specific heat C, = T(3S/dT), , the difference in specific heats of the

two states may be expressed in molar form, (Eq.1.4),

PH. [dHP
C,- C,= T |H—F <
n s Ho [ aTQ + aT m (230)

‘In the absence of a magnetic field, when a sample is heated, the transition from
superconducting to normal state takes place at T, with no change in entropy as the
superconducting state is more ordered than the normal state therefore Sg < S, but with
a discontinuity in specific heat given by,

OH )

or| ”~ (2.31)
If the heating is performed in a constant applied field of magnitude H, then the

(G, - CS)TC: “Ho T

transition from the superconducting state takes place at a temperature T, < T, such that
H(T,) = H; this results in a sudden increase in entropy (Eq.1.3)-and the absorption of
a latent heat given by
L= TH ey, |
oT (2.32)
Thus, the transition implied by these relations is first order in a magnetic field and

second order in the absence of a magnetic field [1, 23, 24].

2.5.2: Comparison between Theory and Experiment
- The comparison between the predictions of theory and the experimental values

of specific heat, can be undertaken by separating the observed specific heat into
electronic and lattice contributions using Eq. 2.29, as:

C=yT+C, (2.33)
and for the superconducting state,

C=Cs+Cg (2.34)
Where C,s is the electronic specific heat in the superconducting state, and C,, and Cg
are the lattice specific heat in the normal and superconducting states respectively. The
specific heat of the electrons in the superconducting state does not follow the T® law,
but follows an exponential behaviour. This exponential behaviour can be destroyed by

applying a magnetic field greater than H¢ and the material retums to its normal state
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even below T, (Fig.1.13 of ref 1. pp.47). The analysis is simplified by the assumption
that C,, = C;s. This leads to the relation,

Ces = Cs - Gy (2.35)
At sufficiently low temperatures, C,s can be obtained as a function of temperature from
the observed values of Cg , since C, can be calculated using Eq. (2.24).

Although deviations of C,, from a T>-law had been observed earlier, until 1954
the measurement techniques were not sufficiently developed to reveal an exponential
temperature dependence of C, at the very lowest temperatures [25,26]. An exponential
variation suggested the existence of an energy gap in the electron excitation spectrum,
since the number of electrons excited across such a gap would vary exponentially with
temperature.

The observation of isotope effect (To~< M2y in 1950 suggested a findamental
connection between the electrons in the superconducting state and the phonons of the

lattice, since phonon frequency is-also approximately proportional to M7,

- These empirical observations provided important information for the microscopic =

- mechanism of superconductivity and ultimately led to the formulation of the quantum .

theory of superconductivity by Bardeen et. al. [12] discussed in chapter 1.

2.5.3: Critical Field H.(0) and Lower Critical Field H,(0)

The thermodynamic critical field Hc(0) for type-lI superconductor can be
calculated {2, pp.492] making the use of volumetric coefficient of specific heat vy, (J.m?
K?) as;

H0) = 7.65 x 10* x (y,)"? T.. (2.36)
The lower critical field He,(0) for type-II superconductor can be estimated using the -
following relation {2, pp.520];

Inf0.902H,A0)/ HA0)] (2.37)
[1.276% H_{0)/ HA0)]

H(0) =

where, He,(0) is the upper critical field described in detail in the coming sections.

2.6): Specific Heat of Type II Superconductors
2.6.1). GLAG Theory:

The GLAG theory is extensively used for analysing superconductors in a
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magnetic field because of the spatial inhomogeneities that occur due to penetration and
the intermediate state in type I superconductors, and the mixed state in type-II
superconductors. This was developed by Ginsburg and Landau [27] as is described in
chapter 1, Abrikosov [28,29] and Gorkov [30,31], who were all Russian scientists
working in early and late 1950's. According to the GLAG theory, there is no entropy
change during either transition, that is, between the superconducting (Meissner) state
and mixed states or between the mixed and normal states. In the whole process no
latent heat is involved, therefore both transitions are of the second order. It may be
shown [1,20,24] that such transitions have a jump in the specific heat given by, from

Meissner state to Mixed state,

 dH,, | M. oM,
C;'Cm:Tl( J )Z{( )7'_( )7}Vm'

T oH oH (2.38)
and from Mixed state to Normal state,
dH oM oM
R o O G "),}Vm
dT oH o0H (2.39)

'where the subscripts s, m, and n refer to the superconducting (Meissner), mixed and
normal states, respectively, and T, and T, are the temperatures. at which the
superconducting-to-mixed and the mixed-to-normal transitions: occur, H; and H, are
the thermodynamic critical fields for type-II superconductors. The nature of the specific
heat discontinuities can be understand by considering a typical example.

When the specific heat measurements are performed in a constant applied field
H as a function of increasing temperature, it will give a straight line parallel to the
temperature axis (x-axis) in the H-T plane as shown in Fig. 2.6. We may expect to
observe two changes in the specific heat, first at T, and then at T,. At temperature T,,
H = H,(T,) and the sample passes a transition from the Meissner state to the mixed
state. Using the Abrikosov [28-29] model, the slope of the magnetisation curve in the
mixed state (dM,/0H) becomes infinite at H,, from which it can be shown that at T,
the entropy is continuous but.has an infinite temperature -derivative in the mixed state.
Eq. (2.38) suggests that a singularity in specific heat will appear at T, yielding a ‘'A-like
anomaly due to the lack of discontinuity in the eri'tropy. The sharp peak observed at T,
in Fig.2.6 is consistent with such an anomaly. Thus the transition from Meissner to

mixed state is a second order transition even in a applied field as no latent heat is
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involved. At T, the sample is passing from the mixed to the normal state. Unusual
behaviour may also be expected at T, where H = HCZ(TZ);Frorﬁ Fig.1.2, it can be seen.
that if Hg, is approached from below and above, oM, /0H > 0; and M, /0H = 0,
respectively and there would be no sudden increase in entropy- as the entropy is rising
- from the mixed to normal state. Thus Eq. (2.39) indicates that there will be a sudden
drop in specific heat at T, as the specimen undergoes a transition from the mixed to the
normal state. Such a drop is indeed observed at T, in Fig.2.6. Also the appearance of
the specific heat versus temperature curve for a type II superconductor is dépendent on
the strength of the applied field relative to He,(0) and H,(0).

0.06f

004 T(°K) —

H=1030(0e)

Specific heat (joules crri’deg ')

0.02 / T."/
./..
{ }
0 . 1 1| RN | 1 ] .
4 5 6 7 8 9

Temperature{ ° K ) ——

Fig.2.6). Specific heat of Type-II superconductor (Nb) measured in a constant -
applied magnetic field. Inset: Schematic representation of H,(T) versus T for
two values of the Ginzburg- Landau parameter kg, indicating separate
transitions into the mixed state during cooling in applied field H, at Tg = T, &
T,, respectively [1,20,37].
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2.6.2): The Electronic Specific Heat in the Mixed State:

The electronic specific heat of a superconductor in the mixed state can be related
to the normal state specific heat in terms of the second derivative with respect to
temperature of the molar or unit-volume Gibbs free energy differences between those
states. According to Maki [32-35], for example, in unit volume terms, only in the
regimes (i) just below He,, and (ii) just above Hc,,

Ca- =T e -
Maki's work was followed by Van Vijfeijken [36], considering the Gibbs free energy
density, whose calculations are valid over the entire mixed state region except near the

H(T) curve. That phenomenological expression is [36, Eq.3.90],

_ Hco'{ V2xHgr H,
21 T V2x-Ink(y/2x)

2
_ 3Hp NP

Con=Y,T
21 TE| 2k -Ink(y/2x)™!

(2.41)

 where C',, is electrdnic specific heat per unit volume in the mixed. state, y; is .
electronic specific heat coefficient per unit volume, x is the Ginzburg-Landau
parameter, Hy, is the thermodynamic bulk critical field at T =0, Ha is the applied field
and the reduced temperature t = T/T.. Eq. 2.41 has the form,

C,, = (A, + A,+AH)T + BT  (242)
which is similar to the Eq. 2.29. It means mixed state specific heat data should also lie
on a straight line in zero field when plotted C,,/T versus T? and the y-intercept A,+A,
and the slope B can be evaluated. The constants A, A, and A; can be determined from
the Eq. 2.41. The comparison between theory (Eq.2.41) and experiment was done by
Vijfeijken [36] using experimental data of Ferreira et.al. [38] on Nb and pointed that
this rule works rather well y-intercepts are some 30 % higher than the pred-icted value
by Eq. 2.41. .

2.6.3): Height of the Specific Heat Jump:
The height of the specific heat jump at some temperature T, in a magnetic field,
H, can be obtained by subtracting the specific heat in the normal state from that of .
specific heat of the mixed state as [37],
AC (Tg) = C,(Ts) - C(Ty) = Cu(Ty) - ¥ T (2.43)
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After substituting ,
H, = Ho(Ts) =H(0)[ 1- t*]= V2 Ko He(Tg) = V2 KoL HC(O)[I-tz] (2.44)
-in Eq.2.41, leads to,

, H, T V2xH, ~/2xH [1- ]| 3H?
Cl =y, T- ch[\/_ o V2RHg ] 4 (24 V2x 2 (2.45) -
277'7‘21L V2x-Ink(y/2x) ™! 21 T2 | V2x-Ink(y2x)™!
- - Hqu V2 2 3H20 V2 2
Com =Y, T , £+ £ (2.46)
2777‘2.[ V2x-Ink(y/2x) ! 27 T| 2x-Ink(y/2x) ™ ’
2H?
Com =Y, T + o] x| 2.47)
27rTé[ V2x-Ink(y/2x) ! :
After substituting Eq. 2.47 into Eq. 2.43, and t = Ty T, leads to,
AQTy _ 2HZ, S 7 ]2
& y2m Te | V2x-Inx(y2x) '\ T (2.48)
. taking x = kg

which is well-known, the Gorter-Casimir relative jump height at T, viz., AC/yT. =2.
It follows from Eq: 2.48, that the height of the jump AC(T;), varies as T'g; also, the
normalized relative jump height can be expressed in the form,

AQTINT, = ¢

ACT)NT, - s (2.49)
Many peoples [38-39] have investigated the jump in Nb, and found the relative height

7,

T

[+

2
2

of the jump is consistent with Eq. 2.49, within the experimental errors over the entire

temperature range.

2.6.4: Rounded Calorimetric Transitions into the Mixed State

It is described in section 2.6.3, that after the application of magnetic field H,,
the superconducting transition occurs. at a temperature Ty lower than the T which is
given by Eq. 2.44, [ See section, 2.6.3]. Thus Tg depends on Hg,, which in turn depends
on the Ginzburg-Landau parameter kg, . But if one considers ‘clean’ and ‘dirty’ limit in
the mixed state, then ,[37]
= kC

oL 1 Kig 2.50)

Kt
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= KCq + 7.49 x10° yi2 p, (2.51)
where kC; and kd;; are the GL-parameter in clean and dirty limit respectively and p,
is the normal state residual resistivity. If one is taking Eq.2.44 and Eq. 2.50 together,
it revealed that T responds to variations of T, at constant Hc,, as well as to variations
of He,, kg and p, at fixed T.. Therefore, in the mixed state, the rounding of the
transition ( distribution in Tg ) is mainly due to the impurities and deformation in the

sample and is not restricted by the size of the sample.

2.6.5. The Paramagnetic Mixed State:

If Gibbs Free Energy ‘G’ is field dependent in a system, then one has to include
the paramagnetism of the conduction electrons and equilibrium, -along with Hc, has to
be re-evaluated. Pauli pafamagnetic limitation (PPL) was proposed by Clogston {40} and
Chandrasekhar [41] independently and the theory was developed by Maki [32-35] and
Werthamer, Helfond, and Hohenberg, WHH [42-44] who extended the solution of the
linearised Gor'’kov [30-31] equations for the upper critical field Hc, of a bulk type-II -
superconductors to include the effects of Pauli spin paramagnetism and spin-orbit
impurity scattering. A schematic diagram of normal- and superconducting- state free
energies versus applied field using WHH theory is shown in Fig.2.7.

The reduction of the upper critical field below its ideal value H'., (upper-
critical field in the absence of paramagnetic limitation at 0 K), as a consequence of the
presence of a finite Hp, (paramagnetically limited upper critical field at 0 K) has been
described by the Maki parameter a as, |

H (2.52)
a = 22
H,, |
which can also be calculated from the normal state resistivity p, (Q-m) and volumetric

specific heat coefficient v, (J.m?>.K?), using the following relation [50] as ;

o =235 x10° y,p, (2.53)
It can be concluded from Eq. 2.52, that if one removes the PPL, then a —0 [37, pp.
526]. The actual field H., can be increased to some higher field closer to H, by
introducing a spin orbit scattering. (SOS) frequency pérameter Ao in the WHH theory

‘and by a combined parameter f3,, in the Maki's theory,
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Fig.2.7: Schematic diagram of normal-state and superconducting-state free energies versus
applied magnetic field, H,. An arbitrary temperature 0 < T < T is assumed. The normal
state in the absence of Pauli spin paramagnetism is represented by AC and its
continuation; that in the presence of spin paramagnetism, of susceptibility X, by the
parabola AJ. The field-ignoring superconducting state is represented by DJ and its
continuation; the point J defines the Clogston-Chanrasekhar paramagnetically limited .
- first-order critical field, H,. The parabola DB represents the response of a type-I
superconductor to H,, with point B itself at the thermodynamic critical field, H.. The
magnetisation of a GLAG (nonparamagnetic) type-II superconductor is represented by
DEC with lower critical field, H,, and upper critical field H',, at E and C, respectively.
. The inclusion of spin in the normal state leads to a first-order transition-at an upper
- critical field corresponding to L. The further inclusion of spin in the superconducting state
can lead to a second-order transition at an upper critical field corresponding to G. Both
these upper critical fields, designated H, in the figure, are lower than H'¢,. The inset
suggests that within the context of paramagnetic theory it is also possible to have a
first-order s/n transition (at M) followed by a second-order transition at F with a
‘metastable state lying between the two - after Werthamer et .al [37,44]. )
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30 (2.54)

2
By = A1, = .11
h ’ SO

where A, = Energy gap at zero Kelvin (=3.53 kgT(), T4, = Spin-orbit scattering -

relaxation time and,
Ago = 20 [ 3mkpTcTyq (2.55)

It is clear that as Agy —o, Hoy— H*éz, with the vanishing of the paramagnetic difference
-between the mixed and the normal states. Clearly the condition & — 0 is operationally
equivalent to, (physically different) Ag,— o, which means that by doping heavy element
one can increase the frequency of SOS which leads to an increase in He,.

But early experimental values of the critical field of Ti-alloys as shown in Fig.
2.8, [45-47] exceeded theoretical values even with A, set equél to «, and incidently
then went beyond the range of WHH theory itself, which required t¢, >> T, [37].
However, Schopohl et. al. [48], shows that WHH theory with some corrections is still

valid even when spin-orbit scattering is the dominant scattering mechanism.

aveTi-52at.%%Ta ‘e
0.1 > Ti - 44 at. " Nb : ]
omTi-58at./eV BN
A)
o R R SRS U R
0 0.2 0.4 0.6 0.8 1.0

Fig.2.8: Variation of the reduced field h = H,/H, with reduced temperature t.
Data points for t > 0.9 have been omitted. The dashed curves are taken from
Maki’s theory with Ag, =0. The solid curves are from the WHH theory
[Neuringer and Shapira, 45].
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2.6.6. Pauli Pa;'amagnetic Limiting

If the applied field is zero, there is a difference in the free energy of the
superconducting and normal state. That difference is given by p,H?., which vanishes
at H, = H', as result of a quadratic field-induced increase in g,(H,) [37,44]. The
destruction of superconductivity by a magnetic field results from the pair breaking
nature of the interaction of the field with both the conduction-electron orbits and the
spins. The interaction [Fischer, 1990, 49] of the field with the conduction-electron spins,
the Zeeman terms, leads, when treated alone, to a first-order transition at the
paramagnetic limit Hpq [ 40-41], given by,

poHp = 1.84 Tc [Tesla] (2.56)
The above result is accepted as the pure “Paramagnetic limit” (pure in the sense that it
determines the critical field in the absence of any other effect), which is illustrated in
Fig. 2.7. {37. pp. 528}.

Furthermore, spin-orbit scattering will reduce the paramagnetic pair breaking and
thus enhance. the paramagnetic -limit. In the limit of strong spin-orbit- scattering
(Aso>>1) the paramagnetic critical field becomes, [50]; |

H, = 1.33 VA, Hp, (2.57)
In a real superconductor, both orbital and ‘paramagnetic effects have to be taken into

account when describing the critical field..

2.6.7: Evaluation of upper critical field H,
The upper critical field of a superconductor in the dirty limit (/1 >>.1) has
been calculated by several groups [51-61]. Using the notation of WHH [44] who

discovered the following expression for H(T) for a superconductor in the dirty limit,

’ ')‘SO . )‘SO .
_ 29 2=
1. (1. 7Ag) |1 o 7 1 Ag) |1 7 1. (2.58)
In(=) = |+ Zly| st ——— |+ |52 || S —— | - V) T
r 2 4y 2 2t 2 4y 2 2t 2 ‘

‘where | (x) representing the di-gamma function given by; d/dx log [ I'(x)}], where I'(x) -
is the gamma function, t=T/T., h= 0.281 Ho,(T)/H o(T), ¥ = ( a2 h* - A2, J4)'2 a is
the Maki parameter defined in Eq. 2:52-2.53 and H',(0) is the orbital critical field at
T=0 (as discussed above). In order to demonstrate the influence of A4, on the form.of .

H, we show in Fig.2.9a, [ 50, pp.16] the reduced critical field he,(t) for @ = 3 versus
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Fig.2.9a). Reduced critical fields h¢, for & = 3 and various A, values. [50,55]. °
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Fig.2.9b). Upper critical field He, versus temperature for several MMogX,
compounds [50].
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reduced temperature t = T/T., and for low values of Ay, the form is completely
different from that obtained for large Ag,-values. The limit A, — < gives the universal

curve, determined by [50-53];

1 _ (1 A) (1 . (2.59)
o3) - a7 o) |

Which is the temperature dependence of the orbital critical field H (T). In the case of
Aso>>1 we may write a simplified equation for He,(T) in terms of H'o,(T)[50,52,53];

HAD) - HoAT) - 022— 2 HAT)
Tsolc (2.60)

The second term on right hand side of Eq.2.60 is necessary to take into account the
contribution of the interaction of the conduction electron spins with the external field.
Fig. 2.9b, shows the critical field versus temperature for many compounds of the type
MMoX;, where M stands for metal, X = Chalcogen. The solid lines are calculated from

Eq.2.58 using the values of Ay, and « shown.

It can be concluded from Eq. 2.60 that the paramagnetic cotrection is especially - - --

important in high fields, i.e. for T << T, Fig.2.8, [45, fig:2] but that it disappears in
the limit T— Tc. In particular we have from Eq. 2.60;

), (2
dT Tc Tc

7 (2.61)
since the both slope are equal at T., which implies that the influence of the

paramagnetic interaction will start well below Tc.
Using Resistivity‘ Data

Using normal state resistivity p, (Q-m) data and volumetric coefficient of -
specific heat vy, (J.m?>K?) for any superconductor, He,(0) can be calculated as [2, pp.
5171

He(0) = 3.1 x 10°x v, p, Te (2.62) .
2.6.8. Calorimetric determination of H,(T)

For most of the studies, it is convenient to compare the experimental results with
ﬂleoretical predictions of the WHH theory for a “dirty” type II superconductor [32-35,
- 42-44,54]. For no Pauli paramagnetic- limiting (PPL), the upper critical field at 0 K,
H',(0) is given by, |
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Fig.2.10b). Applied field versus critical temperature, using the data of
Fig.2.12a, the dashed line is drawn as guide to the eye. [86].
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dH,
HeA0) - AT (2]
T=Tc

(2.63)
where Tc and [dH,/dT] are measured quantities and A varies between 0.693 (for the
dirty limit) and 0.726 (for the clean limit) [44,53-54, 85].

H(T) can be determined using the specific heat data. A typical example of a
superconductor in magnetic field is shown in Fig. 2.10a, where, the data of PbMo,S,
in magnetic field is plotted. The suppression of the specific heat jump in field, will
give the initial slope [dHq/dT);.q., from where H',(0) can be calculated using Eq.
- (2.63). Ho(T): of PbMo,4S; has been calculated using the data of Fig. 2.10a which is
shown in Fig.2.10b [86].

2.7: Specific Heat of Magnetic Materials:

The various forms of the magnetic materials are the result of the electronic spin -
configurations as explained in section 1.6. Here we'll give some idea about the specific .
heat of the magnetic materials. In the magnetic materials above their transition -
‘temperature T), most of the metals like Al and ionic solids are paramagnetic. Below this. -
temperature T),, the material is- magnetically ordered. This temperature has different
name for different magnetic ordering, i.e., Curie temperature for the ferromagnetic. .
materials and Neel's terhperamre for Anti-ferromagnetic materials. Thus, the thermal
energy required to raise the temperature above this temperature Ty, may include a
temperature-dependent magnetic contribution, which is expected to be observed in the

specific heat.

2.7.1: Cp of Ferromagnetic Materials
The low temperature specific heat of a metallic ferromagnetic materials consists
of three major terms and can be written as, [1] _
Cp = yT + BT® + 6T (2.64)

where yT, the electronic contribution, BT, the phonons contribution, and the magnetic - -

contribution is denoted by 8T¥2. The & is the y-intercept of a graph between Cp.T>?
and TY2. But, it is difficult to measure the magnetic contribution, as it is screened by
the conduction electrons and lattice vibrations. However, very close to the magnetic

transition temperature Ty, (Curie temperature), a A-type.anomaly can be observed. This
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points to an order-to-disorder transition accompanied by rapid changes in a number of
thermophysical properties. The magnetic specific heat of Fe, Ni, and Co is displayed
in the Fig. 2.11a. [63, pp. 49]. The Curie temperatures Ty, (and other phase transitions),

are visible.

2.7.2: Cp of Anti-ferromagnetic Materials

The low temperature specific heat of an anti-ferromagnetic material can be -
described by the following way,[1] V

Cp=1vyT + BT® + 6T (2.65)

Eq. 2.65 described the total specific heat in the usual way. Only &' term has been
included for an anti—ferromagneiic materials. Which can be measured by plotting a -
graph between Cp/T vs. T2 However, T>-law for magnetic specific heat in these
materials is of the same form as the T*-law for lattice specific heat at low temperatures.
This makes it virtually impossible to know the magnetic contribution in the total
specific heat in these metallic anti-ferromagnetic materials. However, veryclose to the - -
magnetic transition temperature, these materials also show .a A-type anomaly. This A-
type singularity is a characteristic of second-order phase transition: This behaviour can
be seen in Fig. 2.11b, where C/R (gas constant) is plotted against T [64] for TbPO,,

~ which is an anti-ferromagnetic material.

2.7.3: The effect of Magnetic Field on the Cp of Magnetic Materials. -

To demonstrate the effect of the magnetic field on the A-type anomaly, Cp vs
T at high temperature for a single crystal Ni [Connelly et.al.1971, 65] is displayed in
Fig.2.12a. It is noted that the applicatidn of the magnetic field reduces the anomaly
height and broadens it while the transition temperature is slightly increasing for high
fields. Similarly the effect of the magnetic field on an antiferromagnetic -material
(CeAl,), [Bredl,et.al, 1978, 66] is shown in Fig.2.12b. It is shown that the application
of the magnetic field, is decreases the anomaly height and smears it. In this system, the

magnetic transition temperature is also decreasing.
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Fig.2.11a). The Specific heats Iron, Cobalt, and Nickel, (all are well-known
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Fig.2.11b). Cp/R vs. T of an antiferromagnetic material. (TbPO,) [64].
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application of the field, the height of the A-type anomaly is reduced and
smear out, While the transition temperature is slightly increased [65]
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Fig. 2.12b). Low-temperature specific heat C/T vs. T® for CeAl,, an
antiferromagnetic material, in applied magnetic fields. Note that, after the
application of the field, the height of the A-type anomaly and the transition
temperature are reducing [66].
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2.7.4: Neutron/Susceptibility measurements on magnetic materials:

Magnetic materials have a sharp anomaly in specific heat measurements when
reaching their transition temperatures, say at Neel's or Curie’s ‘temperature. ‘But this
confuses the issue of what class of material is under investigation. That can be found.
after performing neutron diffraction experiments or measuring the susceptibility. The
difference between anti-ferromagnetic and ferromagnetic is profound, anti-ferromagnetic
materials do not have any sharp anomaly in susceptibility measurements, while
ferromagnetic materials do show an anomaly at the transition temperature, which makes
it easy to find the order of the magnetic material [16]. Anofher profound difference
between these two types of materials emerges after the application of the magnetic field.
When a magnetic field is applied to an anti-ferromagnetic material, the height of the

anomaly is reduced and the magnetic transition temperature decreases for higher fields,

whereas for ferro-magnetic materials, a. magnetic field will reduce the height of the = . .

_anomaly but the transition temperature starts increases slightly.

2.8: Co-existence of Superconductivity and Magnetism:

Apparently magnetism and superconductivity have the -opposite nature and co-
existence of these two in the same material at the same time have.confused many.
peoples. Ginzburg in 1957 [67], first discussed the possible reason for co-existence of
superconductivity and magnetism. Matthias et al.[68-69] experimentally addressed this
question - for the first time in 1958. by introducing magnetic impurities in the
superconductors. But the investigations were made-difficult by the absence of materials -
where the phenomena could be properly studied. The discovery in the mid-seventies of
the ternary superconductors containing a regular lattice of rnaghetio ions, like
(RE)Mo,S; [70-72, 78-80],' (RE)MogSe; [73-75,78-80] and (RE)Rh,B, [76-80] changed.
this situation (RE stands for rare-earth metals).

The essential property of these compounds is that the magnetic 4f-electrons are
just sufficiently weakly coupled [49] to the conduction electrons so that magnetism-and.
superconductivity can coexist to a certain extent, although sufficiently strongly coupled
- that rather dramatic effects occur in the interplay. of the two phenomena. Whereas the -
rule is normally that the two phenomena couple too strongly, the discovery of the new

oxide-superconductors [81-82] have given us the example of the (RE)-Ba,Cu;0,
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compounds, where the two phenomena coexist with practically no coupling at all.
Using the solution of Eq. 2.59, one can write an equation for the critical field

H,(T) in terms of the orbital critical field H', as [50, 61] ,

[ HA D MUH e D+ HfH oy T

Tsol co

HAT) = HoAT)-MH_,T)-3.56) ,Hp£0)-0.22

(2.66)
where M(H,,T) is the magnetisation, A, is magnetic scattering and H; is the effective

exchange field.

2.8.1: Ferromagnetism and Superconductivity:

In the case where both the scattering and the polarization effects can be
neglected (i.e. very weak exchange interaction), Eq.2.66 leads to [49,61];

He(T) = H'(T) - M(H,,T) . (2.67)

Eq. 2.67 suggests that superconductivity will be destroyed whenever the magnetization
exceeds ‘the orbital critical field. Thus, as a result of ferromagnetic order, if the
magnetisation increases abruptly, one expects that the critical field decreases abruptly
and superconductivity may possibly disappear altogether. However, in type-II
superconductors it is rather plausible that H'¢, > M, (M,= saturation magnetisation) and
thus this electromagnetic interaction between the magnetic moments and the Cooper
pairs does not necessarily exclude coexistence.

