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CHAPTER 1. INTRODUC™ )N 8

Using 1.5 and 1.7, the energy eigenvalues will be

Ey = UlgeUs (1.8)
where
- Ex0p Zk
Ek _ (1.9)
S:k - 70
and
(B 0 0 0
- 0 E. 0 0
Ep = - 10)
0 0 —F_py 0
0 0 0 —E_k_)

where Eyy = Ext and Ex. = Ej|. The solution for g. 1.8 will be different for the
two kinds of pairing symmetries, spin singlet d triplet. Consequ tly, we should
define the gap func »n for each case.

The gap functio can be written in a matrix form as

- A A
Ap= | T TR (1.11)
Dryr Ay

which lists all the possible spin configurations r