If the electromagnetic and the scattering term are neglected, in Eq. 2.66, in such
cases, the critical field is given by,[49-50]
(2.68)

HeAT) = HAD-022—2—{Hof ) MHe D4 Hy (Hp Df

.  Tsolc

Most of the ternary superconductors have H,(0) and M(Hc,,T) .of_ the order of 1 T or -

less, while H; is the several tens of Tesla, so that we can write Eq. 2.68 in terms of
Magnetisation M (since H; is proportional to M) as, S

Hey(T) = H'o(T) - AM*(Hg,, T) (2.69)

This Eq. is similar to Eq. (2.67). The only difference is that the term subtracted

from H' in Eq. (2.69) may become much larger than the one in Eq.(2.67). This is the

term which in most ferromagnetic materials makes a coexistence with superconductivity

impossible.
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2.8.2: Paramagnetism and Superconductivity:

| In a paramagnetic  material, the field and temperature dependence of the
magnetisation may result in a very unusual temperature dependence of He,(T). As close
to T, the second term in Eq. 2.69 is very small, but as T decreases and the critical field
increases, the second term rapidly grows and finally dominates, so that the critical fields
determined by the condition that the second term does not become too large. This leads
to a rounded peak in H.(T) curve and, thus decrease of H, at low temperatures. In the
ternary superconductors, several examples of this behaviour have been found. Fig. 2.13,
shows the example of some (RE)MogS; superconductors [80]. The round maximum is
not related to magnetic ordering but rather to the gradual polarization of the spins by
/the external field. The minimum at low temperature reflects an antiferromagnetic .-
ordering. The full line is the theoretical curve using Eq. 9 in ref.[49].

2.8.3: Anti-Ferromagnetism and Superconductivity:

In an anti-ferromagnetic material the possibility of . coexistence of

antiferromagnetic’ and superconductivity was first considered theoretically by

Baltensperger and Strassler (1963) [83]. They showed that coexistence is possible, but .- . - - -

that the superconducting state would be modified by the antiferromagnetism [87].
Today, a number of compounds have been found where the two phenomena coexist.
.~ Such a behaviour, for an antiferromagnetic-superconductor is shown in.the graphs of
He(T) vs. T in Fig.2.13.

Low temperature specific heat measurements have been carried out for several
of ternary antiferromagnetic superconductors [74-75,77-78]. As can be seen from
Fig2.14,a pronouncedv lambda type anomaly was found at the magnetic phase transition
of the material, GdMogSs, where the specific heat of a nonmagnetic material
(Lu, ,M0,S;) is compared. For the Gd compounds-it was found that the entropy was
roughly equal to the Hunds-rule value, i.e. R In(2J+1). However, for the other RE the
entropy is lower,- illustrating the importance of crystal field. In most of these .
investigations other anomalies are found in the temperature range between 1 and 10 K.
So far one has not been able to connect these with other properties of the Chevrel
phases, and no satisfactory explanation has been found. In view of the difficulty of
making very pure material, it is not excluded that these anomalies are connected with

impurity phases.
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Fig.2.13). Upper critical ‘field for some antiferromagnetic superconductors
REMo,S; (RE = Er, Dy) and a ferromagnetic superconductor HoMo4S; [80].
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Lu, ,Mo,S;.[72).
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Part 11

2.9: Synthesis of Chevrel Phases:

As stated in chapter 1, Lead Chevrel phase material is a potential candidate for
the next generation to be used in industrial application. Its careful and proper sample
preparation are very necessary to ‘study the stoichiometry of the compounds and to
investigate the intrinsic properties related to their crystal structure. Very dense and
homogeneous samples are essential to investigate the.transport properties and achieve
very narrow superconducting transitions. For this purpose many different techniques
have been used to get pure Chevrel phase compounds. To fabricate bulk and single

crystal materials, different techniques are-used. Some of them are described below;

2.9.1: Bulk Materials
The bulk materials can be fabricated using the, Solid State Reaction Process, Hot
Pressing, and Hot Isostatic Press. They are described below;

Solid State Reaction Process
The Chevrel phase compounds can be synthesised by the solid state reaction
- technique. In this ‘method, the starting materials, RE (rare earth), Mo and X are mixed .
together in an inert and sealed quartz crucible. An intermediate synthesis can include
synthesizing molybdenum chalcogenides and RE-sulphide or selinides. A single phase
sample can be achieved by one or.two annealing reactions at a temperature ranging
between 1000° C and 1200° C. However, the compounds prepared by this method are
slightly Oxygen contaminated due to the quartz tube. This contamination effects the T
and other superconducting properties. [88] (Hinks, 1983). .

Hot Pressing:

To get rid of the porosity and have a good connectivity between the grains, Hot
Pressing is used. In this method, the sintered powders are hot pressed by applying a
uni-direction pressure at 1400° C for several hours in pressure of 1.7-3 kbar using a
graphite matrix { 90, Meul, 1982]. The hot pressed, high density samples are cut into

different shapes of samples for transport properties measurements. In his way the grain
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size is 1 pm, which is smaller than melted or single-crystal samples. These samples
have high specific resistance as compared to melted materials. But they can be used in
the experiments where single crystals are needed but are difficult to synthesise due to

the decomposition effects.

Hot Isostatic Press:

This method is currently used in Durham University to get rid of the porosity,
to get a better connectivity between the grain boundaries and dense material. Since the
sample is fabricated in the co_rlt;_rplled environment, contamination can be minimised.
This method will be explaméd in detail in Chapter 7 and 8. Here only the basic
principle is described. In this method, the sample (wrapped in Mo) in the Hot Isostatic
- Press (HIP) unit is squashed from all sides with the Argon pressure surrounding the
~ sample present in the HIP unit. The temperature of the vessel can be increased to 2000
°C with 2000 kbar pressure.

2.9.2: Single Crystals

Melting Process:

‘Although the high vapour pressure of Chalcogen materials make it difficult to
melt these materials in the open air without losing something or without contamination.
The contamination can be made negligible if a large pressure of some inert gas is

-applied around the sample. The best results have been obtained in the system of

Cu,MoS; and EuMogS; which melt congruently. Grains of the order of several cubic
millimetres have been produced by this method. [89, Flukiger and Baillif, 1982].
However it is difficult to get pure PbMo4S; by this method.

Crystal Growth:

Many single crystals of Chevrel phases have been achieved by transporting
halogen gas around the crucible. Good single crystals of the order of 1 x 1 x 1 mm’ of
almost all the Chevrel phase compounds can also be obtained by using an off-
stoichiometry starting product and hold it at a temperature of 1600° C in a sealed

molybdenum crucible [91, Horyn, 1989].
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2.9.3: Thin Films:

Thin films are very suitable material to investigate the intrinsic transport
properties of the Chevrel phase materials specially the critical current density. Due to
their geometry thin films are potential candidate for the applications. .

Thin films of MMogS; (M= Pb, Sn, Ag, or Cu) can be obtained by co-
evaporation method [92, Webb, 1985] or d.c. sputtering process {93, Woolam, 1982].
Sputtering takes place on the target with the material of MMo,S;, or a suitable amount
of MoS,, molybdenum and M elements. For Cu,Mo,S; the co-evaporation of
molybdenum and copper in the presence of a hot sulphur vapour (H,S or sulphur) gives
interesting results. As sapphire has almost same thermal expansion as the Chevrel
phases, the best results can be obtained using sapphire as a substrate. In situ preparation
- -of lead Chevrel phase thin-films has always: failed due to high vapour pressure of lead
above 800° C. However, good PbMo,S; films have been produced by post annealing the -

films under a lead atmosphere.

2.10.: Crystal Structure of Chevrel Phases:

The structure of almost all the Chalcogen Chevrel phases is in the sequence of -
layers -S-S-M-S-S-M- [94, Matthias,1972] where M is a transition metal. The metal-to- . - -

metal interaction between.the layers is weak and the compounds have a pseudo two-
dimensional network of metal atoms. Up to now aboﬁt 160 compounds are found to be
the same structure with the a basic building block of MogX; unit shown in Fig.2.15b.
This unit appears as a pseudocube with one chalcogen at each corner ‘and one
molybdenum located almost in the centre of each face.. The basic structure-of the
Chevrel phases is made from the stacking of these MogX; units in an almost cubic unit
cell as shown in Fig.2.15a. Along the cube axis there is a free space either around the
central atom or between the adjacent planes of the MosX; unit. ‘
There are two types of structure in Chevrel phase materials, depending upon the
- third element - added to the cluster of MogS; [95]. If the added element is a lighter one,
say Cu, then it will tend to occupy the space on the edges of the large cube, while the

-heavy atoms like a rare-earth, Pb or Sn, have a tendency to occupy the corners of the
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M = Pb, Sn,Gd,Eu,Cu,Ni...
X=S5,8Se, Te

(b)

Fig.2.15. (a): The crystal structure of Chevrel phase materials. (b): One building block of the-
crystal structure. :
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large cube. Since we are mainly concerned with the doping of Pb to the Mo6S‘8 cluster,
one can consider the simplification that there is no thombohedral distortion to the cubes.

In actual practice, the rhombohedral angles o vary from 88.9 to 89.8 for the systems

. like PbMogSs, whereas for calculation purpose people use 90.0. [96, Maple and Fischer, - -

ppl74]. It is noted that T is a very sensitive parameter to the variation in the angle .
which is difficult‘ to explain.

The most interesting physical properties are believed to be evolved from the
octahedra cluster of MogS; which is closely packed with ~ 74% of packing ratio since
the arrangements of the atoms is similar to that of the fcc lattice, while the whole
volume is not closely packed with only about 42% packing ratio [96]. The Pb atom
occupies a relatively large volume between the octahedra. The closest neighbours to this
atom are the S atoms in the corners of the octahedra adjacent to the Pb site. These S
sites are called the S, while the other six S sites are called the S; sites as pointed in the
Fig.2.15b. Among the 15 atoms per -cell, there are 4 inequivalent potential sites, one
- with Pb, one for Mo, and two for S:atoms as stated above. The distance between two -

Pb atoms is usually 6.4 A, which is shown in Fig.2.15a.

2.11: The Electronic and Magnetic Properties:

- The most physical properties -of these ternary materials depend on the third
element to be added to the MogS; cluster which stabilises the crystal structure. This
effect is due to the transfer of valence electrons to the electronic deficient cluster, which
stabilises the crystal structure [97,98] and modifies the other physical properties such
as T.. A simple calculation shows that every Mo atom yields a 3.66 valence electrons .
in PbMogS; (T ~ 15 K) and 3.83 electrons in-LaMogS; (T ~ 6 K) [96).

The crystal structure and the band calculations [96] for the ternary Chevrel phase -
material show that, these materials can be.considered-as a molecular compounds of
three distinct networks;

a); a network consists of .Mo-clusters, responsible for the superconducting .
properties.

b); a network formed by the chalcogens, which gives the intercluster bondings
and forms the channels to develop the three dimensions in space. -

'c); a network constitute by the M* atoms inside the chalcogen channel.
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The main magnetic properties of these compounds are based upon the nature of the M*
ions. So, if M is diamagnetic (e.g. Cu" or Pb""), the compounds show a temperature
independent paramagnetic-behaviour [99,100], because the diamagnetic contributions
from the closed electron shells and the paramagnetic contribution due to the orbital
motion of the valence electrons partially cancel each other, whereas the addition of
- magnetic ions (Fe™, RE™") gives a Curie-Weiss behaviour over a wide temperature
range [101,102]. The susceptibility and the specific heat measurements show that the
electronic density of states per atom is about 2-3 times lower than that of AlS

compounds such as Nb,Sn etc.

2.12: Summary: A

In this chapter theoretical considerations have been addressed which will be
needed to explain the behaviour of low temperature superconductors, particularly
PbMo,S; and Pb,,Gd,Mo,S;, which-are considered in this thesis. The -definition of
_ specific heat in SI units, the theory "of specific. heat considering first the approach
adopted by Einstein with constant angular frequency, its drawbacks and then the final
form of Debye's theory of specific heat have been discussed. Although Debye theory
is in good agreement with experimental observations at very low and high temperatures,
it has a slight deviation in the intermediate temperature range which is due to the over
simplification of a linear dispersion relation to describe all vibration modes.

The electronic specific heat has been discussed using Fermi-Dirac statistics. As
- electronic specific heat is = 1% of the lattice contribution at room temperature, so it can -
be ignored at that temperature, but it becomes quite significant at very low and very .
high temperatures. Experimentally, the specific heat can be separated in a lattice and
a electronic contribution using a Debye plot where Cp/T versus T? gives a straight line
and the slope of this straight line gives the lattice contribution and y-intercept represent
the electronic contribution.

The Cp of type-I superconductors in the light of classical thermodynamics and
the BCS theory has been discussed. It is evident that the discontinuity in the specific
heat in the absence of a magnetic field is a second order phase transition as there is no
latent heat involved, but it is a first order phase transition in the presence of magnetic

field. Superconductivity can be destroyed if the applied field is higher than H..
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The specific heat of Type-II superconductors has been discussed in the light of
GLAG theory, which is most extensively used for type-II superconductors in magnetic '
. fields. As there is no change in entropy. during the transition from superconducting to
mixed state or mixed state to normal state and no latent heat is involved, it is second
order phase transition, both in the absence, and in the presence of magnetic field [1, pp.
51, 20, pp.200]. Electronic specific heat of type II superconductors can be explained on
the basis of Gibbs free energy. Furthermore, the height of the jump gives considerable
information concerning the material’s homogeneity or inhomogeneity.

-High field and magnetic studies have been discussed in the light of WHH
theory. To get a realistic description of the thermodynamic critical field Hy, it is
necessary to take into account both the orbital and paramagnetic effect of the external
field, as well as non-magnetic and spin-orbit scattering. The effect of the:non-magnetic
scattering is to reduce the effective coherence length and thus decrease the effect.of the

orbital part of the magnetic field, whereas the spin-orbit interaction increases the limit -

to break the Cooper-pairs, thus increasing the paramagnetic.limit Hp.. The critical field . .

H, can be calculated using the specific heat measurements. The breakdown of PPL: in-
high H, materials can be switched to WHH theory. where spin-orbit scattering plays
an. important role. Although- WHH theory is-in good agreement with that - of-
experimental values, it still has some limitations in the range of very low temperatures
and at high applied fields.

For magnetic.materials, above the transition temperature, the materials behave -
like an ordinary material. Below this temperature, the material is magnetically- ordered.
However, at the transition temperature, a A-type anomaly is discovered, which has a
different origin compared to a superconductor.- This A-type anomaly is present in both
ferro- as well anti-ferromagnetic materials. The magnetic specific heat C,, is difficult
to measure due to the presence of electronic and lattice contribution. However, it can -
be estimated after -subtracting these contributions from the total specific heat or
comparing the specific heat of a non-magnetic material with that of the magnetic
material in the same temperature range.

The co-existence of superconductivity and magnetism in the same material at the
same time is unusual. Yet in some superconductors both can .exist at the same time. It

can be explained on the basis of the exchange interaction between the conduction
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electrons and the localized magnetic moments. The discovery of High Temperature
Super-Conductors (HTSC) has demonstrated that the two phenomena can exist together
with practically no coupling at all.

For our study, emphasis will be placed on the. PMS class of materials as they
have the potential to be used in industrial applications to produce magnetic fields
beyond 20 T to 40 T. It is necessary to fabricate the required material in its suitable
proportions and understand its crystal structure. The big problems of fabricating Chevrel
phase materials are, the contamination during the fabrication process, granularity, and
‘porosity. The basic and applied science of these materials yxiill be addressed in the

~ coming chapters.
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CHAPTER 3

'REVIEW OF TECHNIQUES TO MEASURE SPECIFIC HEAT

3.1. Introduction:

There are many techniques by which one can measure specific heat of a
fnaterial. Some techniques. are more useful for bulk samples, éome for very small
samples, and some are more suitable for thin films. Similarly some techniques give
better results when used at higher temperatures, some are suitable at intermediate
temperatures, and some are best for low temperatures and ultra low temperatures.
Differences include design and construction of instrumentation and the thermometry.

There are four major established techniques in use at present within the research
groupé all over the world, they are, Heat Pulse Method, Thermal Relaxation Technique,.
Differential Calorimetry, and Steady State A.C. Technique. The advantages and
disadvantages of each will be discussed in this chapter.

~ The chapter consists of eight sections. Section 3.2 outlines the factors which
effect the design of an experiment. 'In section 3.3, the heat: pulse method- has been -
“discussed. Section 3.4 describes the thermal relaxation technique. In section 3.5
differential calorimetry is discussed and section 3.6 consists of the a.c. technique. In
section 3.7, specific heat measurements in high magnetic fields have been described
~ and the summary is outlined in section 3.8.
.How can the specific heat be measured experirﬁentally? In the next section the

discussion about the established calorimétry is presented.

3.2: Established Calorimetry

The calorimeter is an instrument in which heat exchanges in a system can be
measured. The essential requirements are, the calorimeter, which consists of a sample,
a resistor, and a thermometer [1]. In development of a technique to measure specific
heat one has to keep in mind that it should be robust, easy to use, and may have to be
equally useful valid in high magnetic fieldé, where the dimensions of the probe

becomes a crucial factor. The thermometry used, should be highly sensitive. High
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resolution and precise instruments are needed for the data acquisition. The method
chosen for the measurement of specific heat depends on. the consideration of many .
factors as follows:
1). The temperature range of interest.
2). The size (especially thickness), thermal time constant and thermal conductivity of
the sample available.
3). The magnitude of the total specific heat relative to the effect under investigation.
4). The desired accuracy and the resolution.

The basic requirements for the heat capacity measurements are shown in Fig.
3.1; In the figure, S, sample; H, sample heater; Th,, to sense the sample temperature
and Th,, to sense and control the backgrouiiAd' temperature; K., is the thermal
impedance between the sample and the heat sink acting as a-background; K, is the
- thermal impedance between the sample and the thermometer; and Kj, is the thermal
impedance between the sample and the sample heater. The arrows show the heat leak

due to the radiation during the course of the measurements. From many established

T Sckaiound el e

Fig.3.1: Schematic arrangement for heat capacity measurements. S,
sample; H, heater; Th, and Th, are the sample and background heater
respectively; K., thermal impedance between the sample and the
background; K, and K, are the thermal impedance between the
sample and the sample heater or sample thermometer respectively.
Arrows shows the radiation from the sample.
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calorimetry techniques, only four major techniques are being discussed below taking

into account the factors stated above:

3.3: Heat Pulse Method

~ The heat pulse method is a traditional technique for measuring Cp. The basic
principle to measure specific heat is, adding some heat AQ to the sample and
measuring the corresponding rise in temperature A T. There are different techniques for
adding heat and measuring- AT. Usually, after the pulse, the temperature of the system
is allowed to decay freely [1].

The idea of using electrical energy as the heat input and measuring
corresponding rise in temperature was first introduced by Gaede .in 1902 [2] and
further development was done by Nernst in 1910 [3] and Eucken in 1909 [4].  The -
- modern adiabatic vacuum calorimeter is based on their ideas [5]. The adiabatic method
- was further developed by Southard and Andrew [6] for very low temperature
calorimetry.

The basic requirements for this technique are [5]:

1). The sample should be in thermal equilibrium with its surroundings .at the
beginning of the measurement.

2). The sample should be isolated from its surroundings during the measurement
as much as possible.

3). Adding heat energy to the sample.

4). Accurate thermometry.

When a heat pulse is applied to the sample it raises the temperature: This rise
in the sample’s temperature is sensed by a very sensitive thermometer mounted on the
other side of the sample. The heat leak due to conduction, convection and radiation are -
kept as low as possible. Heat leak due to conduction can be minimised, if not
eliminated, by using thin wires, (high thermal resistance), and keeping the sample as
isolated as completely as possible from its surrounding using adiabatic shields.
Convection can be reduced by having a high vacuum inside the probe and the radiation,
using super-insulation and adiabatic shields. In the whole course of measurements the
background temperature is kept very stable. Fig.3.1 shows the simple system of this

kind of experiment.
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Specific heat has been measured and described using heat pulse method by
many research groups [7-15] with slight modifications. For an ideal system where there
is no heat leak and the sample has infinite thermal conductivity and the heater,

thermometer and the connecting wires have zero heat capacity.

3.3.1. Heat Pulse for K = «: (Ideal Case);

.. .We assume: the sample is perfectly isolated from its surrounding and has
infinite thermal conductivity; the intra-sample time constant is shorter than the external
time ‘constant of the heat leak and the thermometer and heater have negligible heat
capacity. Let the background temperature of the system be T, and the time of the heat
pulse At is greater than.the intra-sample time constant. Under these conditions, when
a heat pulse is applied to the system, there is no heat leak and all the heat is stored in
~ the sample and the sample's temperature will rise from T, to T, + AT. Mathematically,
[14],

Applied Power = Power recieved in the sample,

PR = m C,(AT/At) 3.1)

or in the limiting case,

(3.2)

Where, _ _
Cp = Specific heat of the specimen ( J.gm™K™).
I = Current through the specimen in Amp.
R = Resistance of the sample heater,
m = Mass of the specimen in grams.

AT = Rise in the temperature due to the addition of heat.

Advantages of this method are,
1). It is a traditional and well established method.
2). It can be used at any temperature, e.g. at very high, intermediate, low

temperatures and with some modification, at ultra low temperatures.
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3). This is very accurate and gives precise measurement (0.001%).

4). Can be used for the samples with very low thermal conductivity.

Disadvantages of this method are,

1). In this method, only point to point measurements are possible, which is
time consuming.

2). In the phase transition measurements, in the vicinity of T, peak may be
missed.

3). Only large samples can be measured. It is not suitable for very small
samples e.g. single crystals. T

4). To get the correct specific heat, the addenda contribution need to be
subtracted.’

5). To inject heat into the sample, heat switches are required.

6). To keep isolation of the sample from its surrounding and maintaining the
adiabatic conditions during'the measmeménts, need to control on thermal exchange gas

and a high vacuum inside the calorimeter is required.

Note: This method is discussed in detail in chapter 4 of this thesis.

3.4: Thermal Relax»ati‘onATechnique: :

This method was introduced by Bachmann et. al. [16] in 1972 in the
temperature range of 1-35 K for vefy small samples. Schutz [17] and Sellers [18]
extended the measurements to below 1 K. Djureck and Baturic [19] have extended the
method toward intermediate . temperatures and Junod [20] toward high temperatures.
This method can be ‘used to measure heat capacity of very small samples. The- .
schematic and the principal of this method is shown in Fig.3.2. The heat leak through
the thermal link, the heat capacity of the sample can be compensated for. All the
applied heat pulse is not stored in the sample but some of the heat will leak through
wires and through the exchange gas, even during the time of pulse as shown in Fig.
3.2. Taking this heat leak into consideration, to a first approximation, Eq.3.1 can be
rewritten as, [14]; .

Applied Power = Power recieved in the sample + Power losses from the system (3.3)
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Fig.3.2: Principle of non-adiabatic calorimetry. A schematic arrangement for the
thermal relaxation-time method. S, represents sample, sample heater, and the .
sample thermometer; T,, constant temperature block; MA, thermal link; P,
heating power. When the heater power is switched-off, the system is allowed to :-
decay freely towards-its initial temperature T,, w.r.t. time [28].

After the ~pulsé, the sample is decaying freely, then Eq. 3.3 can be written as
N a7,
Q=- M) (3.4)

where Qis the total power loss from the system. The heat is leaking into its
surrounding- by conduction, convection and radiation. One needs to.develop a
relationship where all these fypes. of heat leak are addressed. Due to.the high vacuum
inside the probe, the heat leak due to convection can be ignored.

Let us consider the heat leak due to conduction only. Let us suppose A, is the
cross-sectional area of the thermal link, L, the length of the link, and K, the thermal
conductivity. Let T, be the sample temperature, and the surrounding or background
temperature is taken to be T,. If T is the temperature of the sample at any time t, then
the rate at which heat flows by conduction down the thermal link is given by the

€XPIESSIOoNn:
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Q = -KA=— (3.5)

where, AT = T,- T, comparing Eq.(3.5) with that of Eq.(3.4), ignoring the finite
thermal conductivity of the sample for the time being, the heat flow due to thermal
conduction down to the thermal link can be written as [15],

2, - kA

dar [T,-T,]
—_— 3.6
dt ? L (3.6)

The rate at which heat is transferred away from the sample through thermal radiation

is given by the Stefan-Boltzmann law:

. ' 3.7
Q = -eSlT-T5 | .
e = emissivity of material
S = surface area of sample
¢ = Stefan-Boltzmann constant
Make substitution T, =T, + AT, in Eq. 3.7 gives:
Q, = -eSol(Ty+AT)-Ty | (38)
On simplification and taking -only leading terms, gives,
3.9

QO = -eSo[4TAT]
Substituting AT =T - T, (as T, =T), in Eq. (3.9) and simplifying, one gets:

% = -eSoATJ[(T-T,] (3.10)

Comparing this with Eq. (3.4), one gets,

ar _ —eSoupiroT) (3.11)

dr C,

Since the total heat loss is the combined effect of the heat loss due to thermal
conduction and heat loss due to thermal radiation, so combining the expression of

thermal radiation Eq.3.11 with that of thermal conduction Eq. 3.6, gives:
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dr _ 1 KA
dr C, L

Integrating both sides with respect to time t, gives:

+ eSod T T-T,) | (3.12)

(3.13)
f dT = _i[ﬁ + 350-47(‘)3]de
(T-T}) C
simplification, gives:
: _l_[ﬁ + 3_5‘0473][
[T-Tj) = Bexp % & (3.14)
where B = integration constant.
With the initial conditions
T=T, whent=0
and T=T, - whent=
“then Eq.(3.14) becomes:
A : 3.15
(7-T)) = [7; - Tg] exp™©* G.15)
_ 1 KA
where G = 2';[ 7 + 8&74753] (3.16)

writing T - T, = AT, and T, - T, = AT,,, in Eq. (3.15), one gets,

‘ 3.17
AT = [AT,, ] exp @’ GAD
Taking natural log of both sides gives,
AT = W{AT. ] -Gt (3.18)
Differentiating Eq.(3.18), gives,
5 (3.19)
—IndT = -G
ot

where G is inversely proportional to the decay time t (t is the characteristic time in
which system come to its initial temperature after the heat pulse). It is found

experimentally that most of the heat leakage is due to conduction, so ignoring the
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radiation term in Eq. (3.16), Eq. (3.19) becomes,

(3.20)

Oar - LKA

ot >

The value of C, can be calculated from Eq. (3.20), as,

K A[ 1 : (3.21)
"= -2
L 9 yar
ot

Hence the heat capacity of any material can be calculated using Eq.3.21, where thermal
conductivity K, cross-sectional area A, and the length L, of the thermal link are
constant quantities.

This demonstrates that the heat leak wires should be of small diameter with -
almost zero heat capacity. If the thermal conductance of the sample is high but less
than that of heat leak wires, T(t) must be represented with more complicated form of
exponential decay with different time constants [23]. Let t, >>1, be the thermal
- coupling time between the sample and- its surroundings and ‘1, is the inter thermal
coupling time between the heater, sample and the thermometer, then the decay curve
can be described by Eq. 3.17 [23],

T-Tp = A exp(-t/t,) + A, exp(-t/t,) (3.24)
where A, and A, are integration constants can be obtained by setting t = 0, gives
A +A,=AT (3.25)

where the ratio T,/t, is of the order of 10? or even smaller then Eq. 3.24 is a
reasonable approximation. But if one is working close to the phase transition. of the
sample, where the heat capacity changes very .quickly then the cooling curve.can be
represented by more complicated way and one has to consider the full decay equation
as [22], 4 _ ,
dTid _ K . (29)

(7-Ty  an

‘which means very close to the transition temperature dT/dt and ‘T must be known.

Which is difficult to know and is a basic limitation of this method. However; this
method can be used for accurate absolute heat capacity measurement away from the

phase transition (to "2%) and can be used to calibrate the data acquired by other
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methods. This method is very sensitive and using this method the addenda correction
can be made small.

In the limit of very low K, the thermal relaxation method can be used in .
parallel with the adiabatic method, where AT is small enough that t does not vary
appreciably between T, and T, + AT. The difficulty with this method is to measure t©
and the base line for T, accurately. This is addressed in chapter 4.

3.4.1: Sweep Method:
In the sweep method, mainly two methods are used. In the first method, the
power is continuously injected into the sample and at a steady state, the power is

switched off and the sample is decaying freely to its initial temperature: In the second

method, the power is injected continuously during the course of heating as well as - -

-cooling. The sample and sample holder are kept in thermal equilibrium, as both drift _ -

slowly in temperature, when the power is applied or removed. Suppose Cs is the heat
capacity of the sample and C, is the heat capacity of the addenda, then the heat applied

can be written as;

<, + C) - %’, G2
where dQ/dT is the heat flux into or out of the sample assembly. If P, is the heat- -
applied by the sample heater and P, is the heat (conduction) leak through the thermal
link, ignoring the radiation, from the sample, then Eq. 3.27 can be written as;

- E-Bd .

It is clear that heat capacity of any material can be calculated using Eq.3.28, if heat
flow into the sample and the cooling rate are known. To monitor heat leak during the
experiment is quite difficult. This can be done by measuring the sample equilibrium:
temperature for different power settings of the heater and calibrating the heat leak. But
- this process is time consuming. This difficulty can be overcome by eliminating the
term P, from Eq. 3.28 by combining the heating -and cooling curves. [ Riegel and
Weber, 25]. There are two ways to add heat, applying heat continuously with a
constant heater power during the heating cycles, and switch off the heater power during

the cooling cycle. In the other method, the heating power is not switched off during
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the cooling curve, rather it is adjusted in such a way that the rate of heating and
cooling cycle remains constant [26]. This method is explained as the accuracy of the
former method deteriorates outside some optimum range, so many cycles need to cover
a large temperature range. But in the second method, dT/dt can be kept constant over .-
a wide temperature range.

For an actual heat leak P, from the sample, let P, +P, as the calibrated heat leak
- with an error term P,, then the equation of the calorimeter.can be written as, -
Py-P) _ (P.- P (3:29)
dNdy,  (dTldp,
where the subscript h and ¢ are for heating and cooling cycles. Let K be the drive

power during the heating and cooling run, then;

. or

P,=P,+P,+K - - (3.30)
P,=P,+P -K : (3.31)
. Putting the values of P, and P, from Egs. 3.30 and 3.31 into Eq. 3.29, one gets,
d7, _,dT 63
C|(=), - (=), = 2K

5, - D,
| | 333
c - I 2K - (3.33)

T, _ T

[(E)" ( & )e

One can define the heat capacity, to be calculated from the heating or cooling

curve alone, as C, and C:

~ K (3.34)
“ * ana,

K (3.35)
C " amna,

The above condition could be fulfilled only, if error due to miscalibraton P, =0.
However, inserting these values into Eq. 3.33, one can find the heat capacity of the
sample and sample assembly as;

2C,C. (3.36)

(C-C)

It is clear from these formulae, that heat capacity can be measured knowing only-the
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heating and cooling rate. From Eq. 3.35, the systematic errors due to the heat leak
miscalibration can be corrected.

The advantages of this method are, no other parameter is involved to calculate the heat
capacity, only one needs to know the heating and cooling rate. It can be used over a
wide temperature range. The accuracy of these measurements is 0.6% [Henry, 26]. The
problem with this method is, it takes a very long time, the correction to heat leak can
be miscalculated leading to a big error and the whole system (sample, sample

assembly) should be in total thermal equilibrium.

3.5: Differential Calorimetry

In differential calorimetry two or more than two samples can be measured -

. simultaneously. One sample is kept as a reference sample and the other as the sample.
Using this technique very minute changes can be detected in the sample with respect
to the reference sample. This technique was introduced by Shinozaki et. al., {27]. They
measured electronic specific heat simultaneously of three samples, one of pure metal
and two alloys of that metal and got 1% accuracy in the range of 2-4 K. Many research
groups [28-37], have made developments in this technique using the same basic idea.
- In Fig. 3.3 [28], 'S’ is the sample to -be measured with respect to a reference -
sample S,. There are two heaters Hg and H, ; and two thermometers Thg and Th,, for -
sample and reference sample respectively. A thermocouple measures the temperature
difference between the sample and reference. The same amount of heat is provided to
both heaters, and the corresponding changes in temperature are monitored by the
thermometers. From the rise in temperature, one can determine the heat capacity of the
sample and reference. More importantly when the heat pulses Qs and Q, are applied
to the heaters Hg and H,, they will generate a temperature difference of 8T = AT, -
AT, where AT, and AT; are the change in temperature of sample and the reference -
respectively. This temperature difference 0T can be measured correctly using the .
thermocouple and used to calculate the heat capacity of the sample.
Let us suppose the heat capacity of sample be C,(s) and of the reference sample
be C,(r). Then the ratio between these two heat capacities can be written as [28],

C(s)  (AQJAT) (3.37)

C(H  (AQIAT)
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Fig.3.3: A schematic diagram of the differential scanning calorimeter apparatus.
S and S, are sample and reference. sample; H, and H, are the sample and the .
~ reference heater; Th, .and Th, are the sample and the reference sample
thermometer respectively, TL, the thermal link between the sample and the
reference sample; E.M.F., the thermocouple, and SC is the superinsulation
shield [28].

AOS _ (3.38)
= (Rp)(+eT/ATY for AT, = AT,

A
As this technique gives the relative heat capacities, it is clear that the ratio of -

C, is less temperature dependent than the specific heat itself, this increases the relative
sensitivity of the ineasurement, which is a big advantage of this technique.
This technique works well if the inner thermal relaxation times of the samples -

- are equal or nearly equal [35]. If not, then one has to consider the effect of inner -
thermal times or use some other way to overcome this problem. Marx, in 1978 [35],
introduced a similar technique with some modifications. He used two samples
connected by a ‘thermal weak link' and applying the alternate heat pulses into the
samples which causes heat flow in the opposite directions across the thermal weak link.

In this way a temperature difference across the thermal link is generated which is
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amplified and measured by a pile of several thermocouples distributed along this
thermal weak link. The detected temperature variations are inversely proportional to the
heat capacity of the two samples. By this way the problem of inner thermal relaxation
time can be overcome. Loram [36] also developed a technique similar to Marx [35],
but using steady current in the respective heaters, and measuring the AT in the heaters
by detecting the thermal E.M.F. in the thermocouple piles, and balancing the heater
current with a very sensitive Wheatstone bridge. He claimed a very high resolution of
1:10° and an accuracy of 1:10° for C, in the temperature range of 1.5 K to 300.K.
The major advantages of this technique are, .

1). The whole experimental set-up is commercially available.

2). The technique has high accuracy -and resolution [36].

3). Using this technique a small sample can be measured.

4). In this technique, it is very easy toload the samples, speedy measurements, -
can be made and it is easy to analyse the data.

5). All thermometers can be calibrated at the same tlme

6). It can be used from 1.5 K to 300 K or higher temperature [36]. -

- Some disadvantages are,

. 1)..Due to bigger size of the probe and the differential technique, it is difficult
to use in very high fields ( bore of the field).

2). If small samples are.to be measured, due to their low heat capacity, the
fractional errors are large. v

3). The drift in thermal E.M.F. causes problems.

4). Due to the use of thermocouple, sensitivity is decreased below 10 K.

5). It is insensitive to the-errors in calibration of thermometers.

6). Strong coupling between the heater and samples are required, as the thermal -
time constant is 2 sec. at 3 K and 20 sec. or more at 300 K.

7). It has a high accuracy of +1%., but it is difficult with the present:
instrumentation to get an accuracy of +0.05-0.2% as is possible with traditional
techniques.

8). Differential scanning calorimetry is not as accurate as the adiabatic
calorimetry.

. 9). When the shape of the transition is under investigation, it does not detect
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all the phases present in the material if a material has more than one phase [37].

3.6: Steady State A.C. Calorimetry

As remarked by Clement et. al [38] and in private by many other calorimetrists, .
the traditional techniques have many complications. Although one can get a very high
accuracy of 0.001% using traditional techniques, the transient nature of the
measurements, the noisy environment, the requirement of thermal isolation of the
sample from its surroundings, the use of exchange gases and heat switches and the
requirements of using a big sample size to minimize the effect of stray heat leaks,
make it difficult to investigate the heat capacity of a material thoroughly using
traditional techniques. ‘

All these complications can be overcome using a steady.state a.c. technique.
This superb technique was introduced by Corbino et.al (39) in 1910. He used
incandescent lamps as samples and obtained the temperature oscillations by measuring
the oscillations of the electrical resistance at high temperatures. This technique was
further developed by, Sullivan and Seidal [40-41], in 1966. They measured specific
heat of superconductors at very low temperatures using steady state alternating current
for very small samples using the second harmonic method. Handler et. al.[42] measured
specific heat at very high temperatures, using the a.c. technique. This is very powerful - -
technique to measure extremely small variations in C,. It has a lot of other advantages
over traditional techniques, which is' why many scientists prefer to use it [42-54].

The basic principle and the schematic diagram for this method are shown in Fig.
3.4. When an a.c. current of frequency w is passed through a sample, its temperature -
oscillates at twice the frequency of the current. That temperature oscillation is detected
by a thermometer on the other side of the sample. In practice, a sinusoidal power P(w) -
of fixed frequency w is applied to the sample which is connected to the thermometer
and the voltage detected by the thermometer is fed into the signal-averaging instrument
(usually a Lock-in Amplifier). The a.c. voltage is converted into the temperature AT,
and using a first-order approximation, we find [28,40]:

AT, = P(0) (wC)' (3.39)

Hence measuring the amplitude of the temperature oscillations gives directly

measurement of the reciprocal. of heat capacity Cp of the sample.
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Fig.3.4: A schematic arrangement for the a.c. technique. S, the sample, H, the. . --

sample heater and Th, the sample thermometer; T,, constant temperature block; . .
_MA_, thermal link; K_,,, the thermal lmpedance between the sample-assembly -
and the background block.

This method is contrary to the adiabatic calorimetry where one has to wait a
long time for the sample temperature to come to equilibrium. Hence in this method
there is no need to wait for equilibrium of the external time constant t,, provided the
internal relaxation time 1, = C/K, ( K is internal thermal conductivity) is short enough.
This ‘internal time 7, is very important factor. The whole system assembly ( heater,
sample and thermometer) must obtain thermal equilibrium in a time shorter than the
- inverse of the applied frequency w otherwise one will never get the required accuracy.
To get 1% accuracy the following condition must hold [28,40-41],

T,0/10 > 1 > 107, (3.40)
For simplification, many factors have been ignored in the Eq.3.40. To describe this -

method in detail, two cases are being discussed as follows:

3.6.1: Sample with infinite thermal conductivity

Let us consider the system shown in Fig. 3.4. It is assumed that the heater,
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thermometer, and the sample each have infinite thermal conductivity and they are
- strongly coupled with each other. The whole sample assembly is coupled to a thermal
link which has zero heat capacity. If the sample is heated by a power P(t) then
Newton’s Law of cooling will give the temperature difference AT(t) between the
sample and the reservoir (background) [22] as,
CAT) = R - KAT), (3.41)

The AT(t) can be obtained using a lock-in-amplifier at the second harmonic -

when the oscillatory power P(t) = Pcos’wt. After solving equation 3.41 for the steady

state, the solution can be written as [22],.

3.42

AT = i+ i cosQwt —¢) (.42)
2K 40C

= AT, + AT, cosQwt - ¢) : (3.43)

where AT, represents the constant temperature difference between the sample and the
background, AT, is the amplitude of the temperature detected by the lock-in-amplifier .
due to the oscillatory heater power P(t), and ¢ is the phase shift (tan ¢p=2wt, o= 1/2).

| On the other hand if the sample has low thermal conductivity, then the whole
sample cannot be heated” uniformly, and there will always be a temperature gradient -
in the sample. To overcome this situation one has to take into account the thickness
and low thermal diffusivity. In the next section, a real system using the a.c. technique

to measure the heat capacity is discussed.

3.6.2: Sample with finite thermal conductivity:
Following Sullivan and Seidal [40-41] for a finite thermal link between the

sainple and the bath;

R
T --f— %
ac l(A *_Rcﬁ) (3'44) .

3

where R = thermal resistivity of the heat link, and the constants are defined by Carslaw
(501,

cosh KI(1+), and ] (3.45)
_ xk(1+i) sinh kI(1+0), J

A*
C*

The thermal diffusivity n of a material is related to the thermal conductivity x
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(W.cm™ K) its density p (gm.cm?) and its specific heat C (J.gm™.K™) by a relation,
n = k /pC (cm’sec™?). The constant k is defined by, (w/2n)"?, 1 is the thickness of the
sample and i = v-1. The sinusoidal- heat flux through area a and thickness 1 can be
written as, [40-41] '
5 (3.46)

£ =408 - (Dyerr

2a

For a finite thermal link between the sample and the bath and a sample with -
infinite thermal conductivity (representing the copper sample),
T, =f|-

ac

R
7C (3.47)
RC' A" (140 =)

r

where Eqs.3.44 and Eq.3.47 are consistent -with Eq." 3.39 .in the limit that R tends -
infinity.

Following Sullivan and Seidal and modifying Eq.(3.43), for the case,-if the
phase shift is not equal to -90° which is changing with temperature, then one can write

[51];
) L I
- ' RH ITIzezmometer aRn; o . (348)
8wf ' V_(LIA) OT
where
Z=K 2
(cos?4f sinh?&/ + sin?k/ cosh?kl): (3.49)

where Ry is the resistance of the sample heater, dR/dT is the slope of the
thermometer, V_ is the root mean square value of the sinusoidal input and V,,(LIA)
. is the root mean square value of the signal detected by the thermometer and measured
by the Lock-In Amplifier. Ime,,;,ou;eter is the biased current to the thermometer, k is
defined above as (w/2n)"?, and 1 is the thickness of the sample.

To. determine kl; the phase shift analysis can be used as,
—1[1 s (fank

tanh 4/

[1_ (tank/ )J
tanh &/

(3.50)

tand =

00 is the phase shift observed. Z can be measured using Eq.(3.49). Hence using Eq.
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_ (3.48), the heat capacity of any material which has low thermal conductivity can be

determined at any temperature.
This method has many advantages, some of them are listed below,

1). The sample is.coupled to the bath (heat reservoir) with a thermal link..

2). It is a steady state measurement.

3). Continuous read out of the heat capacity and computer control is easy.

4). Very small samples of the order of 0.1 mg can be measured.

4). Extremely small changes in heat capacities can be detected.

5). To control the sample and the background temperature, there is no need to
use heat switches or transfer of gas.

6). This method can be used for, amorphous superconductors [47], liquids [48]
and needle shaped specimens [49], at any temperatures.

7). There is no need to generate a very high vacuum in the chamber but on the . -
contrary, can be used at high pressures [52].

8). It is equally applicable in high magnetic fields. [54-60].
There are some disadvantages of this technique,

1). In this technique, the addenda contribution is large.

2). For a sample with poor thermal conductivity, there might be a temperature
gradient inside the sample, which needs to be accounted for.

The addenda contribution can be minimised by using chopped modulated light
(pulses) incident on the front face of the sample (S.E.Inderhees) [54] and measuring
the voltage generated by a thermocouple on the other side of the sample. No physical.

heater needs to be mounted on the sample.

3.7: Cp measurements of Superconductors in high magnetic fields:
The field of specific heat measurements of superconductors in magnetic fields -
originated in 1932, when Kessom and Kok [53] while measuring the specific heat of
tin accidentally obtained a point in specific heat measurements due to a magnetic field
higher than the H,. of tin. Since this discovery many people have measured the specific

- heat in bvery high magnetic fields [54-60]. When a magnetic field is applied to a
superc.onductor, the jump height and transition temperature reduce, and if the applied

field is higher than the H. or H, the superconductor transforms into normal material
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and obeys the T* law. [ see e.g. chapter 2 and 6]. However, measuring the specific heat
in a high magnetic field can be problematic. Two major problems which occur are,
first, to measure the correct temperature and variations in the sample specific heat, as
~ all the thermometers (except gas thermometer) are affected by the magnetic field and
the second is generating a very high d.c. field. Both of these problems can invalidate
research findings. To control the background temperature, a field independent capacitor
- thermometer [61] or bulky gas thermometer is therefore required. Yet the drawback of -
using capacitance thermometers is that they are not reproducible and sensitive enough
to take accurate readings. This problem can be overcome by using a small resistance
temperature sensor, diode sensor, or thermocouple for the sample temperature, which
can be calibrated using the International Temperature Scale of 1990, according to the
field. The other problem is, to generate -high d.c. magnetic fields. High - field
superconductor materials can be used to generate high fields up to 21 Tesla, and after

that-level, a Hybrid magnet (33 T) can be used, though this introduces considerable .

problems of noise and vibration. To investigate the properties of superconductors with - -

- very high He,, one hence has to use pulsed magnetic fields. In a pulsed magnetic field,

the system equilibrium is crucial, if thermal equilibrium is not achieved, the observed

values are too low. So when measuring specific heat in high magnetic fields, one has . :

to be aware of such problems.

3.8: Summary
A wealth of information about the properties of the materials can-be gathered -
by measuring- the specific heat. Specific heat data can be used to determine various

thermodynamic quantities and to reveal and characterise phase transitions. Significant

. advances have been made since the time of Nernst [3]. For example, automation by = .

computer control is the most important development in this field in recent years. In
_established calorimetry, a precise and accurate measurement to 0.001'% is now available
with the aid of heat pulse method. Though the precision drops dramatically for very
small temperature increments. However, this method has been used {22,28] successfully
for high resolution at very low temperatures. Heat losses can be minimised if not
eliminated by using superinsulation shields, and very thin and high thermal impedance

connecting wires.- The correct AT can be measured by extrapolating the decay curve
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back to zero time and applying Eq. 3.18 as described in section 3.4. Digital
instrumentation can also be used to get precise data. However, this is a time consuming
method and documenting exact point to point data points, close to the transition
temperature, peak in specific heat measurements, may result in some data being missed.
This problem can be solved, using a long duration of pulse (step method), and using
equation 3.20. Unfortunately, this is not suitable for very small samples.

The thermal relaxation method is complementary to the heat pulse method. A
thermal heat link is introduced between the sample and the background temperature to
measure the decay curve, from where the heat capacity can be calculated. This is a
high resolution measurement and is accurate to 1% if certain conditions are met. Using
~ this method very small samples at very low and at high temperatures can be measured.

There is no need to use an. adiabatic shield to control the heat leﬁk The difficulty in
‘this method however., is to measure the decay time T accurately, and then to anaiyse ‘
the data especially close to the phase transition, where the dT/dt is changing rapidly
and consequently difficult to measure. For a comparison with other techniques, see .
Table 3.1. However most of these problems can be overcome by using the sweep

method. Where one needs to know only the rate of heating and.the rate-of cooling.
Using differential calorimetry, the specific heat of two or more samples can be
measured- simultaneously. One sample is kept as a reference sample and the other/s is
"measured for changes which occur due to temperature scanning or magnetic field
variants. This method has a very high resolution, and accﬁracy if certain conditions are
satisfied, see Table 3.1. This method can.also be used for small samples. Speedy
measurements and easy analysis of the data, make it suitable to measure specific heat .
between the range of 1.5 K to 300 K [ Loram,36]. However, due to the large
dimension of the probe, it is difficult to use this method for high magnetic fields where
the diameter of the probe is a crucial factor. For smaller samples fractional errors are
large, and thermocouple sensitivity below 10 K is low. Occasionally, differential
calorimetry is misleading in detecting all the phases present in the material. Using this
method 1% accuracy can be achieved.

Steady state A.C. Calorimetry is an excellent method for undertaking research.

In this method an a.c. power, of particular frequency, is applied to the sample, and the

temperature oscillations are measured at double that of the applied. frequency. This
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Method Definition Time Typical sample | Conditions for

Constant size (g) 1% accuracy
Nernst-method™®! Cp=AQ/AT T, >> >0.2 ' 10T, >ty >
(Heat Pulse) minutes ' 571,
Bachmann et.al.® | Cp = k1, t,>5t, [001-1 T,>>1,

(Relaxation time)
Shinozaki et. al. Cpy=Cpy T, > 101, | 0.01 -1 T, >> T,
(Differential Calor) | AQy/AQ
Sullivan et. al® | Cp = /AT, | 7, short |[0.001-01 |(wt/10)> 1
(AC. Method) > 0T,

Table: 3.1: Comparison of some methods to measure small samples heat capacities. Cp is the . ~ -

heat capacity of the material, AQ, the heat input, AT is the temperature increment due to the
heat, t, and t, are the extemal (sample to the surrounding) and interal (between heater, -
. sample and the thermometer) time constants respectively, t, is the heating time, s and r
represent the sample and the reference sample, w is the angular frequency of the. applied
power, AT, is the root mean square value of the temperature increment due to.the alternating
power.

method can be used to measure extremely small (< 0.1 mg) samples at ultra-low or
at high temperatures. Fﬁrther, there is no need to use high: vacuum and exchange gas
switches. This is a very sensitive method, and extremely small changes in heat capacity
can be measured if certain conditions are met. See Table 3.1. It is equally.applicable -
to use this method in very high magnetic fields, and in very noisy environments. Yet
if the sample has poor thermal conductivity, and the phase shift is not -90° then a
modification in the data analysis needs to be introduced using equation 3.48-3.50. The
addenda contribution can be large in this method. This can be minimised using chopped
incident light pulses on the sample.

Virtually alllof the techniques discussed above can be used in the magnetic
fields. However, major problems remain in the development of suitable thermometry
and in the generation of high magnetic fields. The thermometry problem in high
magnetic fields could be overcome by using a new, commercially developed, field
independent thermometer by “Lakeshore Measurement and Control Technologies “[61]

and high magnetic fields can be generated up to 23 T using low temperature
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superconductors, this can be enhanced to 34 T using hybrid technology. There is still
more development needed to produce the very high magnetic fields which are required,
especially for the high temperature superconductors.

In Durham, we are mainly concerned with the specific heat measurements in
the temperatufe regime of 4 - 20 K on low thermal conductivity superconducting
materials in high magnetic fields. We therefore need to choose a method which can
fulfill these requirements. As discussed earlier, differential calorimetry has excellent
accuracy and resolution but limitatiéns of sensitivity of thermocouple below 10 K, and
its bulky dimensions make it difficult to use in our 40 mm high field superconducting
bore. The thermal relaxation techniques main disadvantage is that close to the transition
temperature it is difficult to calculate dT/dt, which is used to calculate heat capacity.

As discussed above the heat pulse method is very accurate and precise method
" to measure heat capacity so it is used to check the accuracy and precision of the
experiment and to calibrate the data acquired by the a.c. technique. The a.c. technique
is being used to measure very small variations in the specific heat as this method is -
- very sensitive in detecting even small changes such as 10° K by using a Lock-in
- Amplifier (LIA) and equally applicable in high magnetic fields using a field
.independent thermometer. This technique can be used at extremely low temperatures
for extremely small samples as discussed above. A low thermal conductivity materials
can be investigated using the analysis discussed in section 3.7. It is clear that the use
of heat pulse method and a.c. technique to study the Chevrel phase materials in the
range of 4 -20 K is the best option to minimise ambiguity. Using computer control,
very precise and accurate data have been acquired which will be discussed in the

following chapters.
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CHAPTER 4
HEAT PULSE METHOD

4.1: Introduction:

The heat pulse method is a traditional and well established technique to measure
heat capacity of a sample. In this chapter, the Durham Specific Heat Probe, its design,
use, and accuracy, in heat pulse measurements will be addressed.

This chapter consists of 10 sections, as follows: Section 4.2 deals with the
principle of operation. Section 4.3, is devoted to external. circuitry used in this .
experiment. Section 4.4 describe the probe design, where physical and mechanical

description and thermal requirements to build a specific heat probe are explained.

Section 4.5, describes how the sample is mounted. In Section 4.6, development of the . -

‘appropriate thermometry is explained. In section 4.7, calibration of the instruments and
the devices is discussed. Section 4.8 consists of the experimental results acquired using
the heat pulse technique in 0-field, and section 4.9 is involved with the high magnetic
field measurements. Sections, 4.10 includes the discussion, advantages and the
disadvantages, and accuracy, in the light of the data acquired and section 4.11,

concludes this chapter.

4.2: Pﬁnciple of Operation:

The principle of operation of quasi-adiabatic heat pulse method is, by adding
" heat of short duration of pulse of known current I and time At to the system and noting
the changes occurred in the system. The heat pulse raises the temperature of the sample.
The temperature of the sample is allowed to decay freely. During the decay, AV is
recorded. The recorded voltage has an exponential decay. Taking the natural log of AV
gives a straight line which is extrapolated back to zero (i.e. when the heat pulse has
been started) using Eq. 3.18. In this way Cp can be measured.

4.3: External Circuitry:

The external circuitry of the experimental set up of the system is shown in
Fig.4.1. It consists of many devices and instruments. A Famell power supply is used
to supply the current to the heater on the sample. The amount of current and time of
the pulse is controlled by a computerised switch and recorded by a Keithley [1] 196

DVM acting as an ammeter. The Cernox-1030 thermometer is biased with a
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Fig.4.1. A schematic of the experimental Set up. In the Fig. 'a' stands for the
sample and the sample heater, 'b' denotes the CX-1030 thermometer, 'c' is
background heater, and 'd' the RhFe-thermometer.

Lakeshore constant current source. . _

To méasure the. signal and the variation due to the heat pulse a Keithley 2000
DVM is used as a voltmeter. The background temperature of the system is controlled
by a Lakeshore Temperature Controller DRC-91CA. If the measurements needed to be
made in high magnetic field, a Superconducting Magnet and Cryostat [2] can be used -
which is able to provide a field of 15/17 Tesla at 4.2 K / 2 K. This is operated by an
- Oxford- IPS120-10 Power Supply. The Computer has control on all these instruments.
All these instruments except magnet power supply, are connected to an 386-IBM
Computer with a series combination of IEEE interface cables. The magnet power supply
" is connected with computer by RS-232 cable. The ASYST language developed by the
Keithley Instruments [1] is used for computer control. The good interactive, real time,
and graphical displays on screen, make ASYST a powerful language to control the
instruments. In this way, the whole experiment can be monitored with very high
resolution and the accuracy.

The 8-wire high magnetic shield cable is used to reduce the magnetic field

induced errors. At the bottom end of the probe, PTFE-enamel wires are used. Every pair
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of PTFE-wires is twisted to reduce the noise in the system.

4.4: The Probe Design: '
In this section the description of Durham specific heat probe, the factors on

which the probe design is based are discussed in detail;

4.4.1: Physical and Mechanical Description:

The overview of the Durham Specific Heat Probe is shown in Fig. 4.2. The
probe has a total length of 1590 mm with outer diameter of 19 mm. The head of the
probe -is made of brass with its outer diameter of 90 mm and a length of 80 mm. The
brass head has two 10-pin connector terminals for the sample/ thermometry leads and
a vacuum pump connector for controlling the pressure inside the probe. The upper outer
jacket of the probe can be separated from its lower outer jacket at a distance of 70 mm .
from the bottom end of the brass head, and during the experiment, is sealed, using
vacuum fitting (O-ring and a clamp). The inner pumping tube has a diameter of 9 mm
for the thermometry/sample leads and has 10 Copper spacers mounted on it to'make a .
good thermal link with the outer jacket. The inner pumping tube finishes at the bottom
end of the probe at Steel spacers, which connect the top end to the bottom end of the .
probe. _

The bottom end of the probe is shown in Fig. 4.3. The bottom end is mainly made of
Copper which is connected to top end (steel spacer) with the aid of Tufnol support
struts. Tufnol is used to minimise the heat leak to the outer environment from the
bottom end. The terminal block support has two opposed flat regions for terminal
connectors. These terminal connectors are used to prevent the thermal voltages
developing across the terminals of the circuitry and easy access to the circuit. Next to
the terminal block support is the Cu-block, which is the most important part of the
system and acts as heat sink which provides an' environment connected thermally to
sample chamber. Almost half of the background heater is mounted on this part on the -
space provided of the Cu-block and the other part is mounted on the demountable Cu-
Can. The RhFe-thermometer is also mounted in the copper block in a cavity and is
used to control the temperature of the Cu-block. The bottom end of the Cu-block has
two steel rods to support the sample. Inside the Sample Chamber is the CX-1030
thermometer and the strain gauge which are mounted on the sample. This system is

supported by dental floss which is attached to the steel rods with brass screws.
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Fig.4.2. Overview of the Durham Specific Heat Probe.

99



Lower QOuter Can -

Inner Pumping Tube

Y

\ )

Steel SPGC?T |_—Tufnol Support Struts

AW TNy

i
d

Terminal Block
Support

Terminal Strips

[

S-Bend
Background Heater

RhFe Thermometer Copper Block

Eﬂ : Demountable Copper
gl i Can
Dental Floss j A B Background Heater
( Thl’edd) ;E/ h! Sqmple
Strclln I-(15c1uge — ég ki CX-1030 Thermometer
(Sample Heater) e ‘ Brass Screw

Steel Rods — | tzzzzzz!
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4.4.2: Thermal requirements:

To meet the thermal requirements, important factors include how to control the
background and the sample temperature and how to minimise the heat leak. The
background temperature is controlled by a Lakeshore DRC-91CA Temperature
Controller with the help of a 4029-RhFe-Thermometer and a background heater made
of Constantan alloy wire of SWG-36. The sample temperature is controlled and sensed
by a CX-1030 thermometer from Lakeshore Cryogenics. The CX-1030 thermometer has
very short dimensions of [3], 3.2 mm x 1.9 mm base x 1 mm high, with a mass = 40
mg, which make it possible to mount very small samples to it. A strain gauge WK-06- -
062AP-350 from Micro-Measurements Division [4] is used after cutting into a suitable
size of 5 mm x 2.5 mm x 0.05 mm and mass of 3.19 mg to use with the small samples
as the sample heater.

To minimise the heat conduction down to the leads, thin high thermal impedance -
wires has been used. Only two of the four terminals of the sample heater (strain gauge)
are used to minimise the cross-sectional area for thermal conduction. The leads are flat
with thickness of 0.06 mm and 0.14 mm width and made of Beryllium Copper. The
sapphire base of CX-1030 thermometer made it useful for achieving equilibrium given
its 15 milli sec. at 4.2 K and 0.25 sec. at 77.25 K thermal response time. Two non-
magnetic connécting leads of phosphor-bronze with 0.2 mm diameter each are soldered
to the sensor [3] to connect it with other circuitry. An S-bend hole in the main copper
block reduces the radiation. The 3-turns of super-insulation of Aluminium foil round
the bottom end of the probe maintain the adiabatic behaviour and reduce liquid helium
consumption.

A pressure of typically 10° mbar at the warm end is maintained to reduce
conduction and convection. With the conditions discussed above, it is quite possible to

get good accuracy in a large temperature range of 4.2 K to 300 K.

4.5: Sample Mounting:

To mount the sample properly is crucial. In the heat pulse method, large samples
of almost any geometry or dimension can be used. To mount the sensor and heater on
opposite sides of the sample, General Electric-Varnish (G.E. Vamnish) supplied by
Oxford Instruments, is used. It can provide a thin layer helps to reduce intra-sample
time and enhanced the thermal contact. After mounting the sample, it is tightly bound

by the dental floss and allowed to dry for a minimum of two hours at room




temperature. After drying, the two leads of sample heater are soldered with the enamel-
insulated Constantan wires. The soldered contacts are wrapped with the cigarette paper
to eliminate short-circuiting between two terminals of the heater. The whole sample
assembly is tightened by two crosses of Dental floss, with the aid of brass screws on
the steel rods, on both sides of the éample assembly to eliminate the vibrations in the
system and keep the sample fixed. The demountable copper can is mounted on the
copper block. The part of the background heater on the demountable Cu-can is
connected electrically to the other part of the background heater and the soldered parts
are covered with cigarette paper to eliminate short circuiting.' All connections on the
terminal strips are checked thoroughly with a DVM.

In mouhting samples, Tweezers, a very useful instrument for holding the
thermometer/ strain gauge to the sample while the GE-Varnish dries, Acetone and Safe-

Buds are good for dissolving the GE-Varnish and can be used to demount.the sample - -

and cleaning the surfaces of sample, CX-1030 thermometer and Heater.

4.6. Development of Appropriate Thermometry:

To sense the sample tempefature, ‘a very sensitive sensor is required which
-should be field independent and of suitable size to mount on even very small samples.
Prior to selecting CX-1030 thermometer, a large variety of heat sensors were. tested and

rejected due to one or another reason. They are discussed below;

Type T Thermocouple:

. First of all, a Type T thermocouple was tested. Its calibration is shown in
Figs.4.4. The Cu-results obtained using this thermocouple are compared with literature

and shown in Fig. 4.5. These specific heat results differ by 20% from the literature. The.

thermocouple’s small area make it suitable to reduce the addenda contribution and

minimise the radiation losses but due to poor reproducibility of results, its low

sensitivity at liquid helium temperature [1], and the large heat leak from its leads, we

considered it unsuitable to use in the experiment.

Thin Film RhFe- Thermometer.
Thin film RhFe-resistance thermometer was tried. It is good due to its small size
and positive temperature coefficient but not suitable due to its low sensitivity at liquid

helium temperature, the fragile nature of the wires and strong magnetic field
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dependence.

DT-450 Thermometer.

The DT-450 thermometer is quite suitable at all temperatures due to its high
sensitivity particularly at liquid helium temperature. Its calibration is shown in Fig.4.6.
The specific heat results obtained using DT-450 thermometer has a very close
agreement with that of literature [5], typically ~ 3% as shown léter in this chapter.
However the big drawback of DT-450 thermometer was its strong magnetic field

dependence.

Cernox (CX-1030) Thermometer.

All the above sensors were investigated to find a suitable sensor to use in our
experimental set-up but all were rejected due to one or another reason. We found CX-
1030 thermometer quite suitable for our measurements. It has a very high sensitivity at
liquid helium temperature, short thermal response time, a robust design, long life over
a large number of cycles, small size, and above all its weak magnetic field dependence
make it most suitable for use in our measurements. CX-1030 thermometer eliminates
the need of a capacitor thermometer to be used in the experiment to control the
background temperature of the system. It is used to read the sample temperature and
can be used to read the true temperature, in a magnetic field, of its surroundings in

zero-and in high magnetic fields.

Calibration: ‘

To control the background temperature of the system, a RhFe-4029 thermometer
purchased from the Oxford Instrument is used. A O-field commercial calibration was
provided with this thermometer which was checked and extended with another similar
RhFe-Thermometer. The results are shown in Figs.4.7. The high field calibration made
in Durham using a capacitor thermometer is shown in Fig.4.8. Similarly the calibration
of CX-1030 thermometer was completed in 0- and high fields are shown in Figs. 4.9-
4.10 [6]. The results shown in Fig.4.11, demonstrated that the CX-1030 thermometer
has a very small magnetic field induced errors of 200 mK at 15 T.
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Fig.4.4. Calibration of Type-T (Copper-Constantan) Thermocouple as a function
of Temperature.
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Fig.4.5. Specific H'eat Capacity of Cu using Type-T Thermocouple. Durham
Results are compared with literature [5].
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Another device used in the experiment is sample heater. A strain gauge is used as a
sample heater. Its calibration was made using RhFe-Thermometer. It has an almost
constant resistance of 350 Q from room temperature to liquid helium temperature.
The 4029-RhFe Thermometer has an accuracy of +16 mK at 4.2 K, +18 mK
at 77 K and +18 mK at 273 K with a 30 point calibration. Similarly the accuracy of
CX-1030 thermometer was, +5 mK at T < 10 K, +20 mK at 20 K and +140 mK at
300 K in O-field and < 200 mK magnetic field-induced temperature error in 15 T.

4.7: Calibration of Instruments

In Durham to measure specific heat of the materials, a DRC-91CA temperature
controller is used to control the background temperature. It was calibrated by a series
of resistors read by DVM-196 using 4—probe method against the temperature controller. .. -
The temperature difference in resistances were plotted on a graph Figs. 4.12. and
correction were made to temperature controller. A high precision multi meter-196, with -
an accuracy of 1.5 x 10° and resolution of 100 nA [1] was used as an ammeter. The
multi meter-2000, with an accuracy of 3x10° and resolution of 0.1 uV [1] as a
voltmeter and DRC-91CA temperature controller with a typical accuracy of 25 mK
(depending on the thermometer used). - .

4.8: Experimental Results on Copper in 0-Field:

Copper has a very high thermal conductivity and well established values of .
specific heat which make it a good standard. It can be used to check the accuracy and
the reliability of the technique. A typical chart recorder trace.of the switch is shown in
Fig. 4.13 and a typical resultant decay curve in Fig. 4.14.

Determining AT

The recorded decay curve can be used to determjné AT. To overcome the
problem of heat leak the decay curve back to zero is quite suitable. By taking the
natural log of the decay curve a straight line fit provides the Y-intercept when time was
zero. The number obtained from the Y-intercept is converted to AT by using the Eq.
3.18. The extrapolation back to zero is shown in Fig.4.15.
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Analysis of Data.

Four Copper samples were studied thoroughly. For every sample, a graph between
AT vs. heat dissipated has been plotted and shown in Fig.4.16. The slope of each sample
was determined using a straight line fit, which gives the heat capacity of that sample at
the corresponding temperature. This heat capacity of different samples is plotted against
the mass of the sample. The slope of the straight line has been calculated which provides
the specific heat of Cu at that temperature and the Y-intercept, the heat capacity of the
addenda. Heat Capacity vs. Mass to calculate specific heat and the addenda is shown in
Fig.4.17 at 80 K and 300 K.

From Fig. 4.17 it is noted that Heat Capacity is independent of AQ (Heat in) and
is proportional to the mass of the sample ras required. A plot of specific heat versus
temperature of Cu is shown in Fig.4.18. The %age deviation of specific heat measured in
Durham from literature [5] is shown in Fig.4.19 for data taken both with the DT-450
thermometer and the CX-1030 thermometer. The series of measurements at 21 K agreed
with the literature value to ~ 2 %. Typical data from the literature are shown in Fig. 4.20.
Similarly the heat capacity of Addenda from 80 K to 300 K using Cu samples is shown
in Fig.4.21. '
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Fig.4.16. The temperature rise AT after the heat pulse as a function of heat
AQ for four Cu-samples P1,P2,P3 and P4 of different mass at 80 K.
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4.9: Experimental results in High Field on NbTi:

To test the reliability of Durham Specific heat probe in the magnetic fields, a well
known superconductor material NbTi (Commercial) has been measured. In these
measurements a long duration of heat pulse of 5-seconds was used in 0- and in high fields.
The results are shown in Fig.4.22 and analysed using Eq. 3.21. In addition, the heat
capacity was measured at 11 K using short duration of heat pulse and the data normalised
" to 11 K. The behaviour so obtained is shown in Fig. 4.23 and 4.24.

4.10: Discussion:

The gradual development of the system has been discussed in the previous sections. .
First of all a Type-T Thermocouple was tested. The results obtained were compared with
literature, Fig. 4.5. It was found that the results- were dlfferent by 10 to 20% with the
literature. The RhFe-Thin film thermometer was tried after this and rejected due to its -
fragility. Due to its high sensitivity, DT-450 diode thermometer, we obtained very good
results in O-field in the range of +3% of the literature value. The results are shown-in
Fig.4.18 and 4.19. But when it was tried in magnetic field, due to its strong dependence
on magnetic field we found very poor results. After DT-450 thermometer, there were two
choices, using a Carbon Glass thermometer or a Cemox (CX-1030) thermometer. It was
verified that the CX-1030 was better thermometer as compared to carbon glass in high
magnetic fields [6]. The Cu-results using CX-1030 thermometer are compared with
literature in Fig. 4.18. As can be seen from Fig.4.19 the results obtained are +1.5% in
agreement with that of literature. .

The thermometry of the probe was checked using the long duration heat pulse
method in high magnetic fields. In the beginning, NbTi was investigated. It was found that
the results are in good agreement with those of the literature [12]. The results so obtained

are shown in Fig. 4.24.

Advantages and Disadvantages:

The probe developed is a multi purpose probe and can be used for different Cp
techniques, other than heat pulse method with slight modifications. This probe can be used
in a large temperature range of 2.2 K to 300 K. As CX-1030 thermometer has very high
resolution close to liquid helium region, the probe gives very high resolution in that
region. Using four samples of Cu, the addenda and pure specific heat has been determined

which is very close to the literature value [S], ~ + 2% in the whole temperature range.
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region. Using four samples of Cu, the addenda and pure specific heat has been determined
which is very close to the literature value [5], ~ + 2% in the whole temperature range.
The accuracy of thermometry is, +30 mK at 4.2 K, +35 mK at 50 K and +140 mK at 300
K in fields. The probe is edually capable of being used in 0- or in very high magnetic
fields.

4.11: Conclusion:

The results obtained using heat pulse method has been compared with literature
and found to be within +1.5% to the published values in the temperature range from 20
K to 300 K for the CX-1030 thermometer which is used in the high field measurements.
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CHAPTER 5

Alternating Current Technique
5.1: Introduction

To investigate heat capacity at low and at very low temperatures, Sullivan and
Seidal [1] introduced a very superb and efficient a.c. technique. Using this technique
many traditional calorimetric problems can be overcome. In this chapter, the use of

“a.c. technique and its application to low thermal conductivity material will be used for
Copper, a standard normal material, NbTi, a superconducting material, and PbMo,S;
a poor thermal conductivity superconductivity material. A very detailed and systematic
study of the experiment conditions is provided, since there is no such study in the
literature although such work is critical for achieving high quality data.

The chapter consists of nine sections. In section 5.2, the description of the
system, including the principle of operation, external circuitry and sample geometry
is described. Section 5.3, includes the experimental procedure, and section 5.4 consists
of experimental results for Cu in 0-field, above liquid nitrogen temperature and in the
liquid helium region. Section 5.5, includes the calculation of Cp for high and low
thermal conductivity materials. Section 5.6, described the experimental results
obtained using NbTi-superconductor in 0- and high fields and its analysis. Section 5.7
includes the experimental results acquired ﬁsing 5 samples of Hot Isostatié Pressed
(HIP) PbMo,S, and its analysis. Section 5.8 provides the discussion of the
measurements and the analysis of the data using a.c. technique. Section 5.9 provides

the conclusion.
5.2: System Description

5.2.1: Principle of Operation:

To measure the specific heat of a material using the a.c. technique, the
following principle is used. An alternating rms voltage (Vi) of frequency (f) is
applied to a heater attached to the sample. The corresponding power due to this

voltage will oscillate with a frequency double that of the applied frequency, which can
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be sensed with a temperature sensor. Hence the thermometer produces a d.c. voltage
(Vd~°) characteristic of the mean temperature of the sample and an rms a.c. voltage
V_..(LIA), used to calculate the heat capacity which should lag the input current by
90° as explained in chapter 3. In this measurement the sample is heated continuously
by the oscillatory power, and the corresponding variation in the signal is recorded by
a Lock-In Amplifier (LIA).

§.2.2. External Circuitry:

The schematic diagram of the experimental arrangement is shown in Fig.5.1.

A similar diagram has been discussed in chapter 4, (Fig.4.1) except that the d.c.
power supply, the computerised switch, and d.c. Ammeter is replaced by a Lock-In
Amplifier (LIA), used both as an input heat source and the output device to extract
the a.c. signal from the thermometer. The d.c. signal from the thermometer is
measured by a Keithley DVM-2000 multimeter. The Temperature Controller is used
to control and ramp the background temperature. The whole system is controlled by
the computer using the ASYST- language.

RS-232
LIA IEEE Computer
IEEE
Vems{CX) Vrms(IN)
Multi - 2000 EEE
(Vae) 1
:__ ————— 1 1 I' TJemperature
l ! c—tF-H-L —*: \ Controlier
Magnet 1 : iée { I
Power + ! ' '
Supply 1 : o I
| ' ; l
. L _ 1| Probe] 4 |
|_Helium Bath || _ _ =
. Constant
Current
Source

Fig.5.1: A Schematic of the Experimental Set-Up for A.C. Technique. In the Fig.
'a’ denotes the sample, ‘b' is the sample heater, 'c' stands for CX-1030
Thermometer. 'd' represents the RhFe-Thermometer to ramp and measure the
background Temperature and 'e' shows the background heater,.
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5.2.3: Sample Geometry:

It is clear from that the ideal sample for a.c. calorimetry measurements has
very high thermal conductivity and diffusivity. But many interesting phenomena
happen in materials which do not meet these requirements. By choosing a sample
geometry with a sufficiently small thickness, one can approach the ideal. However the
sample should be large enough to mount the heater (strain gauge) on one side of the
sample and thermometer on the other side of the sample. If the sample is too thin and
small, then there will be a relatively large addenda contribution. However if the
sample is thick and large, there will be a non -90° phase shift (with the associated
analytical problem) and reduced a.c. signal. We have found that ~4 mm x ~4 mm x

- ~1 mm is the best compromise for the Chevrel phase superconductors in this thesis. -

5.2.4: Lock-in Amplifier, Initial Conditions:

In all measurements, we used an SR-830 Stanford Display Lock-In Amplifier
[2]. The synchronous filter was on to reject the unwanted 2f and higher frequency
noise. Also both notch filters were on.to reject line noise. Except for the early NbTi
data, a reference frequency of 0.5 Hz and output voltage, Vi, 0.35 V was used in all
measurements. The recommended time constant, of the LIA, is almost 3 times of the
inverse reference frequency and was set to 3 seconds. The differential input terminals
(A-B) of LIA were used. The reference phase was set equal to zero and data acquired
at 2f. The LIA facilitates monitoring the incoming preamplified signal from CX-1030-
through a rear panel BNC which was connected to a oscilloscope. Hence the
difference between the input voltage and the a.c. voltage across the thermometer can
be seen on the oscilloscope. The a.c. signal is double the frequency of the output of
the LIA as shown in Fig. 5.2.

5.3: Experimental Procedure:

Initially the probe is precooled in liquid nitrogen temperature before cooling
to liquid helium temperature. If the data is required in the magnetic field system, the
distance between the bottom end of the top brass plate of probe and top end of
Superconductor magnet is 272.5+0.5 mm. The pressure of He gas is set to.be = 5

Torr at the warm end of the probe. The background temperature is sensed by a RhFe-
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in the range from 4.2 K to 20 K and the Cu sample with 0.2 mm thickness labelled
Cu-1, and the 6th Cu sample, labelled Cu-3 in the following figures, were used to

investigate heat capacity at and above 77 K.

5.4.1: Copper Samples ( T > 77 K).

Before testing the technique at low temperature, it was tested at liquid nitrogen
temperature on copper with known high thermal conductivity. A thorough
investigation was made at atmospheric pressure at the warm end for fixed frequencies.
First the applied voltage Vy was changed and the corresponding ATac was noted,
shown in Fig.5.3. The procedure was repeated for a pressure of 1 Torr at the warm
end of the probe as shown in Figs. 5.4. Since all the data has been acquired using
A.C. coupling, correction factors have been used to take account of the voltage drop
across the internal impedance of the LIA and the non-ideal filters at low frequencies
. e.g. for frequency 0.2 Hz with a nominal applied voltage of 0.35 V, one will measure
0.273 V with A.C. coupling in LIA (78% of the reading). Equally the LIA has an
internal impedance of only 50 Q, so the voltage drop across the heater which has a
resistance of 350 Q is reduced to 87.5%.

Equation 3.48 derived in Chapter 3 [1,4-5],

d Vo
C-= Ry

Inzemzometer oR Th (51)
8mf ~ V_(CX) oT
can be written as
\/5 Power
Jac . f = ==,
PR 5.2)

where Tac = (Vo (CX)/ I ngrmomersr: 0L/0Ry,) and Power = (V*/Ry). Hence Tac x
f vs. power should be a straight line through the origin. The data in Figs. 5.3 and 5.4
have been replotted in Figs. 5.5 and 5.6. At atmospheric pressure, below ~ 10 mW
and 0.5 Hz, we get linearity in agreement with Eq. 5.2. No agreement is found when

the probe is pumped out. Hence we conclude that low pressure is not suitable for the
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Fig.5.4a: Tac as a function of voltage for different frequencies at 77.8 K for Cu-1
sample with 1 Torr pressure at the warm end of the probe. Time Constant of LIA =
30 sec.
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Fig.5.4b: Phase Shift as a function of voltage for different frequencies at 77.8
K for Cu-1 sample with 1 Torr pressure at the warm end of the probe. Time
Constant of LIA = 30 sec.
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Fig.5.5: Tac x f as a function of Average Power at 77.8 K for Cu-1 sample at
atmospheric pressure for 0.2 Hz, 0.5 Hz, 1.0 Hz, 3 Hz, and 5 Hz. Time
Constant of LIA = 30 sec. '
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Fig.5.6: Tac x f as a function of Average Power at 77.8 K for Cu-1 sample
at less than 1 Torr pressure for 0.2 Hz, 0.5 Hz, 1.0 Hz, 3 Hz, and 5 Hz. Time
Constant of LIA = 30 sec.
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Fig.5.7: Heat Capacity of Copper samples of masses 0.03178 gm (Cu-1), and
- 0.23061 gm (Cu-3) as a function of Frequency at 77.8 K.
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Fig.5.8: Heat Capacity of Cu-1 sample as a function of Frequency at 77.8 K
and at 120 K with 0.5 V and 0.8 V respectively to find a suitable frequency
at different temperatures. Cp after H. P. Method =12.1 and 19.3mJ.K" at 77

K and 120 K respectively.
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measurements at liquid nitrogen temperature.

To check the suitability of 0.5 Hz, measurements of Cp- derived using Eq. 5.1-
were made on 2 different masses at 77.8 K. The data shown in Fig. 5.7 show that Cp
is independent of frequency ~ 15 % as required at 0.5 Hz. The heat capacity of Cu-1
sample has been checked at 77 K and 120 K and displayed in Fig.5.8. It is found that
at 0.5 Hz there is ~7% agreement of heat capacity values between the a.c. technique

and the heat pulse method.

5.4.2: Copper Samples ( 4.2 K < T < 20 K).

To calculate the specific heat in the range of 4.2 K to 20 K of Cu, one needs
to find a suitable ramp rate, pressure inside the probe and frequency. To find these
parameters in this range a thorough investigation of Cu was made. Two Cu- samples -

with the thicknesses of 0.5 mm and 2 mm were measured. Typical results are shown

in the interesting temperature range from 10 K to 14 K where we expect the -

superconducting phase transition to occur in our Chevrel phase materials..

In Figs.5.9-5.12, the raw data taken from 10 K to 14 K are plotted for the two
Cu- samples. In light of Eq.5.1, we have plotted the raw data as V' (CX) and 6. It
is clear from the data that higher ramp rate (2 K.min") gives lower value of V'
(CX). and higher values of 8 and a very low ramp rate (0.0625 K.min") renders the
experiment too long. We have chosen as a compromise (which is confirmed during
the in-field NbTi data considered later) a ramp rate of 0.125 K.min™.

In Figs. 5.13 - 5.16, raw data taken at a ramp rate of 0.125 K. min™ are
shown. It can be seen in these figs. that V' (CX) is quite independent of pressure
below 10 Torr. However the phase angle is strong function of pressure throughout the
pressure range. We attribute these results to the change in the thermal link between
the sample and the bath - in particular V" (CX) is a measure of the heat capacity
~ of the sample whereas 0 depends on the relative thermal conductivity of the sample
and the heat link which is therefore pressure dependent. We have decided to take data
in high fields at = § Torr which is sufficiently low to be in the low pressure limit
where V' _(CX) is independent of pressure but sufficiently high that the pressure can
be obtained easily and reproducibly.

Similarly, we have addressed finding a suitable frequency. In Figs. 5.17 - 5.20,
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Fig.5.9: To find the suitable ramp rate, V' _(CX) as a function of
temperature has been plotted for the Cu-2 mm Sample.
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Fig.5.10: To find the suitable ramp rate, Phase Shift as a function of
temperature has been plotted for the Cu-2 mm Sample.
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Fig.5.11: To find the suitable ramp rate, V' __(CX) as a function of
temperature has been plotted for the Cu-0.5 mm Sample.
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Fig.5.12: To find the suitable ramp rate, Phase Shift as a function of
temperature has been plotted for the Cu-0.5 mm Sample.
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Fig.5.13: To find the suitable Pressure at the warm end, V' _(CX) as a

function of temperature has been plotted for the Cu-2 mm Sample.
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Fig.5.14: To find the suitable Pressure, at the warm end, Phase Shift as a

function of temperature has been plotted for the Cu-2 mm Sample.
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Fig.5.15: To find the suitable Pressure at the warm end, V' _(CX) as a -
function of temperature has been plotted for the Cu-0.5 mm sample.
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Fig.5.16: To find the suitable Pressure, at the warm end, Phase Shift as a
function of temperature has been plotted for the Cu-0.5 mm sample.
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Fig.5.17: To find the suitable frequency, V' . (CX) as a function of
temperature has been plotted for the Cu-2 mm sample.

10.0

-140 T T T T T T T T | T
-160
3 -180 :
U .
:-_: e et AN o deeAreAds A s tmks s a [220H2
< 200 ——at Ase5 o Ak Ahas * 4 Hz
e v ® A AD-L8— Attt M Il o 6 Hz
(n M VYV VTR TR T WY W - vw »B8Hz
o -220+ ¥ 16Hz
g N + 32Hz
= - et it sat gt oy [ B0HZ
0— -2L0 B M MMM A A B A A o e ) p g v
-260 * ek R T
+ e -lr A AR Nk 3 ¥ *
& F X K ) £
_280 i 1 1 1 1 1 1 1
10.2 10.1. 10.6 10.8 1.0

Temperature (K)

Fig.5.18: To find the suitable frequency, Phase Shift as a function of
temperature has been plotted for the Cu-2 mm sample.
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Fig.5.19: To find the suitable frequency, Vv'. (CX) as a function of
temperature has been plotted.for the Cu-0.5 mm sample.
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Fig.5.20: To find the suitable frequency, Phase Shift as a function of
temperature has been plotted for the Cu-0.5 mm sample.
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Fig.5.21: To find the suitable frequency, V' _ (CX) x freq. as a function of
temperature has been plotted for the Cu-2 mm sample.
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Fig.5.22: To find the suitable frequency, V' _(CX)xfreq. as a function of
temperature has been plotted for the Cu-0.5 mm sample.
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raw data showing V' _(CX) and 6 for two Cu-samples acquired with different
frequencies have been plotted. From Eq. 5.2, V7 (CX) x ' vs. temperature should
be a single frequency independent line. This can be checked by replotting Figs. 5.17
and 5.19 in Fig. 5.21 and 5.22 respectively. It is clear that the data acquired from 0.5
Hz to 4 Hz for 2 mm thickness sample and 0.5 to 16 Hz for the 0.5 mm thick sample,
frequencies are collapsing to a single line to within 5 % at low frequencies. From this
analysis, we have chosen a frequency of 0.5 Hz to acquire the other data (Chap. 7 &
8 ) for Chevrel phase materials.

Using above optimum conditions for frequency (0.5 Hz), ramp rate = 0.125
K.min", pressure ~ 5 Torr, and excitation current (100 uA) for CX-1030 thermometer,
we acquired data for 5 Cu samples. The raw data showing V' (CX) and 9 for these
samples are displayed in Figs. 5.23-5.24.

'5.5: Cp ( Heat Capacity) Computer Analysis for Cu
In most simple case where:
a). the sample has.infinite thermal conductivity,
b). the heater and the thermometer have infinitesimal response time, and
c). the sample is almost perfectly isolated from the thermal bath, following [1],

and using Eq. 5.1, for our experimental set up:

C=2.7623 5% 0-5 / Thermometer oA Th

V_(CX) oT G.3)

where OR/JT is the slope of the thermometer, Viys(CX) is the root mean square value
measured by the Lock-In Amplifier and Inyemomet iS the current to the thermometer.
In Fig. 5.25, the raw data of Fig. 5.23 have been replotted giving V"' (CX)
vs. Mass and we find good linearity at all temperatures. Eq. 5.3 holds good in this
case. In Fig. 5.26, the data of Fig. 5.24 has been replotted giving theta vs. mass at
different temperatures. In contrast with the Eq. 5.3, it was found that theta is a strong
function of temperature and mass as shown. We attribute the value of theta not being
-90° to the sample not being sufficiently isolated from the bath nor being of infinite

thermal conductivity.
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Fig.5.23: Raw data for 5 Cu samples of different masses, giving, V' (CX)
versus temperature. Freq.=0.5 Hz, Excitation Current to CX-1030
thermometer=100 uA, Ramp Rate=0.125 K.min™, Pressure at the warm end

of the probe=5 Torr.
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Fig.5.24: Raw data for 5 Cu samples of different masses, giving phase shift
versus temperature. Freq.=0.5 Hz, Excitation Current to CX-1030
thermometer=100 uA, Ramp Rate=0.125 K.min™', Pressure = 5 Torr.
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Fig.5.26: Raw data of Fig. 5.24 has been replotted, giving Theta vs. Mass for
Cu.
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Fig.5.27: The value of V' ___(CX) obtained for the addenda (negative mass)
as a function of temperature, after the straight line fit.
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Fig.5.28: The value of theta obtained for the addenda (negative mass) as a
function: of temperature, after the straight line fit.
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We have determined a first order correction term to take account of the variation of
theta as follows:

By completing straight line fits to the data in Fig.5.25 and extrapolating to zero
values of V' (CX), we have determined the (negative) effective mass of copper
equivalent to the addenda. Similarly, by extrapolating the values of theta shown in Fig.
5.26 to these computed zero addenda values of (negative) mass, we have determined
values of theta. In Fig. 5.27, the extrapolated values of (negative) mass in Fig. 5.28, |
theta values are shown. .

Again following Sullivan and Seidal [1,4] and modifying Eq.(3.48), we have
found an expression which includes the effect of a phase shift described in Chapter 3.

One can write [5],

ﬁ( Vo
o 54
C-= RH Iﬁemometer aRTIz z ( )
8wf  V_(CX) OT
where
2 1
cos 2kdsinh 2k + sin?klcosh 24/ .
To determine kl, the phase shift analysis can be used as,
_1[ |, tankl ]
tand = tanh & (5.6)
;- tan &l
tanh &/

where k is a constant defined by, k = (w/2n)'?, w, the angular frequency and
n is the thermal diffusitivity (defined in section 3.6.2) of the sample and 1 is the
thickness of the sample and 80 is the phase shift observed due to the sample and the
addenda. Hence using Eq. (5.4), the heat capacity of any material can be determined
at any temperature as follows:.

a). From the measured value of theta, from Fig.5.28, we can determine 58
across the addenda and sample and from Eq. 5.6 determine kl.

b). Given kl and Vab, using Eqs.5.4 and 5.5, we can determine the heat

capacity. Using the data in Figs. 5.23- 5.28, the heat capacity of Cu- samples has been
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calculated and shown in Fig. 5.29. To find the specific heat and the addenda, the data
of Fig.5.29 has been replotted in Fig. 5.30, giving heat capacity versus mass for
different Cu-samples, from which the specific heat of Cu can be calculated at any
temperature using a straight line fit. The slope of this fit gives the specific heat of Cu.
In Fig. 5.31, a comparison between literature values [7] and the Durham values have
been given and Fig. 5.32 reveals the %age deviation of Durham results from those of
the literature. The values we found are ~10% different to the literature value which
we attribute to the finite thermal conductivity of the thermal link.

The addenda of the system has been calculated from the above straight line fit
and is shown in Fig. 5.33. To subtract easily the addenda from measured Cp values
a 3rd order polynomial fit which fits to better than 0.35% was used. To check the
validity of .the above analysfs for a single sample, Cu-2 mm sample was.chosen. The

raw data showing V*'_ (CX) & 0 is shown in Fig.5.34. The addenda was subtracted
from the Cp computed and the result compared with literature is displayed in Fig.5.35.
It is similar to the values we got using the above analysis for 5 Cu samples. In the
'subsequent chapters of this thesis, this analysis is used to determine the specific heat
of our Chevrel phase materials. '
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Fig.5.29: Cp (Heat Capacity) of 5 Cu-samples as function of temperature,
-after the Cp computer analysis.
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Fig.5.30: To find the specific heat and the addenda, the data of Fig.5.29 has
been replotted as a function of mass at different temperatures.
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Fig.5.31: Comparison of specific heat obtained in Durham with that of
Literature values [7].
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Fig.5.32: %age deviation of Durham specific heat results from that of
literature [7].
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Fig.5.33: The heat capacity of addenda obtained from the straight line fit to
Fig. 5.30. A comparison between addenda calculated from the straight line fit
to the addenda generated using 3rd order Polynomial fit. The Polynomial used
to generate the addenda are; a, = -0.0001170245, a, = 0.01132511, a, =
0.0002187534, a, = 7.3527x10°.
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Fig.5.34: To check the validity of the Cp computer analysis on a single
sample, V' _(CX) and the phase shift as a function of temperature has been
plotted for the Cu-2 mm sample.
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Fig.5.35: After computing Cp for Cu-2 mm sample, the addenda has been
subtracted , and the results are compared with that of literature [7].
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5.6: Experimental Results and Analysis for NbTi:

5.6.1: Early Experiments on NbTi:

As NbTi superconductor has a well established critical temperature Tc, jump
AC, and Bcz, it was chosen to test the a.c. technique in high fields. In this
preliminary series of experiments we found that a suitable frequency for NbTi material
lies in the range of 0.5 Hz < f < 2 Hz, and a voltage range of 0.1 V < V< 0.5 V.
Evidence for this is provided in Figs.5.36-5.37 where the data in these range collapse
to a single line at low frequencies following Eq. 5.2. Different ramp rates were tried
to see the effect of the ramp rate on transition temperature and specific heat jump. We
found that if one uses a fast ramp rate, the jump and V' (CX) values are low
whereas slower ramp rates gave better value of T and higher jumps as can be seen
in Figs.5.38-5.39, where V' _ (CX) and 0 are plotted against temperature. We chose
a ramp rate of 0.25 K min™ for our measurements. To find the suitable excitation
current for the CX-1030 thermometer, different currents were tried. It was.found that -
low excitation current gives no self-heating but the low signals (Tac) are poorly
measured leading to steps in the data due to the limit in resolution (primarily due to
the running exponential filter) [2, p.3.12] of the LIA and large noise in the data. On
the other hand, using higher excitation current say 1 mA one can get better data, but
it gives higher Tc values due to self-heating in the CX-1030 and additionally this may
damage the thermometer. It is shown in Fig. 5.40-5.41, that the data due to 10, 100,
and 300 uA excitation current are similar, so 100 uA excitation current was chosen to
perform the experiments.

Additional data were obtained in a later series of experiments using the
optimised conditions outlined in section 5.4.2. The raw data for NbTi in 0-field are
displayed in Fig. 5.42, giving V"' (CX) and phase shift vs. temperature. Using the
analysis discussed in Section 5.5, Cp vs. temperature has been plotted in Fig. 5.43. The
value of T, Cp and AC for the a.c. technique all agree to within experimental error
with the results from the heat pulse method. The heat pulse data is shown in Fig. 5.44.
Comparing our data with the literature [9] the transition temperature Tc, and Cp,

quoted in literature is very similar, for materials of comparable composition,
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Fig.5.36: To find the suitable voltage V,, for the NbTi superconductor, Tac has
been plotted as a function of applied voltage at 12 K, with d|fferent
frequencies for 18 Torr pressure at the warm end of the probe.
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Fig.5.37: The data of Fig. 5.36 has been replotted giving Tacxfrequency vs.
Average Power for NbTi.
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Fig.5.39: The effect of different ramp rates on phase shift for NoTi sample, in
2 T. Voltage=0.35 V, Freq.=5 Hz, Time Constant of LIA = 10 sec.

147



L0r L ioua -

°o 100uA

s 300uA

o ImA
30} f .
T>
E K
= 20F .
2 | .°
> 10+

0 1 1 1
6 10 11 12 13

Temperature (K)

Fig.5.40: The effect of different excitation currents, to CX-1030 thermometer,
on the V"' __(CX) and the position of T for NbTi, as a function of temperature
using a.c. Tech. in 0 T. ‘

i T . T T T T T
T |
~ -240[ | » 300ua ' -
— o 1mA
o | J
O
z
= -260}+ .
=
(7))
C© B i
193]
=
o -280 -
-300 : L : L . —L
6 8 10 12

Temperature (K)
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Fig.5.44: Cp as a function of temperature of NbTi, after the Heat Pulse
Method.

5.6.2: NbTi Sample in High Fields:

A magnetic field of 0, 2, 4, 6, 8 and 10 Tesla was applied and the
corresponding changes in the Tc, and AC for the NbTi, were noted. The raw data in
magnetic fields of 0, 2, 4, 6, 8, and 10 Tesla, giving V"' _(CX) vs. temperature in
Fig.5.45, and Phase Shift vs. temperature in Fig.5.46 are shown. The steps in the raw
data are due to the limited resolution of the LIA, which can be eliminated by
increasing the excitation current to CX-1030 thermometer (later data taken at 100 uA
show no such steps, Fig.5.42). In Fig.5.47, Cp vs. temperature given using eq. 5.3,
withouf taking into account the first order theta correction is shown. It was found that
with the application of field, the temperature at which the phase transition occurs
decreases and, the jump height AC, is reduced and smears out. From these data, we

demonstrate that the a.c. technique developed in Durham is useful in.the high fields.
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Fig.5.47: Specific heat of NbTi as a function of temperature using ac
technique in 0, 2, 4, 6, 8, and 10 Tesla. Ramp Rate=0.25 Kmun
Voltage=0.35 V, Freq. 5 Hz, TC of LIA=10 sec.

- §.7: Experimental Results and Analysis for (PbMo,Sy)..

| The developed a.c. technique was tested on PMS which is considered to be a
low thermal conductivity material. To do that, a sample of PbMo,S; was fabricated
using the Hot Isostatic Press (HIP) method. The fabrication method is described in
Chapter 7. The dimensions of PbMo,Ss, big sample named T4 was, thickness = 3.92
mm, width = 6.04 mm, and height = 6.80 mm, with a mass of 0.63870 gm. The second
sample studied was the same material but made smaller by grinding it down, named
T3, with thickness = 2.75 mm, width = 6.01 mm, and height = 6.80 mm, with a mass
of 0.59308 gm. The same sample ground a second time was named T2, with thickness
= 1.66 mm, width = 5.94 mm, and height = 6.80 mm, with a mass of 0.36455 gm.
After a third grinding, the sample named T1, had a thickness = 0.95 mm, width = 4.78
mm, and height = 5.91 mm, with a mass of 0.14034 gm. The same sample was ground
a fourth time, named T0.5, with thickness = 0.70 mm, width = 3.98 mm, and height
= 4.46 mm, with a mass of 0.0611 gm was studied. The raw data are displayed in the
Figs. 5.48-5.49 showing the behaviour of different samples with V- ‘m,s(CX) and the

phase shift vs. temperature.
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5.7.1: Cp computer Analysis for the (PbMo,Sy).
The heat capacity of the matérials like PbMogS; which have a low thermal
- conductivity and large thickness can lead to a large phase shift as discussed in Chapter
3. Unlike Cu we do not find V!__(CX) is proportional to mass. To calculate specific
heat of PMS and the addenda of the system, the heat capacity versus mass of PMS has
been shown, in Fig. 5.50 where the straight line fit will give the specific heat and the
addenda for the system. In Fig. 5.51, Cp so obtained vs. temperature has been shown
for first three masses and for the five masses. Similarly the addenda has been also
calculated which is shown in Fig.5.52 taking into account first 3 masses and then all
5 masses. The Cp values are in good agreement with the literature [11]. This is
considered in detail in chapters 7 & 8. The addenda has been compared with the
-addenda obtained from the Cu run and is shown in Fig. 5.52. We conclude that the
analysis is self-consistent since the addenda obtained from Cu run is similar to that

- obtained by using the low thermal conductivity PMS samples.
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Fig.5.48: Raw data for 5 HIP-PMS samples with different masses and
thicknesses, giving, V' ___(CX) versus temperature. Freq.=0.5 Hz, Excnatlon
Current to CX-1030 thermometer=100 uA, Ramp Rate=0.125 K.min",
Pressure at the warm end of the probe=~5 Torr.
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Fig.5.49: Raw data for 5 HIP-PMS samples of different masses and
thicknesses, giving phase shift versus temperature.
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5.8: Discussion:

We carried out a series of experiments to find the most suitable environment
to measure heat capacity of a material. The range of elements we looked at included
frequency, pressure, voltage, excitation current with regard to CX-1030 thermometer,
and the ramp rate for liquid nitrogen temperature and in liquid helium region.

From the experiments, we discovered, that a very low frequency (~0.5 Hz) is
the most suitable frequency for the a.c. measurements. Below 0.5 Hz the LIA will not
lock-in adequately. At very high frequencies, there are problems due to the thermal
response time of the thermometer, and the finite thermal conductivity of the sample.
The frequency dependency results are displayed in Figs.5.3-5.4 and 5.17-5.22.
Consequently, we have chosen a 0.5 Hz, to acquire most-of our data.

To choose the most suitable voltage, a thorough investigation was carried out.
This resulted in a graph being plotted between, frequency xTac vs. applied voltage, and
can be seen in Fig.5.5-5.6. It is clear from Figs.5.5-5.6 and Fig.5.36-5.37, that at higher
voltages, the graph deviates from a straight line, which indicates that a higher voltage
is not suitable. We therefore chose to use 1 V at liquid nitrogen temperature and 0.35
V in liquid helium region.

Next a series of experiments were performed to select the suitable ramp rate for
Cu samples. We have studied two Cu samples with thicknesses 0.5 mm and the 2 mm.
The results are displayed in Figs. 5.9-5.12. It was found that a higher ramp rate does
not meet the conditions necessary to produce a steady state, and accuracy is therefore
poor. Yet, on the other hand, a very low ramp rate leads to excessive time for each
measurement. The same ramp rate experiments were performed on a NbTi to identify
a suitable ramp rate. It was found-that for higher ramp rates, the jump is diminished
and begins at higher temperatures, see Fig. 5.38-5.39. For very low ramp rates when
steady states are to be met, one will see a sharp transition, and a reasonable Tc. It is
hence very important to find a suitable ramp rate. It was found that the ramp rate of
0.125 K.min" is quite reasonable.

To find a suitable pressure, a thorough investigation was made at liquid nitrogen
and in the liquid helium region. At the liquid nitrogen temperature the small thickness
sample of 0.2 mm show, Figs.5.5-5.6, that low pressure is not suitable at liquid

nitrogen temperature. We therefore chose 1 atmospheric pressure at that temperature.
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To find a suitable pressure in the liquid helium region, again two Cu-samples with
thicknesses of 0.5 mm and 2 mm, were tested. Figs. 5.13- 5.16 reveal a small change
in V!

high, it will consume too much helium, which is not economical, and if the pressure

(CX) and a large change in phase shift. If the pressure inside the probe is very
is t00 low, the temperature inside the sample chamber starts rising, due to conduction
down through the leads, which increases the temperature inside the probe.
Consequently, a steady state condition is not met and there is no control over the
background temperature. In the liquid helium region, choosing 5 Torr of helium
pressure at the warm end of the probe seems quite reasonable.

A series of experiments were then performed to find the suitable excitation

current to the CX-1030 thermometer.- To limit the self heating errors, the voltage read

. by the CX-1030 thermometer should be 10 mV or less [6]. To meet this requirement - -

a current of 100 uA was used at the liquid nitrogen region. However, due to the high
sensitivity of the CX-1030 in the liquid helium region, 10 uA should be used as the
excitation current to CX-1030 thermometer. Yet; it is clear from the Figs 5.42-5.43, -
that if the excitation current is very low, one will. get steps .and noise in the -
measurements. Of course, higher currents gave very large signals, but these exceed the
limits of the CX-1030 thermometer, and introduce the-self heating errors. So for
optimum conditions, 100 uA current was chosen.

After choosing all suitable parameters, the experiments were performed in O-
and in high fields in the liquid helium region. All of the Cu data were acquired in 0-
field and the results for 5 samples obtained. A computer analysis was undertaken to get
the heat capacity (Cp) of Cu. It is clear from the data that the results are almost ~10%
different to the literature values. We attribute this to the finite thermal conductivity of .
the thermal link, which in the ideal case should be zero. The addenda obtained from
the Cu run is used to calculate the heat capacity of all other samples in the following
chapters.

The specific heat of NbTi and PMS have been measured. To test the reliability
of this technique in magnetic ﬁelds, the results which were obtained using the a.c.
technique, were compared with those of heat pulse method in Fig. 5.44. It is noted that
a.c. technique gives the same results to within experimental errors, as those which were

acquired using the heat pulse method . The critical temperature T, the specific heat
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Cp and specific heat jump AC are similar with both techniques. The results were
compared with those of literature [9,10], and it was found that the Durham results were

very close to those of the literature values.

5.9: Conclusion:

It is concluded from the above, that the a.c. technique is better in many ways
than that of traditional techniques. It gave continuous data read-out, and numerous
conventional calorimetry problems have been overcome. From what was a noisy
environment, the true signal has been extracted. We have detected temperature
oscillations of 10°K. Due to its high sensitivity it can detect very minute changes that
occur in the heat capacity of the material. This makes it most appropriate to investigate
the materials, where relative measurements are more important- than the absolute
measurements. Yet the problem with this technique is that it is not suitable for low
thermal conductivity materials. Nevertheless, we have successfully developed a method
to analyse low thermal conductivity materials.

We have completed an extensive series of measurements on Cu, NbTi and PMS
in zero field and in-field. We have found the results zirc accurate to ~10% and are
consistent with the heat pulse data in Chapter 4. The optimised conditions for our
experimental set-up are, frequency = 0.5 Hz, ramp rate = 0.125 K.min" and the
excitation current to be 100 uA. These conditions are used for the Chevrel phase

materials considered later in this thesis.
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CHAPTER 6
Analysis of NbTi Superconductor

6.1: Introduction:

After the discovery of high field superconductors in late 1950s, soon afterwards
superconducting wires and magnets were available for sale. NbTi wires were first mass
produced in 1965, this was mainly because of their ductility, relative ease of
manufacture when co-processed with Cu, excellent mechanical properties, and relatively
low strain sensitivity. Consequently, this binary material became the preferred choice
for use in large scale applications [1-3]. This material is currently used to wind into the
magnets for use in-energy storage, energy conversion, (i.e. generators and motors), high-
energy particle detectors, beam-handling magnets and also to generate high magnetic
fields. Since NbTi material is well characterised in terms of specific heat, tfansition
temperature Tc, upper critical field B¢,(T), and the specific heat jump height etc., we
have decided to investigate this material to check the accuracy of our in-field
measurements. After measuring the specific heat, we have compared our experimental
results with that of literature. The details are given below.

The chapter consists of seven sections. Section 6.2, is devoted to resistivity data
and the specific heat measurements on NbTi in the 0- and high fields. Section 6.3
provides the detailed analysis of the data in terms of Debye plot, the two fluid model,
BCS and WHH theory. In section 6.4, the measured values have been compared with
the theory and literature. Section 6.5 provides a comprehensive discussion, and finally
' séction 6.6 concludes this chapter.

6.2: Experimental Results

The specific heat data of commercial NbTi have been acquired using the set up
previously discussed in chapter 5. The Cp vs. T data of Fig. 5.43 (where the 100 uA
excitation current to CX-1030 thermometer was used), have been replotted in Fig.6.1.
This sh‘ows Cp/T versus T? in O-field. The Cp vs. T data in magnetic field of Fig. 5.47
(where the 10 uA excitation current to CX-1030 thermometer was used), using the 0
correction and normalised at 10 K of the O-field value, has been replotted in Fig.6.2

giving Cp/T versus T2
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Fig. 6.1: The Cp vs. T data of Fig.5.43 has been replotted giving Cp/T versus

T? for the NbTi. T, has been calculated using the entropy conservation under
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To compare theory and experiment for Bc,, the normal state resistivity data were
obtained using the standard four-probe method. To minimise the errors in obtaining the
- length between voltage terminals, a large NbTi rod with a radius of 7.7 mm and a
length of 21.5 mm was used. Using the formula; R = p L/A, we found a resistivity of

0.734 pQ-m of the rod.

6.3: Analysis of Data
Using the resistivity and Cp data, we can calculate the characteristic parameters

for NbTi:;

6.3.1. Specific Heat in 0-fields

Assuming that' lattice specific -heat obeys the T°> behaviour in the
superconducting state, the electrohic specific heat can be evaluated using the Cp/T
- versus T? data (Debye Plot). In the normal state at low temperatures T ~ 10 K , Cp/T
vs. T2 should be a straight line, giving y-intercept as y (the electronic specific heat co-
efficient or the Sommerfeld constant), and the slope of the straight line as B. This has
been explained more thoroughly in section 2.2. The Eq. of straight line can be written
from the Eq. 2.29 as;

Gy )

— Y * BT ©.1)
from where y and [ have been calculated using the straight line fit on the data acquired
in 0 T of Fig. 6.1, and was found to be, y=0.174(mJ.gm™.K?) and f=1.55(mJ.gm™" K¥).

6.3.2): Specific Heat in High Fields

Different digitised values we obtained from the analysis of the data of specific
heat measurements in high magnetic fields, (Fig. 6.2), are tabulated in Table 6.1. It is
clear from the data, that the transition temperature Tg, and the jump height are reduced
with the application of the magnetic field, while the width of the transition increases
with increasing fields.

Using the two-fluid model, Cg (specific heat in superconducting state), has been
calculated with the aid of Eq. 2.41, which can be modified as [4-6];
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Appl. Field | Trans.Temp. | AC/T (%) | YH/H~0) | ¥y H,/Hc,(0)
(T) (To)+ 0.1K Theoretical | Experimental
0 948 |75 0 0

2 8.86 67.3 0.0147 01

4 8.21 56 0.0294 0.03

6 745 |31 0.0442 051

8 6.48 43.2 0.0589 07

10 5.19 - 0.0736 -

Table 6.1. The effect of the magnetic field on the specific heat of NbTi. T; is the critical
temperature after the application of the field; A C/T(%), the percentage jump height; YH,/Hc,(0), -
represents the increase in specific heat in the presence of a strong applied magnetic field.

. 3v .3 YH,
C.=|B + —=|T° + |———\T
f 74 [Hdm] e

It is noted that, the presence of the magnetic field has caused the specific heat-to
increase by an amount of almost [YH /H,(0)IT from its zero field value.

6.3.3): Determination of the B.,(0)

B,(0) can be determined by many methods. Some of them are described below;

1) To calculate Bo(T), we have plotted the applied magnetic field vs. the
transition temperature T in Fig. 6.3. From this we have calculated the slope dB/d T}y,
to be -3.22 T/K, this can be used to determine B,(0). The curve of this graph has been
. extrapolated back to 0 K in comparison with the curve obtained using WHH theory [7].
The y-intercept shows B,(0) which can be seen from Fig. 6.3. The upper critical field
was found to be 15.2 T.

2).Theoretical B,,(0) has been calculated using WHH theory [7], assuming there
is no Pauli Paramagnetic Limiting (PPL) present; then from Eq. 2.63, [B,=0.693xT.
x (dB/dT);.1.], for a dirty type II superconductor, we found a B¢,(0) of 20.94+1 T.
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3). After the Clogston-Chanderashekher [8-9] paramagnetic limit, Eq. 2.56; (Bp, = 1.84
T, Tesla), By, is found to be 17.24+0.2 Tesla. This high value demonstrates that
paramagnetic corrections are needed in high field.

4). On the basis of jump height; since the jump height is reduced after the magnetic
field. This suppression of the jump height can be used to determine the B,(0). This has
been done by plotting a graph between the % jump height vs. the applied field in Fig.
6.5. The curve has been extrapolated back to the 0 % jump height. Using WHH theory,
B,(0) has been estimated to be 18.2 T.

6.3.4): Resistivity Data
Using the normal state resistivity p, data (as described in section 6.2), we can :
calculate Boy(0), Boy(0), Bo(0), and the GLAG parameter : .
We find:
B.,(0) = 17.27 Tesla using the Eq. 2.62 as [2, 3]:
B(0) = 3.1 x 10° x v, p, Tc (6.3)
B,(0) = 0.049 Tesla using the Eq. 2.37 as [2, 3];
1n[0.9025,-(0)/ BL0)] (6.4)
[1.276%B{0)/ BL0)]
B(0) has been found to be 0:204 Tesla making use of the Eq. 2.36 as [2, 3];
B(0) = 7.65 x 10 x (y,)"* Te. (6.5)
The GLAG parameter x was found to be 50.13 using the Eq. 2.51 as [2, 3];
k=24 x 10°x (Y)" p, . (6.6)
When B~,(0) has been calculated using the relation [ 3, pp.283],
B(0) = V2 xx B(0) (6.7)

B0) =

we found approximately 16% lower value of Be,(0).

6.3.5) Maki parameter o;
Maki [10] parameter @, gives some idea about the paramagnetic limiting present
in the material. It can be calculated;
1). Using the Eq. 2.52 [2, 4],
;N _ (6.8)

B,
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where B*,(0) is the field assuming there is no PPL, and By, is the field at 0 K taking
into account of the full paramagnetic limiting.

2). Using the slope at T =T as [2,5];

' dB,, (6.9)

dT

a = -0.528

T,
3). From the normal state resistivity p, (©-m) and volumetric specific heat coefficient
¥, 0.m?K?), using Eq. 2.53, as ;
o =235 x 10° v,p, (6.10)
It can be noted that all these methbds give almost the same value of & as 1.5+0.2.

6.3.6: Measuring Spin-orbit scattering parameter Ay, and T,

The spin-orbit coupling parameter A, can be calculated using Eq. 2.55 or using
the graphical solution for the different values of A, and comparing with the
experimental results. We used the graphical approach. The reduced upper critical field
- b', = 0.693xB,(T)/(Tex dB’,/dT) . for different values A, has been plotted against
the reduced temperature t = T/T. in Fig. 6.4. We noted that the experimental values of
reduced critical field b”,, are-very close to the theoretical curve for-a = 1.22, 4, = L5, -

from where we have estimated that A, is very close to 1.51.

6.3.6): Height of the Specific Heat Jump;

It is noted that the specific heat jump in the O-field, using 10 uA excitation -
current to Cernox-1030 thermometer, is = 15 % less than the jump height we got using
the 100 uA excitation current (see Chap. 5). We attribute this to the first order theta
correction not being suitable for data acquired using 10-uA excitation current to CX-
11030 thermometer. The height of the specific heat jump is reduced with the application
of the field. The % jump height vs. applied field has been displayed in Fig. 6.5. Using
Eq. 2.49, the normalised relative jump height (AC/Ts)/(AC/Tc), has been measured.
The data giving normalised jump height, vs. the reduced temperature t2 =(Ts/Tc)? is

shown in Fig. 6.6.

6.4): Comparison with the Literature;

As the application of the magnetic field reduces the jump height, this implies
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that one can obtain the normal state specific heat with the application of a higher
magnetic field than the B,(T) below the transition temperature, after that the straight
line fit holds well at lower temperatures; We have calculated the Sommerfeld constant -
y (mJ.gm™.K?), and the slope B from the Cp/T vs T in 10 T data after using the
straight line fit, and compared it with the literature [11-13] values in Table 6.2. The y
value is ~ 5% and B value is ~ 20% lower than the literature [11] value. Using these
values, the electronic and lattice contribution to specific heat has been separated from
the total specific. heat, and both specific heats are displayed in Fig. 6.7. Debye
Temperature, 0, differs for different compositions. It was calculated and was found to
be 255.32 K for Nb-35%at-Ti, which is = 7% higher than the literature value [11].

A comparison between Cp (total experimental specific heat), and Cs (calculated

specific heat in the superconducting state), versus temperature is shown in Fig. 6.8. This -

comparison reveals that the calculated values are within +10% of the experimental

results in the temperature range of 5 - 6.5 K, and within +2% in the temperature range

of 6.5 K to 9 K. The oscillations in the lower temperature range is due to the large - -

input power applied to the sample.

The theoretical values of the superconducting state specific. heat Cg-in the
magnetic field, calculated using Eq. 6.2, and the.experimental values are compared in -
Table 6.1. We found that the experimental values are. in good agreement with the
theoretical vélues at low field, but have large deviations in high fields.

The effect of the magnetic field on the specific heat has been calculated using
the two fluid model, and it was found that. the two fluid model is quite acceptable when.
the applied magnetic field is low. However, in high fields, the experimental and
calculated values differ remarkably, this demonstrates that the two fluid model is not
valid in high magnetic fields.

The other parameters have been calculated using Egs. 6.3 - 6.6, and were
compared with the literature in Table 6.3. But if one uses Eq. 6.7 to calculate B,(0),
one finds a very close value to that of the experimental value of 15 T [3].

The slope we found was -3.22. Using Egs. 6.8 and 6.9, we found a value of «
= 1.55 + 0.2, both these methods show a strong effect of paramagnetic limit on NbTi

in fields. However, if o is calculated using the relation; o = 2.32. 10°.p,Y,, (Eq. 6.10)
one finds a value ~16.5% lower, which is ~12% higher than the literature [2, Colling]
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Ref. T (K) ¥ ml.gm™.K? | B (ml.gm’K*) [P + By/T)
(mJ.gm™ K*)
l[Elrod, Miller, | 9.1 0.145 23x10° " 7sx107
& Dresner[11]
Corsanf12] & [9.2 0.175 2.6x107 9.0x10?
|| Zbasnik[13]
This work 9.37*:0.1 |0.138 + 0.04 (1.835+0.07) x10? (6.5510._23)x10'3

Table 6.2. *T, is the midpoint of the superconducting transition (constructing the entropy
conservation under the area and taking the midpoint), and has been calculated from the
experimental data. [B- + 3Y/T?0)] (mJ.gm™.K?); is the coefficient of T® term in the presence of
the magnetic field.

values. The value of A, calculated after the graphical solution is very close to the value

of 1.5, as quoted in literature [ 2, Colling, pp.549]. Using, o =1.22 and A = 1.5, we . :

have calculated Be,(T) curve using WHH theory in Fig. 6.3. It is clear that the curve
obtained after the experiment is lower than the WHH curve in high fields.

6.5): Discussion:

The specific heat of NbTi superconductor in the zero field has been analysed in
the vicinity of the transition temperature and below. After plotting. Cp/T versus T?, the
Y (y-intercept) and P (the slope of the straight line fit), have been calculated in the
normal state region. To get the values of y and [, we have used the data of 10 T of
Fig. 6.2. The value of y we achieved is within = 5% in agreement with that of the
literature, and P is almost 20% lower that of the literature value [11]. All other
. calculations has been undertaken using these values. Using the formula, 8,= (1944/8)'?,
where [ is in J.mole' K™, Debye temperature has been calculated and was found to be
7% higher than the literature value [11].

Using the two fluid model, the experimental specific heat in the superconducting
- state has been compared with the theoretical evaluated specific heat values in Fig. 6.8,
and was found to be in very good agreement with the Eq.6.2. This reveals the- validity

of the two fluid model in relation to the strong coupled type II superconductor. Other
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Parameter Calculated Value | Literature Value
Be,(0), (Tesla) 17.27 + 0.3 18.5*

B (0), (Tesla) 0.0459 + 0.01 0.035**

Bo(0), (Tesla) |[0.204 +0.02 0.222*

GLAG, «x 50.13 + 1 49*

Table 6.3. *The data has been taken from the Superconducting Magnets by M.N. Wilson [3].
** The data has been taken from Applied Superconductivity by E.-W. Collings [2].

indication, that NbTi is a strong coupled superconductor came after comparing the jump
height (AC(To)/yTo) = 2.07, which according to the BCS theory should be 1.43, it
instead obeys the Gorter-Casimir relative jump height formula, where AC(To)/yTc=2.
The BCS gives a relaﬁoﬁ where the electronic specific heat in the superconducting state
C,, should be equal to electronic specific heat .in the normal state C,,-at T/Tc = 0.51,
while for NbTi, Ces = Cen at T/Tc = 0.63.

The height of the specific heat jump (A C(Ts) is reduced with the application of'
the magnetic field, and varies as T (Eq. 2.48, section 2.6.3) within experimental errors..
The normalised relative jﬁmp height should obey the quadratic. relatiohship giving a -
straight line, but the resﬁlts we obtained déviated from this behaviour, which was rather
similar to the Maki’ [10] for k=2. Also, the application of the magnetic field tends to
increase the specific heat in the superconducting state with an amount of YH/H,(0). It
is clear from Fig. 6.7 that only electronic specific heat has contributed in the
superconducting state and the lattice specific heat.remains almost constant obeying T*
law. -

The B(T) curve has been calculated using WHH theory for & =1.22 and A,
= 1.5. The WHH curve is shown in Fig. 6.3. It can be seen that the WHH curve is
higher than the experimental curve. It may be due to the fact that we have calculated
Bu(T) for @ =1.22 and not for & =1.5 or the PPL is very strong in high fields.

The experimental value of B.,(0) for NbTi is 15 Tesla [3]. It is noted that our
calculated values of Bn,(0) for NbTi after the different methods are scattered, and
higher than this value. This discrepancy may be explained on the basis of paramagnetic

limiting. From Eq. 6.8 - 6.10, it is shown that NbTi has a strong paramagnetic limiting

171



factor in the high fields. It is also concluded on the basis of graphical solution from .
Fig. 6.4, that o = 1.22 and A, = 1.5. It emerges that, Eq. 2.63 is quite a reasonable
approximation which reveals that with the application of higher fields, orbital and

paramagnetic effects have to be taken into account while calculating B, (T).

6.6): Conclusion
~ The theory developed in chapter 2 has been tested, and was found to be in good

agreement with the experimental results. The analysis developed in this chapter is quite
suitable for calculating y, B, and the jump height. The Cp, v, 0y, AC(T)/yTC, Ts, Bess

« = 1.5and A_ = 1.5 are very close to the theoretical, as well as literature values

within the experimental errors.
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CHAPTER 7

Specific Heat Measurements .on HIPed and unHIPed PbMo,S,

7.1: Introduction:

As described earlier in Chapter 1 and 2, Lead Chevrel phase (PMS) has very
high B,(0) and (dB,/dT)y1. values and relatively high T compared to other Chevrel
phase compounds [1-7]. In order to understand these properties, the knowledge of .
electronic specific heat C, and phonon contribution C, is essential. To explain this, - -
we have completed Cp measurements on these materials which are presented here.

We have fabricated PMS with two methods, simple sintering at ambient
pressure and a Hot Isostatic Press (HIP) method. ‘Both methods will be described. in
section 7.2. In section 7.3, the specific heat measurements in high magnetic field
using both the heat pulse method and the a.c. technique are been présented. Section
7.4 provides the analysis, and section 7.5 the discussion on these measurements. In

section 7.6 the conclusions of this chapter are provided.

7.2: Fabrication of PMS
- Two methods were used to fabricate the PMS-samples. First, ceramic PbMo,S;

samples are prepared by a two step reaction procedure. Pure elements, Pb, Mo, and ..

S are used as starting materials. In the beginning, 10 g of starting materials with- - "

nominal composition PbMogS; are sealed under vacuum in a pre-cleaned silica tube.
The tube is then placed in a tube furnace and annealed at 450° C for 4 hours in an Ar . .
atmosphere. The furnace temperature is slowly increased to 650° C at a rate of 33°
C.h'! and held for 8 h. After this heat treatment, the sémple is air quenched to room
temperature. The reacted intermediate powder is ground thoroughly using a mortar and -
pestle and is pressed into discs of 10 mm diameter. The discs are again sealed under
vacuum in a pre-cleaned silica tube and reacted at 1000° C for 44 h in flowing Ar gas
to form the PbMogS; phase.

Before performing the hot isostatic pressing treatment on the samples, the

sintered ceramic samples are ground into powder and re-pelletised. The pellets are
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wrapped with Mo foil (99.95%, 0.25 mm thick), so that PbMo,S; powder does not
react with the container and are sealed in a stainless tube under vacuum using hot-
spot-welding. The hot isostatic pressing treatment is carried out at 2000 bar at 800°
C for 8 h. The sample is then extracted from the Mo foil and cut. The HIP‘ed sample
used in the heat pulse measurements was obtained by this method named as 1HIP. In
addition, a second HIP’ed sample was obtained named as T3PMS. Better control of
oxygen contamination, was achieved by keeping the Mo powder in the Glove box and
reducing the Mo in hydrogen-nitrogen to extract oxygen. All other steps were the
same as described above. The specific heat of this sample was measured using the a.c.

te'chnique;' '

~ 7.3: Cp Measurements

Cp measurements have been made using two methods. The long duration heat |
pulse method and the a.c. technique. The experimental results obtained are described
below:

7.3.1: Cp Measurements using long duration H. P. Method:

The heat pulse measurements in magnetic field on unHIPed PbMo,S; and
HIP'ed PbMo,S, material have been made using the set-up described in chapter 4. The
measurements were made in éonstaint magnetic field of 0, 2.5, 5, 7.5, and 10 Tesla.
The results are shown in Figs.7.1 and 7.2 for unHIP’ed and 1HIP PMS respectively.
The magnitude of Cp/T for the unHIP’ed and 1HIP samples are similar above 15 K. -
The transition temperature T, and the specific heat jump for each field is obtained
after extrapolating the measured transition in Cp/T to an idealised sharp transition,
assuming entropy conservation under the transition curve as has been explained in

chapter 5. The same results are tabulated in Tables 7.1 and 7.2 in digitised form.
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App.Field |Teo(K) | TpeaK) | ATcz | T** + | Jump %
(Tesla) +02K | 202K |02(K) |02 (K) | (AC/CL)
0 14.20 12.60 1.60 13.30 | 15.34
2.5 13.50 12.20 1.30 12.90 12.24

5.0 12.95 12.0 0.95 12.45 11.21

7.5 12.6 11.50 1.10 12.0 10.69

10 11.8 11.25 0.55 11.50 |6.44

Table 7.1: The effect of magnetic field on unHIP-ped PbMogS;. T, is the onset
temperature where the anomaly starts, T, is the maximum value in the transition
curve, AT, is the difference between the T, and the Ty, Tc** has been calculated, -
considering entropy conservation under the curve. The Jump % (AC/C;,) has been
calculated on the basis of entropy conservation under the curve and taking the

minimum and maximum value of Cp obtained. -

App.Field |Teo(K) | Tpeu®) | ATcx [ T** | Jump %
(Tesla) +02K |+ 02K |02(K) |02 (K) | (AC/Cr)
0 1440 " |1345 |095 |1385 [1155
25 14.0 13.1 090 |13.50 |88

5.0 13.6 12.7 090 |13.10 |8.64

15 13.2 1247|073 |1282 [856

10 12.6 1185 |075 |1215 |64l

Table 7.2: The effect of magnetic field on 1HIP PbMogSs. Tco, Tpears AT, Tc** and .

Jump % (AC/C;,) have been defined in the caption for Table 7.1.
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7.3.2: Cp Measurements using A.C. Technique:

- The a.c. measurements have been made on T3PMS. V' vs. temperature and
phase shift vs. temperature in field in the interval of 0, 2.5, 5.0, 7.5,.10.0.and 12.5 T
are displayed in Fig. 7.3a and Fig.7.3b respectively. In addition we have plotted V' _
* T3 vs. T in Fig. 7.3c in order to amplify and clarify the position 'of the small
change in V' __ from the superconducting phase transition. Because of the large
variations in V'___ and Cp throughout the measured range of temperature, it is not
possible to distinguish where the transition  (which causes a jump in AV" . ~4%)
occurs. However, the product of V*__and T is a very weak function of temperature
_ and so because the noise levels are sufficiently low, we can distiguish-a discontinuity
of ~4%. Hence we can determine the temperature at which the superconducting
anomaly occurs in each field. This procedure. is repeated in the following chapters:to
calculate Tc** and B,(T). Cp and phase shift vs. T at 2.5 T only is plotted in Fig.
7.4. The clear indication of the phase transition comes from the V' * T? vs. T in
Fig. 7.3c as explained above and from the phase shift data explained in Fig.7:4. This
is consistent with the Eq. 3.50 and' Fig. 5.42 along with Fig. 5.43, where a phase
transition is observed in both V*__ and phase shift together at the same temperature
in NbTi. Therefore, with reference to Figs.-5.42 and 5.43, it is appropriate to measure
Tc** from the phase shift transition or from the V' * T2 vs. T data. The values of
Tc** so obtained are tabulated in Table. 7.3 for each field. However, Cp vs. T, and -
Cp/T vs. T? are also plotted in Figs. 7.5 and 7.6 respectively. -

App.Field | T**+0.2
(Tesla) (K)

0 14.50

2.5 14.20

5.0 13.90

15 13.45
10.0 13.10
12.5 12.65

Table 7.3: The effect of magnetic field on T3PMS HIP'ed material. The T¢** has
been measured from the Fig. 7.3c which is consistant with the phase shift data .
described in Fig. 7.4.
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7.4: Analysis of the Data
7.4.1: Comparison of Cp/T with the Literature

We have compared the values got in Durham with different experimental set-
up with that of the Literature values. The values are calculated at 15 K, assuming 1

mole = 1039 gm of PMS. They are summarised in Table 7.4.

Cp (mJ.gm™'.K?)
Ref. 9, = 0.5967
Ref. 17, = (.655
Ref. 14,18 = (.789
Ref. 7 = (0.794
unHIP'ed ~ (0.587+.02
1HIP = 0.5231.02
T3PMS = (0.62+.02

Table: 7.4: Different values of Cp (mJ.gm™.K?). Literature values are compared-with
the three samples named as unHIP’ed, 1HIP, and T3PMS measured in Durham.

7.4.2: Estimating y and 0, ‘ .

‘We have found the values of Y and 0, using a Debye plot. Since PMS has a
high T ~ 14 K in the O-field, this procedure has been applied to the data at 10 T to
reduce the Tc**. The values for the ¥ and 0, are displayed in Table 7.5. However, -
the values are  far different than the literature values obtained over different

temperature ranges. This is due to the fact that PMS has very complex phonon
© spectrum.

7.4.3: Measuring B’.,(0):

As has been explained in previous chapters, the application of magnetic field
suppresses the specific heat jump. This suppression of the specific heat jump can be
used to determine the initial slope (dBg,/dT)r.r.. To measure the slope (dBx/dT) .1
and the upper critical field Bo,(T), we have plotted the upper critical Bo,(T) as a

function of transition temperature Tc in Fig. 7.7.
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Material ¥y (mJ.mol™ K?) | 0,,=(1944*15/B)"" | 8,,=(1944/B)"*

un-HIP PMS 443.3 341.6 138.5
HIP-PMS 377.1 339.0 : 137.5
T3- HIP-PMS 82.4 226.1 91.0

Literature 79-125 411 166.7

[Kinoshita, 14]

Table 7.5: Sommerfeld constant y and Debye temperature 0, have been calculated
using the simple analysis using the straight line fit to Cp/T vs. T? in the normal state.
8, and O, has been calculated using the formula 8j,=(1944xR/B)"?[15], R
represents the no. of atoms in the unit cell of PMS, and 0,,,=(1944/B)"?, B is the
slope in a Debye plot.

Material T**:0.2 | dBofdT: | B'o(0)+
- ®  |02(TK) [5(T)
PMS unHIP'ed | 13.3 -5.88 54.19
PMS HIP'ed 13.85 -6.67 -~ |64
T3PMS HIPed | 14.5 -6.67 | 67

Table 7.6: T, (dBoy/dT)r, and B*,(0) for the Chevrel phase PMS samples,
fabricated without using Hot Isostatic Press and after using Hot Isostatic Press. B,(0)
has been calculated using WHH theory [8].

It is shown in chapter 2, that paramagnetic limit term is important in high
fields and well below T, while it disappears in the limit T- T.. In such case we have

[see section 2.6],

a’Ba,(I)) (a8
dT  Jnr dT )rr (7.1
We find a slope of -5.88 T/K for the unHIP'ed PMS, -6.667 T/K for the 1HIP PMS

and same -6.667 for the T3PMS HIP'ed sample. These are tabulated in Table 7.6.
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Fig.7.7). Upper Critical field Bcz(T) as a function of Transition Temperature Tc
for three samples of PMS, fabricated without using HIP and with HIP process.

The WHH theory [8] has been used to calculate B*,(0) with the aid.of Eq. -

2.63, considering no paramagnetic limit as;

dBQ) (7.2)
dT' )pr,

B*0) = -A TC(
where A has values of 0.693 for the dirty limit superconductors and 0.726-for the
clean limit superconductors (2,9-10]. As PMS is a type II superconductor with a very
high GL-parameter x ~ 130 [11], 5 = 30 A, E,=E,cs~ 48 A, and mean free path ¢
=23 A, [6,12] it can be considered as a dirty limit type II superconductor. Using the
dirty limit in Eq.7.2, we find a B*,(0) of 54.19+5 Tesla for the unHIP’ed PMS and
a B*(0) of 64 + 5 Tesla for the 1HIP PMS. |

The same analysis described above has been repeated for T3PMS sample. The
slope (dB~/dT) .1, for this sample was found to be -6.667 T/K. The B*,(0) has been
calculated using Eq. 7.1 and found to be 67+ 5 T. The T and B',(0) of T3PMS
sample are probably higher than the first IHIP PMS sample. It is probably due to less

oxygen contamination during the fabrication in the HIP process. The values we got
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for T¢, (dBe/dT)p-1., and B*,(0) are close to the literature values [1-7]. These all

value;s are tabulated in Table 7.6.

7.4.4: Measuring Maki parameter o:
The Maki parameter o [13] is the measure of the paramagnetic limit in any material.
A greater value of «, leads to strong paramagnetic limiting. It can be calculated by
following ways, (described in chapter 2 and 6).
1). From the initial slope [4,6,12] as, _

a = —O'SZSX(%)FTC 73
'2). From the ratio of orbital critical field B",(0) and paramagnetically limited upper
critical field Bpy, Eq. 2.52, (Clogstan and Chan&ashekher limit) [15,16] as;
Be
B, (7.4)
From Eqgs. 7.3 and 7.4 we find the average value of « as; 3.1:0.03, 3.53+0.03, and
3.53+0.04 for unHIP'ed, 1HIP and T3HIP PMS samples respectively.

a = 2

3). From the normal state resistivity p, (Q-m) and volumetric specific heat coefficient

Y, (J.m3K?), using Eq. 2.53 as; -
’ o =235 x 10° y.p, (7.5)

We have taken the values of y, = 640 J.m>K? and p, = 2.2 pQ-m from the

literature, Fischer, 1978, [4] and found « to be 3.308 Wifh the Eq. 7.5. All values of

o calculated with different methods for different samples are summarised in Table

7.7-1.8.

Material = unHIP'ed+0.03 | 1HIP+0.03 T3PMS+0.04
«, after Eq. 7.3 3.11 3.52 3.52

o, after Eq. 7.4 3.13 3.55 3.55

a, after Eq. 7.5 331 - -

Table 7.7; Illustrating the calculation of Maki's parameter o after 3 different ways
for unHIP’ed, 1HIP and T3PMS samples.
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Material o (Maki Aso T s0x10™Y)
parameter)

PMS unHIP'ed |3.10£0.03 |2.77 4.4

IHIP PMS 3.52:0.03 |[3.56 3.29

T3PMS HIP'ed |3.52:0.03 |3.56 3.14

Table 7.8. «, (Maki paramagnetic limitation parameter) defined by Eq.7.3 & 7.4; A,
spin-orbit coupling parameter and tg,, the spin-orbit scattering relaxation time has

been calculated using WHH theory [8].

7.4.5: Measuring Spin-orbit scattering parameter Ay, and g,

Spin orbit scattering parameter Ag, can be measured using Eq. 2.55 and 2.57. .
We have measured Ay, using Eq. 2.57 as;

Bo,*(0) = 1.33 VAg Bpy (7.6)

and found to be A,=2.77, 3.56, and 3.56 for unHIP'ed, 1HIP and T3PMS respectivly.
Theée values are summarised in Table 7.8.

Similarly the Spin-orbit scattering relaxation time t¢,, has been calculated
using Eq.2.55 as;

Ao = 20 [ 3nkyTcTgo (1.7)

' The values of To for three samples named unHIP'ed, 1HIP and T3PMS are shown -
in Table 7.8.

7.4.6: Jump Height

It can be seen from the Fig. 7.1 and 7.2 for unHIP’ed and IHIP samples
respectively that the % jump height (AC/Cr,) is reduced with the application of the
field. It is verydifficult to measure specific heat jump height in the third sample,
‘T3PMS due to reasons explained later in section 7.5. We have compared the % jump
height of unHIP’ed and 1HIP PMS with a PMS sample fabricated at 1460 °C -1600
°C and hot pressed at 1200 °C by Cors et. al. [1,2]. The results obtained are tabulated
in Table 7.9.

186



Applied Field (T) | unHIPed 1HIP Cors et.al. [1,2]
0 15.34 11.55 20.93

2.5 12.24 8.8

5 11.21 8.64

6 16.87

7.5 10.69 8.56

8 14.97

10 6.44 6.41 1342 .

~ Table 7.9: The % jump height of unHIP’ed and 1HIP PMS samples are compared
with Literature [1,2].

7.5: Discussion: '

The unHIP’ed sample obtained aﬁer the simple sintering method, is
inhomogeneous, has low density, and pbor connectivity between the grains which
,badly_ affects the transport properties of this méterial. To get rid of all these problem,
the Hbt Isostatic Press (HIP) method wés used. .

The Durham values of Cp/T at 15 K are compared with the literature values
as can be seen in Table 7.4. It is noted that the literature values of Cp/T are scattered
from 0.59 to 0.79 mJ.gm™ K2 The Durham results agree with the literature values
within the accuracy of the experimental set- -up.

As described in the literature Bader et. al. [17], and Alekseevskii, et. al [18];
it is almost impossible to use the sunple Cp/T vs. T? analysis for PMS to get y and
0y, since above its high T, value, the T® behaviour is not observed. PMS has a very
complicated phonon spectrum. Equally, applying a strong magnetic field will decrease
Tc** by only a few Kelvin because of the high (dB/dT)r.r. of this material. It is
clear some new technique should be used topxplain the data.

A more complex analysis has been developed which describes the lattice
specific heat, C;, in terms of a sum of three independent terms [18];

C.=AC, +AC, + AC, - (7.8)

where, A, ~1, A, =1, and A, =13, are the appropriate weight factors for the ternary
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molybdenum sulfides and can be found during the analysis. C;,, is from the very low
frequency modes due to the weakly coupled, large atomic mass, Pb atoms in the

crystal structure, C;,, represents the low frequency modes in the cluster, -while the

term C;,, represents the higher frequency intercluster and interacluster modes. We . -

have not proceeded. with this analysis because of the limited temperature range of our
data.

As the slope is very high, consequently B,*(0) is very high. At present, it is
difficult to. produce a field beyond 33 T [Nijmen] using the high field magnet

laboratories. To compare the experimental Bg,(T) with that of the theoretical value, - -

WHH [8] has given a very useful relation considering spin-orbit scattering parameter
Ao, Which gives some idea about the strength of the spin-orbit scattring, (see Chapter -
2). ‘A ¢, minimises the paramagnetic effect, and reduces the effect of pair breaking. It -
implies that spin-orbit scattering overcomes the effect of pair breaking by the -
~ paramagnetic effect and therefore enhances the Bg,(0). limit and only the interaction -
of the external field with the orbits will -destroy the superconductivity in these

materials, [4, 5]. We have taken o =3 in general to compare the value with the

literature [4,5] and find-out the value of Ay, graphically. After determining &, Agocan -

be determined using Eq. 2.55 and 2.57.
If one compares the spin-orbit relaxation time parameter T, of three PMS-
samples, it revealed that the value of T, is decreasing after HIP process, which is the

case, as after HIP process, the material becomes more dense.

The values of Bo,(T) calculated using methods other than Cp [19] have-been- - . -

compared in Fig.7.8. It can be seen that the values -obtained from the reversible
V.S.M. measurements [11] are very close to the Cp measurements on the same sample ..
1HIP. However, the irreversibility line is far below that of B,(T) line [11]. The data' '
for other samples show the similar trend.

The reduced upper critical field b,=0.281B,(T)/B*,(0) calculated [4,6] using -
Eq. 2.59 vs. reduced critical temperature t. =T/T, for fixed value of & =3 and different
values of A, has been plotted in Flg 7.9. In Fig. 7.10, the area close to the transition
temperature is- blown up for a =3, and different values of A, and is compared with
that of reduced upper critical field of three samples. It is clear from the Fig. 7.10 that

the value of A, is either greater than 50 or infinity. As has been explained in section
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2.8, the role of A, is to reduce the paramagnetic effect and enhanced the upper:
critical field, reaching toward the theoretical limit. The value of « can be determined
from the slope as, -0.528(dB,/dT)y. and thus one can determine the value of A, from
the temperature dependence of B.,(T). However, the values of A_, so obtained are far
higher. It implies that the value of upper critical field obtained is close to the orbital -
critical field [4,6). These higher values of A, may be due to the very simple
assumptions have been made, ([6],pp.68) e.g. weak-coupling, spherical Fermi surface,
no exchange effects in the electron and one conduction band. ,

The T, and Bg,(0) are slightly improved for the HIP’ed samples over the
unHIP’ed sample. Indeed the critical current density has been improved almost 20
times of the unHIPped material [11,20], which is a major achievement of the
fabrication technique using Hot Isostatic Press.

The height of the specific heat jump is not as high as that quoted in the
literature [1-2]. Since specific heat measurements are bulk volumetric measurements,
we suggest the large width (~ 1 K) of the transition or rounded calorimetric transition

may be due to one of the possibilities;
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1). There is a distribution in T throughout the sample (inhomogeneity).

2). There are internal cracks in the sample which have led.to temperature gradiants
across the sample.

3). The thermal conductivity of these samples is so low that there is a temperature
gradient across the sample.

Using the two fluid model {21-22], the normalised relative jump height should
obey the quadratic relationship giving a straight line, but the results we obtained are
below the straight line. Even the literature [1,2] values are below that of the straight
line which can be seen in Fig. 7.11, where we have plotted reduced relative jump
height in specific heat at different fields as a function of the square of the reduced
transition temperature t., showing the invalidity of the two-fluid model for the PMS
material.

Complementary magnetic and transport measurements have been completed

on the PMS samples [11,20]. An irreversibility line By was found significantly
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Fig.7.11). Reduced relative jump height of the specific heat jump at the
transition temperatures Tg has been plotted against the square of the reduced
transition temperature, ts> = (Tg /Tc)>. The straight line represents the
quadratic relationship.

191



below B,(T). A marked difference between By and Be(T) is a well established
result in high T.-oxide superconductors. The magnetic measurements have shown a
- typically twenty-fold inérease in the critical current density of the HIP‘ed PMS sample
over the uniHIP’ed PMS sample. The data described above demonstrate that this
improvement cannot be attributed to changes in the bulk superconducting critical
parameters. Better connectivity between the grains and  improved grain boundary

structure are more probable explanations.

7.6: Conclusion:

We found that after HIP, the Tc has been increased about 0.5 K while
reducing oxygen contamination during the fabrication process has increased another
of 0.5 K in Tc. The slope has been enhanced to about 13 % and consequently, B,(0) -
has been increased to about 65 T, about 20 % higher after the HIP process. The HIP
process increases the T probably because of the improved homogeniety. The higher
values of A>3 leads to screening the effect of paramagnetic limitation by spin-orbit
scattering mechanism. The rounded form of the specific' heat jump pointed the

possibility of the T distribution in the sample.
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CHAPTER 8
Specific Heat of High Gd-doped Pb, Gd MoS;

8.1. Introduction

It was discovered by Fischer et.al [1-2] that after doping Gadolinium, (Gd)
in the PbMo,S; (PMS) material this enhanced, the T (=14.3 K), dBo,/dT (=6T/K)
and B(0) (=60 T). We have chosen to investigate the effect of the high doping of
Gd (low doping will be discussed in chapter 9) systematically in the Pb, ,Gd,Mo,S,
system. Where x = 0, 0.1, 0.2, and 0.3 represents the nominal concentration of the
Gd. The stoichiometry subsequently is always nominal.

This Chapter consists of six sections. Section 8.2 describes the sample
fabrication. Section 8.3 is devoted to the experimental results obtained using the
experimental set-up described in chapter 5. The analysis of the above data has been
provided in section 8.4. Section 8.5 discusses the results and section 8.5 concludes

the chapter.

8.2: Sample Fabrication

We have compléted the specific heat measurements on a series of bulk Gd-
doped PMS samples, fabricated with the simple sintered method at ambient pressure,
and fabricatedv at a pressure of 2x10° N.m? (2000 bar) using a Hot Isostatic Press
(HIP), described in Chapter 7 with a more detailed method. These samples were
pressed 'in the glove box under Argon. To extract Oxygen from the Mo, the powder
was reduced in flowing hydrogen gas. Thereafter, the Mo was kept continuously in
the glove box to reduce contamination. The volumetrically averaged upper critical

field Bo(T) has been determined as a function of temperature for these materials.

8.3. The experimental Results
8.3.1. Gd=0 (PbMo,Sy

To investigate the effect of .a magnétic field on different concentrations of Gd,
in PbMo,S;, a sample of mass, 0.17196 gm, with no doping of Gd wés fabricated

using the Hot [sostatic Process (HIP) described above and in chapter 7. The magnetic
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field was applied at intervals of 0, 2.5, 5, 7.5, 10, and 12.5 Tesla. The graphical form
of V*'__ vs. T, phase shift vs. T and V" * T vs. T are shown in Figs. 8.1a, 8.1b
and 8.1c respectively.

To calculate transition temperature T, alongwith Fig. 8.1b and 8.1c, we have plotted
Cp vs. T and Cp/T vs. T for Gd-0 sample as shown in Figs. 8.2 and 8.3 respectively.
The transition temperature Tc, has been calculated from the V",ms* T? vs.T and the
phase shift data in Figs. 8.1b and 8.1c respectively as has been explained in section
7.3.2. The arrows in the Figs. are situated at the phase transition. In Table 8.1 we
have shown the effect of magnetic field on the transition temperature T for Gd-0.

Applied | Transition Temp.
Field (T) | Tc*:0.2 (K)

0 14.45

25 14.17

5.0 13.65

7.5 13.25

10 12.65

125 {1230

Table: 8.1. The effect of applied magnetic field. B, on the transition temperature Tc
of PbMogS;. Tco*; The Tc* has been calculated after taking area under the curve to
~ be equal on both sides when extrapolating to the sharp transition in Figs. 8.1b, 8.1c
and 8.3.

8.3.2. Gd=0.1 (Pb,,Gd,,;Mo,Sy)

Two Gd-doped samples with a concentration -of 0.1, as suggested in. the .
formula (Pb,,Gd,,Mo,S,), have been investigated. One sample with a mass of
0.08066 gm was not fabricated using the HIP process (unHIP), whilst the other
sample, with a mass of 0.21301 gm, was fabricated using the HIP process described
above. These two samples were investigated in the O-field only. The raw data giving
V' vs. T and phase shift vs. T for unHIP-0.1 and HIP-0.1 samples are shown in
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Fig_8.1a). V', as a function of Temperature in an applied field of 0, 2.5, 5.0,
7.5, 10, 12.5 T for pure HIP’ed PbMogS,, (Gd-0, without Gd-doping).
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Fig.8.1b). Phase Shift as a function of Temperature in an applied field of 0, 2.5,
5.0, 7.5, 10, 12.5 T for pure HIP’ed PbMosS;, (Gd-0, i.e. x=0).
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Fig. 8.1¢). V', * T as a function of temperature in the applied field of 0, 2.5, = -

5.0, 7.5, 10 and 12.5 Tesla for pure HIP’ed PbMo,S,, Gd-0, (without Gd-doping, -
x =0).
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Fig. 8.2). Cp. as a function of temperature in the applied field of 0, 2.5, 5.0,
7.5, 10 and 12.5 Tesla for pure HIP’ed PbMo,S;, Gd-0 (without Gd-doping, x
:O). ’
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Fig. 8.3). Cp/T. as a function of temperature in the applied field of 0, 2.5, 5.0,
7.5, 10 and 12.5 Tesla for pure HIP’ed PbMoeS; Gd-0 (without Gd-doping, x =0).
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Fig.8.4) V', and Phase Shift as a function of tefnperature for an unHIP’ed
Pb, ,Gd, ,M0,S,, unGd-0.1, in 0-field (x=0.1).
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Figs. 8.4 and 8.5 respectively. The graphical form of unHIP-0.1 and HIP-0.1 PMS
giving Cp vs. T are shown in Figs. 8.6 and 8.7, while Cp/T vs T are shown in Figs.
8.8 and 8.9. respectively. The transition temperature has been determined as

explained in section 8.3.1. The resuits for both samples are tabulated in Table 8.2.

Pby,Gd, M0osSs | Applied | Te* Ty * Ty *
Field (T) | +0.2 (K) | £0.1 (K) | 0.1 (K)

unHIP 0 14.20 11.15 5.9

HIP 0 15.10 11.30 59

Table: 8.2. The effect of HIP process on Pb,Gd,;Mo,S; in 0-applied field.

" Tc*; The T.* has been measured as explained in section 8.3.1.

8.3.3. Gd=0.2 (Pb,;Gd,,Mo,Sy) _

The Gd-doped sample with a concentration of 0.2, as suggested in the formula
Pb, sGd,,M04S;, has been investigated. It was fabricated using the HIP process
described in above. The mass of the sample was=0.21412 gm. It was investigated on
the applied magnetic field of 0, 2.5, 5.0, 7.5, 10 and 12.5 T. (The sample shows a
multiphase behaviour). To have a clear look at V! g CX, we have added 5 unis to
25T,10t0 5T, 15t0 7.5 T, 20 to 10 T and 25 to 12.5 T data. Similarly, in the
phase shift data, we have added 2° to 2.5 T, 4° to 5 T, 6° to 7.5 T, 8° to 10 T and
10° to 12.5 T. The same procedure is repeated for Cp vs. T and Cp/T vs. T data,
where we have added, 0.5 units to 2.5 T, 1.0to ST, 1.5t0 7.5 T, 2.0 to 10 T and
2.5t0 12.5 T data, and 0.05 units t0 2.5 T, 0.1 t0 5T, 0.15t0 7.5 T, 0.2 to 10 T and
0.25 to 12.5 T data respectively. The results so obtained, for V' vs. T are shown
in Fig. 8.10a for Phase Shift vs. T in Fig. 8.10b and in Fig. 8.10c (for 11 K to 17K
only), Cp vs. T in Fig. 8.11 and Cp/T vs. T in Fig. 8.12. The digitised data is
tabulated in Table 8.3. ‘ '

 8.3.4. Gd=0.3 (Pb,,Gd,,Mo,Sy)

Two Gd-doped samples with a concentration of 0.3 as suggested in the
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Fig.8.7). Cp versus T for a HIP’ed Pb,Gd, ;M0gS;, Gd-0.1, in O-field (x=0.1).
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Fig.8.8). Cp/T vs. T for an unHIP’ed Pb,sGdo:M0eS;, unGd-0.1, in O-field
x=0.1). '
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Fig. 8.10a). V' _(CX) as a function of temperature in the applied field of 0, 2.5,
5.0, 7.5, 10 and 12.5 Tesla for HIP’ed Pb,;Gd,,MosS,, Gd-0.2, (x =0.2). To
make it more clear, 5 units have been added to 2.5 T data, 10 units to 5 T, 15 units
to 7.5 T, 20 units to 10 T and 25 units to 12.5 T data.
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Fig. 8.10b). Phase Shift as a function of temperature in the applied field of 0, -
2.5,5.0,7.5, 10 and 12.5 Tesla for HIP’ed Pb, sGd,,M0,S;, Gd-0.2, (x =0.2).
To make it more clear, 2° has been added to 2.5 T data, 4 05T, 6 t07.5
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Fig. 8.10c). The data of Fig. 2.12b has been blown up for the temperature range
of 10.5 K to 17 K to find the transition temperature. The arrows shows the transition
* temperature for each field.
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Fig. 8.11). Cp as a function of temperature in applied field of 0, 2.5, 5.0, 7.5, 10
and 12.5 Tesla for HIP’ed Pb, ;Gd,,M0,S;, Gd-0.2, (x =0.2). To have a better idea
of transition, we have added 0.5 units to 2.5 T-data, 1.0t05 T, 1.5t0 7.5 T, 2.0
to 10 T and 2.5 units to 12.5 T data.
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Fig. 8.12). Cp/T. as a function of temperature in applied field of 0, 2.5, 5.0, 7.5,
10 and 12.5 Tesla for HIP’ed Pb, ;Gd, ,M0,S;, Gd-0.2, (x =0.2). To have a better
idea of transition, we have added 0.5 units to 2.5 T data, 0.1t0 5T, 0.15t0 7.5 T,
0.2 to 10 T and 0.25 units to 12.5 T data.
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Applied | Te,* Ty Tp*
Field (T) | +0.2 (K) | 0.1 (K) | £0.1 (K)
0 14.95. | 1045 |59

2.5 14.65 1025 |58

5.0 14.1 9.6 5.4

15 13.65 = |83 =5

10.0 13.15  |6.1 -

12.5 12.6 =5 -

~ Table: 8.3. The effect of applied magnetic field on the different phases of
Pb,sGd,,M0,S;. Tc*, denoting the superconducting phase transition, Ty,*,and Ty,*
the magnetic phase transition due to magnetic impurities.

- *: The calculation of Tc* has been explained in section 8.3.1.

Sample~ | Gd-0.3 | Gd-1
HIP unHIP

Applied | Ty* Ty*

Field (T) | £0.1 (K) | £0.1 (K)

0 10.4 10.40

25 10.15 10.07

5.0 9.4 9.45

7.5 8.25 8.30

10.0 6.0 ~ 6.0

12.5 =5 -

Table: 8.4. The effect of applied magnetic field (H) on the magnetic transition

temperature TM* Of Pb07Gd03M06SS (Gd'0.3) arld GdMO6SS (Gd'l). T

*; The Ty* has been measured as explained in section 8.3.1 above.
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formula Pb, ,Gd,;Mo0¢S; have been investigated. One sample with a mass of 0.13439
gm was not fabricated using the HIP process (unGd-0.3), and the other sample, with
a mass of 0.20527 gm, was fabricated using the HIP (Gd-0.3) process. The unGd-0.3
sample was investigated in O-field giving a possible Tc of ~14.9 K. The raw data
giving V', vs. T and phase shift vs. T are shown in Fig. 8.13 and Cp vs. T is
shown in Fig. 8.14. The Gd-0.3 sample was investigated in an applied magnetic field
of 0, 2.5, 5.0, 7.5, 10, and 12.5 T. The raw data giving V" vs. T and phase shift
vs. T are shown in Figs. 8.15a and 8.15b respectively and Cp vs. T is shown in Fig.
8.16 for only Gd-0.3 sample. The arrows point to the phase transitions. The higher
phgse (Tc~14.9) is the superconducting phase, while we provide evidence later that
the lower phase (T.~10.4), is a magnetic phase. The effect of magnetic field on

different phases is presented in Table 8.4.

8.3.5. Gd=1.0 (GdMo,Sy) A

To check the effect of Gd only on the MogS,, an unHI‘P. sample of mass
0.23741 gm with the suggested formula GdMo,S; (Gd-1) has been prepared (without
Pb). The Gd-1 sample was investigated in 0, 2.5, 5.0, 7.5, 10.0 and 12.5 T field. The
~ raw data giving V' vs. T and phase shift vs. T are shown in Figs. 8.17a and
8.17b respectively. The effect of magnetic field on the specific heat Cp, of this
sample is shown in Fig. 8.18, while the tabulated form of the data is presented in

Table 8.4.

8.4. Analysis.

The specific heat Cp of all Gd-doped HIP‘'ed PMS samples in 0O-field are
displayed in Fig.8.19. Gd-1 (unHIP and without Pb) is added for comparison. It is
noted that Cp decreases above T with the addition of Gd. The effect of Gd-
concentration (x=0, 0.1, 0.2, 0.3) on the T. of PMS in the O-field for the higher
phase is plotted in Fig.8.20 and tabulated in Table 8.5, including literature values [3-
4] for x=0.6 and 1. It is clear that the T, values increased after Gd-doping and is
maximised for x =0.1. However, Tc values are decreased dramatically for x=0.6 &1.

The Gd-1 sample did not show any superconducting transition in the

investigated temperature region (5-15 K) using ac. susceptibility technique [5].
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Fig.8.13). V', and Phase Shift as a function of temperature - for an unHIP ed
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Fig.8.14). Cp vs. temperature for an unHIP’ed Pb,;Gdy 3M0,S; unGd-0.3 in 0 Field
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Fig. 8.15a). V', as a function of temperature in the applied field of 0, 2.5, 5.0,
7.5, 10 and 12.5 Tesla for HIP’ed Pb,,Gd, ;Mo0,S;, Gd-0.3 (x =0.3).
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Fig. 8. 15b)». Phase' Shift as a function of temperature in the applied field of 0, 2.5,
5.0, 7.5, 10 and 12.5 Tesla for HIP’ed Pb,,Gd,;M0,S;, Gd-0.3 (x =0.3).
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Fig. 8.16). Cp as a function of temperature in applied field of 0, 2.5, 5.0, 7.5, and
10 T for HIP’ed Pb,,Gd,;Mo,Ss, Gd-0.3, (x =0.3).
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Fig. 8.17a). V', as a function of temperature in the applied field.of 0, 2.5,5.0,
7.5, 10 and 12.5 Tesla for unHIP’ed GdMosS,, Gd-1, (x =1.0).
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Fig.8.19). Cp as a function of temperature for all HIP’ed Pb,.,Gd,Mo,S; in 0-Field, -
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Fig.8.20). The effect of high Gd-doping on the Tc of Pb,.Gd,Mo0eS;, where x=0,
0.1, 0.2 and 0.3 using Cp- and a.c. susceptibility measurements.
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Gd-doping | Tc* 0.2 (K) Tc*(onset) £0.1 (K) | Te*(mid pt.) +0.1
(x) After Cp After AC-Susc. (K) After AC-Susc.
0 14.45 14.20 14.0
0.1 15.10 14.20 14.0
0.2 14.95 14.10 13.80
0.3 14.90 14.0 13.80
0.6** 32 - -
LI'O*** 1.4 - -
Table:8.5. The effect of Gd-doping (x) on the transition temperature of Pb, Gd,Mo,S.

*; The T has been measured after the entropy conservation under the curve.
**. From ®. Fischer et. al.(1976) pp.181.[3].
*x*. From Ternary Compounds I, pp.4 [4].

However, it shows a magnetic transition T, in the Cp measurements at about ~10.4
K in zero field. It can be noted that the Cp/T values increased after the application
of the field for T > T, from its zero field value, while the magnetic transition
temperature Ty, decreased for higher magnetic fields.

The thermodynamic upper critical field B,(T) vs. transition temperature T,
of Gd-doped HIP'ed PMS samples for x=0, and 0.2 has been shown in Fig.8.21. We
found a slope close to T=T. for Gd=0.2, of -5.21 T/K. Using WHH theory [6],
[Eq.2.63], Bo(0) was calculated, assuming no paramagnetic limiting and found to be
54 T. Although Gd-doping increased the T of the material, the slope dB¢)/dT}
is lower than the slope of Gd-0 PMS. This can be seen in Table 8.6.

We also plotted the effect of applied field on the magnetic transition
temperature Ty, of all Gd-doped PMS samples. This is shown in Fig. 8.22 for the
magnetic phase only.

The Maki [7] parameter has been calculated using Eqs. 7.3 and 7.4 and was
found to be 2.3 +0.03. The Spin-orbit scattering parameter A, has been calculated
using Eq. 2.57, viz. Bo,(0)=1.33 VA4, B,, where B,(0) is the upper critical field
assuming there is no PPL, and B, is the Clogstan-Chandrashekher limiting field (8], .
which is found to be 1.55 £ 0.03.
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Fig.8.22). Upper Critical field B(T) as a function of higher magnetic transition .
temperature T, for Pb,,Gd,Mo,S, samples, (x=0, 0.1, 0.2, 1.0).
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Material T**20.2 | dBo/dTt | B'oy(0)+5
(K) 0.2 (T/K) | (T)

Gd=0 PMS HIPed | 14.45 574 |57.28

Gd=0.2 PMS HIPed | 14.95 -5.21 53.97

Table 8.7: T., (dB/dT)1r, and B*,(0) for Gd=0 (Pure PMS) and Gd=0.2
(Pb,sGd, ,M04S;) samples. B,(0) has been calculated using WHH theory [6].

8.5. Discussion:

It is evident from the Cp measuréments shown in Figs. 8.1- 8.20 that after
Gd-doping, the materials show a three-phase behaviour, with a higher temperature
superconducting phase, and lower temperature magnetic phases. We have plotted
Bo(T) vs. temperature for the superconducting phase and middle temperature
magnetic phase in Figs. 8.21-22 respectively. The. presence of the superconducting
phase, is confirmed by complementary a.c. susceptibility measurements [9] on these
materials. The data of reference 9 has been replotted in Fig. 8.23. This reveals that
the material is superconducting at the same temp‘eratureA found in the Cp
measurements. However, the other phases observed in Cp measurements af ~10 K
and ~6 K may be due to some other unreacted materials present in the sample. This
has been confirmed on the basis of the x-rays diffraction (XRD) and preliminary
results of transrnissioh electroh micfoscopy (TEM) [10] on the Gd-0.3 and Gd-1
samples, where most of the peaks are identified as pure PMS. The rest of the peaks
are Mo$S, and Mo,S;, with some traces of Gd,S;. By comparing the data of Gd-0.3
and Gd-1 samples, it is revealed that both materials have a second phase identified
as Gd,S;, which is a possible origin of the magnetic ordering in all the Gd-doped
PMS at ~10 K. |

After applying magnetic field, Cp/T increasesi for T > T, the magnetic
transition temperature T, is reduced and there is no anomaly in the a.c. suséepti‘bility
measurements. This consequently reveals the possible origin of the magnetic
transition at ~10 K in Gd,S; as being antiferromagnetic [11, 12] as MoS, and Mo,S,

are pziraxhagnetié materials.
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Fig_8.23). Normalised AC-Susceptibility data vs. temperature for Pb,,Gd.MoSs
samples, (x=0, 0.1, 0.2, 0.3), for comparison with Cp. data. (DNZ-data).

We have plotted Be,(T) vs. magnetic transition temperature for the middle
temperature magnetic phase in Fig. 8.22. From the above discussion it can be -
concluded, that for the materials with x.=0.1, 0.2 and 0.3, the magnetic phase
transition at ~10 K is of the antiferromagnetic nature. One possibility is Gd has
replaced the Pb sites in Pb,,Gd,MosS;- pointed to. the co-existence of -
superconductivity with the magnetic ordering [13] -but more probably the -anti-~ -
ferromagnetic transition is due to Gd,S; which has not reacted with the PMS during
the fabrication process.

~ It is likely from the Table 8.5 and Fig. 8.20, that after doping Gd, T, has.
been increased. If so the Gd-doping has an optimum value of x=0.1, for which the
Tc is the highest one as 15.1+0.2 K, which is slightly higher than the values quoted
in literature for the Chevrel phase materials [14-19]. This trend is also confirmed
after a.c. susceptibility measurements [9] shown in Figs. 8.20 and 8.23. However, Tc
values measured with Cp measurements are-about 6% higher than those measured

with a.c. susceptibility. This may be due to the thermometry used in these two

separate methods, or due to the inhomogeneity in the samples or both. Cattani et. al.. - -
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[20] showed that different Tc obtained after different methods is not artifact of the
measurements but due to the materials itself. So different Tc could be intrinsic. The
reason why Gd-doping has slightly improved T¢ is still not clear but Gd acting as an
oxygen getter may be a contributing factor.

Using WHH theory [6] we have calculated B,(0) assuming that there is no
paramagnetic limiting present in the material and the material is a dirty limit type II
superconductor, (this has been explained in chapter 2 & 7) for Gd-0.2. We found a

-Be(0) of the order of ~54 T, which is ~6 % lower than the Gd-0. Although after
doping with Gd, T, has been increased by approximately 6 %, the slope [dB/dT] .y
has been dropped to almost 9 %, which has been also confirmed by Foner et.al. [19].

“Spin-orbit scattering parameter A, has been-calculated using Eq.2.57, and
was found to be 1.55 + 0.03. This is considerably lower than the theoretical value .
(described in Chapter 7) obtained from the temperature depéndence of B,(T) shown
in Fig. 8.24, where we have plotted reduced upper critical field b, *(t) versus reduced
temperature t and provided data for pure PbMo,S; and Pb,3Gd, ,M0.S, materials.
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Fig.8.24). Reduced upper critical field b*,(t) versus reduced temperature t for A,
> 50 or o, compared with experimental values obtained for pure PbMogS; (a=3)
and PbysGdy;M0S; samples.
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From the Fig. 8.24, it is clear that A¢, could be greater than 4. We therefore suggest
that the paramagnetic limiting is broadly compensated by the spin-orbit scattering.

8.6. Conclusion:

Doping of Gd in the PMS may have improved the T, with Gd=0.1 giving a
“maximum value of 15.1+0.2 K. The reason why Tc has been improved after doping
Gd is not clear. It may be due to the reason that Gd is a good getter for oxygen,
which has extracted the oxygen from the material resulted in improvements in Tc or
the improvements in fabrication in the controlled environment and reducing the Mo
powder in hydrogen. The different values of Tc obtained in the same material in Cp
and a.c. susceptibility measurements is probably intrinsic and not an artifact of the
‘measurements. The magnetic transition discovered in Cp measurements-at ~10 K; is
absent in a.c. susceptibility measurements. Probably, -Gd-doped PMS can be.

considered as a possible material where co-existence of superconductivity with anti-

ferromagnetic ordering is present. On the basis of XRD and TEM, the magnetic - - -

transition is more probably due to Gd,S; material present. in the sample. The -
reduction in slope [dB/dT};.;. has compensated for by the improvefnent in Tc so
B (0) is ~6%. lower. The. Ay, values are greater than 4 suggesting that paramagnetic
limiting plays little or no role. Extensive complementary magnetic -and transport
measurements are underway which help clarify the role of electromagnetic granularity
and also show the strong similarities for these materials with the high temperature

superconductors.
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CHAPTER 9
Specific Heat of Low Gd-doped Pb, ,Gd,MoS,

9.1. Introduction

As previously described in Chapter 8 the doping of Gd in Pb,,Gd,MogS,,
where x represents the concentration of the doping, may increase the T of the
material, with the highest value of 15.1£0.2 K has found with x =0.1, which is
slightly higher than the transition temperature Tc quoted in literature [1-7] . In this
chapter we aim to carry out a thorough study, to find the highest T, the optimum
Gd-concentration x and the highest Bo,(0). To do this, we have investigated four
sainpies with Gd-concentration at x =0.01, 0.02, 0.03, and 0.04 named, Gd-0.01, Gd-
0.02, Gd-0.03, and Gd-0.04 respectively. |

This Chapter consists of six sections. Section 9.2 gives some of the details of
sample fabrication described in chapter 7 and 8, section 9.3 is devoted to the
experimental results obtained using the experimental set-up as described in chapter
5. The data obtained are analysed m section 9.4. The discussion on this data is

provided in section 9.5. Section 9.6 concludes the chapter with important findings.

9.2. Fabrication of the Sample

It is clear from the conclusion of chapter 7 and 8, that the HIP process
enhanced the properties toward the Tc, as well as B,(T). Therefore, we have |
completed the specific heat measurements on the aforementioned four bulk Gd-doped
PMS materials, which were fabricated at a pressure of 2x10® N.m? (2000 Bar) using
a Hot Isostatic Press (HIP) method, as described in Chapter 7 and 8. The Mo powder
was reduced in a hydrogen-nitrogen mix rather than pure hydrogen. The T values
and the volumetrically averaged upper critical field BCZ(T) have been determined by

Cp measurements as a function of temperature for these materials.

9.3. The Experimental Results
9.3.1. Gd-0.01 (Pb,,,Gd,Mo.Sy)

The Cp measurements in 0-field have been carried out on the Gd-0.01 sample.
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The chemical formula for this sample is suggested to be Pb,5,Gd, 0 M0sS;s giving the
concentration x =0.01. The mass of this sample was 0.1874 gm which was fabricated.
using Hot Isostatic Process (HIP), as described in chapter 7. The graphical form of
the raw data giving V-'(rms) vs. T and Phase shift vs. T for this sample is shown in
Fig. 9.1a.

It is noted from the Fig. 9.1a that the superconducting jump height is not
prominent in V-'(rms) vs. T, as well as in phase shift vs. T and consequently, it is
difficult to find the accurate Tc. To enhance the jump height and find the Tc as
before, we have plotted V'(rms) * T vs. T in Fig. 9.1b. Before plotting V-!(rms) *
T‘3v vs. T, we tried different powers of T, but we found T? is the best to find the
- bﬁase transition. The transition temperature Tc* has been calculated after taking area

. under the curve of Fig. 9.1b to be equal on each side when extrapolating to a sharp
transition. The Tc* was found to be 14.93+0.1 K for Gd-0.01.

Similarly, we have plotted Cp vs. T in Fig. 9.2 for Gd-0.01 sample and added
the arrow as a guide to the eye, and to compare the values obtained in Durham to

that of the literature values for this sample.

9.3.2. Gd-0.02 (Pb,,Gd,,Mo0.Sy)

To find the effect of magnetic field on the transition temperature T, and to
find the Bo(0) of low doped Gd, a HIP sample with a mass of 0.15656 gm and
concentration, x =0.02 as suggested in the formula Pb,eGd,(,M0sS; has been
investigated. The sample was investigated in the field of; 0, 2.5, 5.0, 7.5, 10 and 12.5
Tesla. To have a clear look at V7, we have added 5 units to 2.5 T, 10to 5 T, 15
to 7.5 T, 20 to 10 T and 25 to 12.5 T data. Similarly, in the phase shift data, we
have added 2° t0 2.5 T,4° to ST, 6° to 7.5 T, 8° to 10 T and 10° to 12.5 T. The
results so obtained, for V! vs. T are shown in Fig. 9.3a, for Phase shift vs. T in
Fig.9.3b. As explained earlier in section 9.3.1, that to enhance the jump height and
find the Tc, we plotted V'(rms) * T* vs. T in Fig. 9.3c. The transition temperatures
obtained in magnetic field for Gd-0.02 material are displayed in Table 9.1.

Similarly, we have plotted -Cp vs. T in Fig. 9.4 for Gd-0.02 sample to guide

to the eye, and to compare the values obtained in Durham to that of the literature

values for this sample.

222



240,‘1,,‘,,,,1,,,],3200
' 4

B L ot . v;ms

200 | ® ogo 3 o Phase Shift ¢ 1190
160 ;'}
< 180 ©
> -
= 120 g

“a 170
- E ' Q
>\- 80 g
o

160

4 6 8 10 12 14 16 18 0
Temperature (K)

Fig. 9.1a). V'(rms) Vs. T .and Phase Shift vs. T for Gd-0.01 HIP’ed.
Pb, 5sGdy 0:M0gS, (Gd-doping, x =0.01).
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Fig. 9.1b). V'(rms)* T* as a function of temperature in O-field to enhance the
superconducting jump height, and to find the transition temperature T, for Gd-0.01
HIP’ed PbyeGdyoiM0eSs (Gd-doping, x =0.01).
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Fig. 9.3a). V'(rms) Vs. T in magnetic field in the interval of 0, 2.5, 5.0, 7.5 10.0
and 12.5 T Gd-0.02 HIP’ed Pb, 4,Gd, ,M0,S; (Gd-doping, x =0.02). (Addition of
5, 10, 15, 20, 25 units to 0, 2.5, 5, 7.5, 10, and 12.5 T respectivly).
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Fig. 9.3b). Phase Shift as a function of temperature in magnetic field in the interval
of 0, 2.5, 5.0, 7.5 10.0 and -12.5 T for Gd-0.02 HIP’ed Pby,4,Gd,,,M0,S; (Gd-
doping, x =0.02). (Addition of 2, 4, 6, 8, 10 degree t0 0, 2.5, 5, 7.5, 10, and 12.5
T respectivly). ‘ - ‘ -
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“Fig. 9.3¢c). V'(rms)* T as a function of temperature, in magnetic fields of the
interval 0, 2.5, 5.0, 7.5, 10.0, and 12.5 T, to enhance the superconducting jump
height, and to find the transition temperature T., for Gd-0.02 HIP’ed
Pby.ssGdy 0:M0OgS; (Gd-doping, x =0.02).
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Fig. 9.4). Cp Vs. T in magnetic field in the interval of 0, 2.5,5.0,7.510.0 énd |
12.5 T for Gd-0.02 HIP’ed Pb, ,Gd,,M0,S; (Gd-doping, x =0.02).

Materials= | Gd-0.02 Gd-0.04 Gd-0.2
|| Applied Transition Temp. Transition Temp. | Transition Temp.

Field (T) Tc*£0.2 (K) T*:0.2 (K) T*+0.2 (K)

0 14.94 14.90 14.95

25 14.55 14.60 ' 14.65

50 14.01 1410 14.10

7.5 13.65 13.50 13.65

10 13.10 13.10 13.15

12.5 12.30 12.25 | 12.60

‘Table: 9.1. The effect of applied magnetic field (B) on the transition temperature T,
for Gd-0.02, Gd-0.04 and Gd-0.2 samples.
Tc*; The T* has been measured after taking area under the curve of the graph

Vims) * T2 vs. T to be equal on each side when extrapolating to a sharp transition.
) beeq _ g Ip
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9.3.3. Gd-0.03 (Pb,,,Gd, (;Mo.Sy)

The HIP sample, named Gd-0.03 with a doping concentration of 0.03 as
suggested in the formula Pby ¢,Gd, 0,M0S;, has been investigated in the 0-field. The
mass of the sample was 0.05953 gm. The graph giving V"'(rms) vs. T and the Phase
shift vs. T is shown in Fig. 9.5a. As explained earlier, we have measured the
transition temperaturte Tc from the graph giving V''(rms) * T2 vs. T in Fig. 9.5b.
The Tc* was found to be ~15.0410.2 K for this material. The Cp vs. T is plotted in
Fig. 9.6 for this sample.

9.34. Gd-0.04 (Pb,,Gd,,,M0,Sy)

A Gd-doped HIP sample of mass 0.25331 gm, with a concentration of 0.04
as suggested in the formula Pbo.%Gdo_o;Mq;S8 has been‘invcsfigated in magnetié field.
The field was applied with the intervals of 0, 2.5, 5.0, 7.5, 10, and 12.5 T. As
explained above in section 9.2.2, to have a clear view in fields of V“(;ns), we have
added Sunits to 2.5 T, 10to 5 T, 15to 7.5 T, 20 to 10 T and 25 to 12.5 T data.
Similarly, in the phase shift data, we have added 2° to 2.5 T, 4° to 5 T, 6° fo 7.5
T, 8° t6 10 T and 10° to 12.5 T. The results so obtained, for V"', vs. T are shown
in Fig. 9.7a, for Phase shift vs. T in Fig.9.7b. To enhance the jump height and find
the Tc, we plotted V'(rms) * T2 vs. T in Fig. 9.7c. The transition temperatures
~ obtained in magnetic field for Gd-0.04 material are displayed in Table 9.1.
Similarly, we have plotted Cp vs. T in Fig. 9.8 for Gd-0.04 sample and added

- arrows as a guide to the eye, and to compare the values obtained in Durham to that

of the literature values for this sample.

"~ 9.4, Analysis.
9.4.1: Effect of Gd-Doping in 0-field

All the values of T, in the O-field for different Gd-concentrations x, in the
formula Pb,,Gd,Mo.S;, have been compared. The graphical form illustrating
transition temperature T, vs. the Gd-concentration x, is shown in Fig. 9.9. We found
the optimum value for the low Gd-concentration in PMS to be x = 0.03. From this
we achieved the highest T of ~15.04+0.2 K. The results are summarised in Table.
9.2.
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Fig. 9.5a). V'(rms) Vs. T and Phase Shift vs. T for Gd-0.03 HIP’ed
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Fig. 9.5b). V'(rms)* T as a function of temperature in O-field to enhance the
superconducting jump height, and to find the transition temperature T, for Gd-0.03
HIP’M PboAg-]Gdo'(BMOﬁSg (Gd-dOping, X 20.03).
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Fig. 9.6). Cp Vs. T for Gd-0.03 HIP’ed Pby,,Gdy :sM0sS; (Gd-doping, x =0.03)
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Fig. 9.7a). V'(rms) Vs. T in magnetic field in the interval of 0, 2.5, 5.0, 7.5 10.0
and 12.5 T for Gd-0.04 HIP’ed Pb,4Gdy 0M0sS; (Gd-doping, x =0.04). (Addition
of 5, 10, 15, 20, 25 units to 0, 2.5, 5, 7.5, 10, and 12.5 T respectivly).
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Fig. 9.7b). Phase Shift as a function of temperature in magnetic field in the interval
of 0, 2.5, 5.0, 7.5 10.0 and 12.5 T for Gd-0.04 HIP’ed Pb,Gd,sM0S; (Gd-
doping, x =0.04). (Addition of 2, 4, 6, 8, 10 degree t0 0, 2.5, 5, 7.5, 10, and 12.5
T respectivly).
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" Fig. 9.7c). V'(rms)* T as a function of temperature, in magnetic fields of the
interval 0, 2.5, 5.0, 7.5, 10.0, and 12.5 T, to enhance the superconducting jump
height, and to find the transition temperature T,
Pb, oGd, 0. M0,S; (Gd-doping, x =0.04).
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Cp- AC- AC-
Measurements Susceptibility Susceptibility

Gd-doping | Trans. Temp. Tc*(onset) +0.1 | T*(mid-point)

x) Tc* +0.2 (K) (K) 0.1 (K)

I 14.45 14.20 14.0

0.01 14.93 14.0 13.65

0.02 14.94 13.90 13.65

0.03 15.04 13.90 13.68

0.04 14.90 14.10 13.80

0.1 - 15.10 14.20 14.0

0.2 14.94 14.10 13.80

0.3 14.80 14.0 13.80

0.6** 3.20 - -

LO*** 1.40 - -

Table:9.2. The effect of Gd-doping (x) on the transition temperature of Pb_GdMoS,

*. To measure T in Cp-measurments has been explained in captions of Table 9.1.

**. From ®. Fischer et. al.(1976) pp.181.[8].
**%. From Ternary Compounds I, pp.4 [9].

9.4.2: Measuring Slope dB/dT],_,. and Upper Critical field B.,(T) -

The thermodynamic upper critical field B.,(T) vs. transition temperature T
of low Gd-doped PMS samples for x= 0.02, and 0.04 is shown in Fig.9.10. We found
ai slope close to T = T of -5.44 T/K and -5.26 T/K for Gd=0.02 and Gd=0.04
respectively as shown in Table 9.3.

Using WHH theory [10], [Eq.2.63], Bo,(0) was calculated, assuming there is
no paramagnetic limiting, and foﬁnd to be 56.28 T and 54.35 T for Gd-0.02 and Gd-
0.04 respectively. Although Gd-doping increased the T of the material, the slope
dB/dT and BCZ(O) is considerably lower than the slope and B,(0) of pure PMS. This

can be seen in Table 9.3.
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Fig.9.10). Upper Crmcal field BQ(T) as a function of superconductmg transition
temperature Tc for four HIP’ed Pb,,Gd Mo,S, samples, where x = 0, 0.2, 0.02 and
0.04. The drastic trend of bending toward the lower values at 12.5 T ‘is obvious.

Material | To**+ | dBofdT+ | B'o(0) | 003, | @:0.03, = | A4:0.02,
0.2(K) |02 (T/K) | 5 (T) | lafter Bq.73] | fafeer Bq. 7.4] | lafter Eq. 257)

T3PMS | 14.4 -6.66 66.47 3.52 3.55 3.51
Gd-0.2 1495 |-5.21 5397 275 ' 2.77 2.18
Gd-0. 07 1494 |-5.44 56.28 2.87 2.89 2.37

Gd-0.04 | 1490 |-526  [5435 [2.78 280 {225

Table 9.3: Te, (dBe/dT)y 1o, B*(0), & and Ag, for pure PbMogS; (T3PMS), Gd=0.2
(PbysGdg,M04Ss), Gd-0.02(Pb, osGd,, mMo6SS) and Gd-0. O4(Pb0 06Gdo 0sM0gS5) samples
All the calculated parameters are after WHH theory [10] ’ '

9.4.3: Measuring « and A,
The Maki [11] parameter has been calculated using Egs. 7.3 and 7.4 for both
samples, i.e., for Gd-0.02 and Gd-0.04, and was found to be 2.88+0.02, and 2.79+

0.02 respectively. The Spin-orbit scattering parameter A, has also been calculated
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using Eq. 2.57, viz. B(0)=1.33 V4, B,, where B,(0) is the upper critical field
assuming there is no PPL, and B, is the Clogstan-Chandrashekher limiting field [12],
which is found to be 2.369:+0.02 and 2.252+0.02 for Gd-0.02 and Gd-0.04

respectively. All these results have been summarised in Table 9.3.

9.5. Discussion:

The superconducting transition jump height (anomaly) is usually present in
superconducting materials, and represents a prominent parameter which shows the
quality of the sample. It also plays an important role in finding out the transition
temperature Tc. As explained in section 7.3.2, to enhance the jump height and find
out the transition temperature correctly, instead of plotting Cp/T vs. T, we have
plotted V(rms) * T* vs. T for all four of the Gd-doped PMS HIP samples. These.
are shown in Figs. 9.1b, 9.3c, 9.5b and 9.7¢ for Gd-0.01, Gd-0.02, Gd-0.03 and Gd-
0.04 respectively. Cp vs. T for all four samples is displayed in Figs. 9.2, 9.4, 9.6 and
9.8 respectivly to check the proximity of the results. From the analysis of all these:
samples in the O-field, our results were very close to the highest value of T as
quoted in the literature for the Chevrel phase materials [1-7], i.e. 14.95+0.1 K, for. .
all Gd-doped PMS, which can be seen in Table 9.3. The same results for different
Gd-concentrations have been plotted in the Fig. 9.9, giving Tc vs Gd-concentration, .-
to see the graphical form of these results. It is noted that all these values are within
14.95+0.1 K. The highest Tc value obtained may be due to the fact that Gd is-a very
good getter for oxygen [13]. It extracts the oxygen from the sample, resulting:in an. ..

enhancement of the transition temperature T.. So by reducing the amount of oxygen,

and controlling other contamination during the process, the T can be enhanced to- -

its maximum value obtained in Chevrel phase materials to date [1-7]. -

The magnetic transition phases at ~10.5 K or ~6.0 K which are present in the
- high doped Gd-samples; (See Chapter 8) were not observed in these less -doped -
samples by our high resolution experimental set-up. The 1-4 % of Gd in the material
is difficult to detect by X-rays diffraction, energy dispersive x-rays (EDX) or
transmission electron microscopy (TEM) [14].

However, a very small and rounded jump in V' __ *T" vs. T of Figs. 9.1b,

9.3c, 9.5b, and 9.7c reveals possibly that, there is a Tc distribution throughout the
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Fig. 9. 11). Normalised AC- Susceptlblhty data vs. temperature for Pb, de Mo(,S8
samples, where x = 0, 0.01,-0.02, 0.03 and 0.04, for comparison with Cp data.

material, or a temperature gradient across the sample during the measurements or
there is some small cracks in the material and the material is not pure in the sense
that it is not an ideal PMS, due to the addition of Gd, which effect the structural as
well as the magnetic properties of the material.

From ac-susceptibility measurements [15] in Fig.9.11 the materials are
superconducting without showing any evidence for a magnetic phase transition. The
Tc values obtained after the ac. susceptibility measurements are ~1 K lower than the
Cp measurements. This can be seen in Table 9.2 and Fig. 9.9. This discrepancy may
be due to the different thermometry used in-both measurements, or due to
inhomogeniety produced during the fabrication process. These measurement were. .
made on different pieces of the same material. To eliminate this problem, the same
sample should be used in both methods. However, Cattani et. al. [16] showed that
different Tc obtained in susceptibility and Cp measurements is not an artifact of the -
measurement but is intrinsic. So more probably, the difference in Tc could be an
intrinsic property.

The slope dB/dT];.y of the Gd-0.02 and Gd-0.04 samples is less than the
pure PMS (T3PMS), while it is higher than Gd-0.2 as can be seen in Table 9.3. This
resulted in a slightly higher B,(0) when compared with Gd-0.2. This B,(0) has been
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calculated from the specific heat data obtained in the magnetic field using the WHH
theory. Although the T, values have been increased after low Gd-doping to PMS by
~4.5% of the pure PMS (T3PMS), the B,(0) has been decreased by 15.3% for Gd-
0.02 and 18.2% for Gd-0.04. However, the low doping of Gd has increased the
B,(0) by 5% for Gd-0.02 and 2% for Gd-0.04 sample than Gd-0.2 (high Gd-doping
x=0.2). These results are summarised in Table 9.3. The drop in the slope is partly
compensated by higher Tc values. However, it has been concluded by Foner [13] that
some oxygen contamination is necessary to make it more stable and to get higher
B (T).

The Maki [11] parameter & has been calculated and found to be ~18.4% and
~21% lower than the pure PMS for Gd-0.02 and Gd-0.04 respectively and ~4% for
Gd-0.02 and ~1% for Gd-0.04 higher than that of the Gd-0.2 as-described-in ChapterA
8. This reveals that the strong paramagnetic limiting effect is present in the material
And has strongly influenced the material when working in high fields. This can be
seen in Fig. 9.10 and 9.12, (where the reduced upper critical field b*c,(t) has been
plotted against a reduced transition temperature t =T/Tc for =3) where the low
doping of the Gd samples show a dramatic decrease in the transition temperature at
125 T.

When calculating spin-orbit scattering parameter A, one finds that Gd-0.02
and Gd-0.04 are ~32.5% and ~36% lower than the pure PMS (T3PMS) respectively.
While Gd-0.02 and Gd-0.04 are higher than the high doped Gd (x=0.2) by about
~9% and ~3.5%.

In addition to these Cp measurements, the group in Durham has completed
an extensive series of transport and magnetic measurements. These complementary
measurements allow us to address granularity in these materials since the Cp
measurements provide bulk volumetric information whereas the transport

measurements are strongly affected by the grain boundary properties.
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Fig.9.12). Reduced upper critical field h*(t) versus reduced temperature t for
different values of A, and =3, compared with the experimental values obtained for
pure PbMo,S, (Gd-0) and for Pb, GdMogS; for x = 0.2, 0.02 and 0.04 samples.

9.6. Conclusion

Low-doping of Gd in the Pb, ,Gd Mo.S; materials may have increased the
transition temperature 14.95+0.2K, to its maximum value as quoted in the literature
so far, giving the optimum concentration x as 0.03. This may be due to the reason
that Gd is a good getter for oxygen and there is no chance of contamination of other
materials due to the controlled environment during the fabrication process. The Gd
has extracted the oxygen, resulting in a relatively pure material. Although, this trend
is different in ac. susceptibility measurements, where Tc values decreases with low
doping. Thé possible reason for this may be due to inhomogeniety produced during
the fabrication process, as different pieces of the same material were taken for
measurements or different Tc obtained after different methods is an intrinsic property
of the material. The absence of the magnetic transition phase in the materials is
probably because the Gd concentration is too low to detect with the existing
techniques. Although, the transition temperature Tc has been raised to about 4% in
the Gd-0.03 sample, the low Gd-doping has reduced the B,(0) by 15.3% in Gd-0.02
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and by 18.2% in Gd-0.04 when compared with the T3PMS. However, low doping of

Gd may have raised the B,(0) by 5% and 2% for Gd-0.02 and Gd-0.04 materials |
respectively when compared with the high doping of Gd, i.e. Gd-0.2. On the other
hand, the Gd-doping makes the material unsuitable when working in very high fields,
i.e. beyond the 10 T, where a drastic depression in the curve has been observed.
From the measurements in this chapter, it can be concluded that the low doping of

Gd is a very suitable method for enhancing Tc and the B,(0) in PbMo,S;.
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CHAPTER 10

Conclusion

10.1: Introduction

Specific heat measurements give unique information about the lattice and
electronic properties of the material, transition temperature Tc, and thermodynamic
critical fields. As specific heat is a bulk measurement, it can be used to check
whether the transition is bulk or due to some other minority phase present in the
material. The quality of the material can be checked on the basis of the shape of the
anomaly. The adiabat'ic stability of the material depends on the Cp, since higher
specific heat lead towards a more stable system.

‘The main emphasis in this work has been on lead Chevrel phase materials. .
- They have transition temperature Tc = 15 K, intermediate coherence length (€ =30
A), upper critical field B,(0) = 60 T, and Jc = 2 x 10®* A-m? in a magnetic field of
20 T, which make them a potentiai candidate to produce high magnetic fields
beyond 20 T for the next generation.

In this thesis we have given a brief overview of the superconductivity. The
related theory of the - specific heat.of normal, superconductors, and- magnetic-
materials has been also addressed. A review of different techniques has.been given -
for comparison. This was followed by the description of the design, construction and
use of the probe designed in Durham to. measure specific heat using -different-
methods.

‘The measurements have been done on a high thermal conductivity material
(Cu), and extended to NbTi in field and low thermal conductivity materials as PMS.
The comparison between HIP‘’ed and unHIP‘ed materials has been made. To
investigate the effect of Gd-doping in PMS, we have made a thorough study of high-
and low- Gd doping in Pb, Gd,MogS,. Their properties extracted from the Cp
measurements has been measured. The potential of Gd-doped PMS to be used in

production of the high magnetic fields has been discussed.

10.2: Summary

To measure specific heat of superconductors, a probe was designed which
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can be used to measure the specific heat in high magnetic fields using heat pulse
method and a.c. technique. We have used a tiny, robust, almost magnetic field
independent, high sensitive and fast characteristic thermal response time, Cernox
thermometer. With this thermometer, there is no need for a bulky gas thermometer
or non-reproducible capacitance thermometer to control the background temperature.
The diameter of the probe has been reduced to ®-20 mm, which is quite suitable
for our $-40 mm bore of 17 T d.c. magnetic field generated by superconductor. The
computer programmes have been written to acquire the data using heat pulse method
or a.c. technique. To make measurements fully computer controlled, different
programs were developed. To find the optimum operating conditions, the pressure
inside the probe, the frequency, time constant, input power, ramp rate, and excitation
current to Cernox thermometer have been.extensively investigated. Cu-and NbTi
which have well established literature values, are used to test the validity of the
probe. In this way we achieved an accuracy of +0.2 K in temperature in 0- as well
as high magnetic fields, = 10% a typical accuracy in the Cp measurements, and we'
have detected temperature oscillations of the order of 10° K .

A computer program has been developed to analyse the raw data obtained
from the high thermal conductivity material and then extended to low thermal
conductivity materials-like PMS. A first order correction using the phase shift. has
been included in the analysis to find the accurate Cp. The results of Cu, NbTi, and
PMS are compared with the -literature values and found consistent within
experimental errors. The results obtained are about ~10 % in agreement with the
literature (based on Cu-values).

We have used a Hot Isostatic Press (HIP) to get high quality and dense
samples, ahd to have better connectivity between the grains. After HIP processing,
Tc as well as Bg,(0) have improved. Further increase in Tc and B,(0) has been
obtained after minimising the oxygen contamination during the fabrication process
in the PMS and after doping Gd to extract the oxygen in the controlled environment.
We have found that by plotting V' *T3 vs T we have enhanced the jump.

High Gd-doping increased the transition temperature to its maximum value
of 13.10 + 0.1 K which is amongst the best reported value in the literature for any

Chevrel phase superconductor. We obtained this optimum value for Gd concentration
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of ~0.1. However, the B.(0) values obtained are less than the pure PMS.
Complementary transport measurements have also made. The material shows
magnetic transition at about 10 K. which is probably due to the unreacted
antiferromagnetic Gd,S; material during the faBrication process due to low reaction
temperature.

To obtain the optimum value of Tc and B,(0) low Gd-doping in PMS has
been tried. The Tc we have obtained is of the same order as high Gd-doped matérial
but B,(0) is slightly improved.

Future Recommendation
The above mentioned probe can be used at higher temperatures ( > 77 K).
To test it, we have made some preliminary measurements on YBCO successfully
'using this probe with a very slow ramp rate. Now we give recommendations to
improve the probe performance;
When measuring Cp using a.c. technique, the input power to.the sample heater needs -

to be varied, depending on the temperature and the sample thickness. Use of a

frequency as low as possible by the LIA is recommended so that it can locked-in - -

properly.

Use the D.C. filter for the measurements, if one is using very low frequency (= 0.5
Hz).

The excitation current to CX-1030 thermometer needs to be always kept 100 uA.
There should be a compromise in choosing the ramp-rate (not very slow, time
- consuming and big oscillations in the sample temperature as well as background
temperature, not very fast to miss the superconducting transition temperature). -
Use a sample heater other than strain gauge ( say, Carbon coating on one side of the
sample) or using chopped light to reduce the addenda.

Calibrate the CX-1030 regularly (depending on the number of cycles it is used).
Explicitly fabricate precursor materials like Gd,S; etc. to check the properties of Gd-
doped PMS, if it is un-reacted. )

Fabricate materials at higher temperature (above 1500 °C) for Pb sites to be replaced
by Gd.

Study the effects of oxygen in Chevrel phase materials.
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Appendix
Al: Computer Programming

All the data has been acquired and analysed using interactive, real-time
graphical software ASYST (A Scientific System) V.4 by Keithley Instruments, such
that all data is stored digitally in Lotus 1-2-3 file. Communication between the
computer and instruments is via IEEE interface except for the d.c. magnet power
supply that uses the RS-232 bus. The default ASYST system has been modified
according to the requirements. To acquire the data, system overlays, file sharing,
graphics and memory information are saved in NEW.Q and to analyse the data,
these all with different set-up are stored in TEST.COM and TEST.OVL. NEW.Q
automatically loads a file called DEVICES.PRO. This files contains all the IEEE .
address settings, initialisation sequences, serial polling and set-up sub-routines for -
all of the instruments used in the measurements.

The data has been acquired using SWITCH.PRO if using Heat Pulse Method
and FAST.PRO if using Long-Duration Heat Pulse Method. - To acquire the data
using Alternating Current Technique, another program RUNB.PRO, which consists
of seven other programmes, named: DEVICES.PRO, B.VAR, B1.PRO, B2.PRO, .
B3.PRO, B4.PRO and BGO.PRO, has been used. '

The data has been analysed including first order theta correction, using
RUNALIPRO, which consists of two other programmes, ALI2Z.VAR and ALL.PRO.
A2: Cp-Measurements

All of the Cp-measurements are computer controlled. To measure specific
heat in 0- and magnetic fields three programs as stated above were used. The Heat
Pulse ‘measurements were made keeping the background temperature as stable as
possible and fixing the magnetic field. Long-duration Heat Pulse measurements were -
also made keeping the background temperature and magnetic field fixed but using
the fast buffer of the voltmeters to record the data, eliminating the-dwell time of the
instruments. Measuiements were made using a.c. technique keeping the magnetic
field fixed and ramping the background temperature. All the variables are saved in
the file B.VAR. The rest of the program is split into five other files. The following
table Al and A2 enlists the programming blocks in each file in which they were

executed.
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SWITCH.PRO (FAST.PRO)

save.sample
setupa

setupb

setup
vertical.axis
labels
plot.sample
(bufferh)
record.switch
chkstop
plot.temperature
readT
plot.switch

plot.it
02

uQ

aq

0

Table Al: Various blocks of the programms SWITCH.PRO and FAST.PRO, used

in heat pulse method and long duration heat pulse method respectively

244



B1.PRO | B2.PRO B3.PRO B4.PRO BGO.PRO
left choicent timing sencase setup
bottom tcontrol PID chktemp gol
pol temprang saveit settemp go2
poll temprate stopHeat plotscreen go3
polll temprecap | chkstop labels go
response | totalrecap chkspeedsuper | time

reply tconvert StopDC dataplot1

ninput choicepc setDCfield dataplot2

look dataplot3

RHFE2 takedata

RHFE22 finish

setupA totalfinish

setupB totalrecall 1

setuﬁC -1 totalrecall2

setupE

switch -

Table A2:; The various blocks of the program RUNB.PRO used to acquire the data

in A.C. Technique.
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A3: Data Analysis
A program called RUNALILPRO was used to analyse the data which includes
ALI2.VAR and ALLPRO. This program is capable to analyse the data acquired by
RUNB.PRO in 0- and high-magnetic fields. It read voltage from the lotus file and
convert it into temperature after interpolation between two points. It is also
'converting V-'rms into corresponding Cp, using a first order theta correction.

All the variables were saved in the file called ALI2.VAR. The various blocks

and routines are shown in Table A2.

ALLPRO

ninput

words

read

setup

interpoll

interpol2

getting

calculating

write

(o]

o

Table A3. The various blocks of the program RUNALIPRO used in analysis of the
Cp data acquired with RUNB.PRO.




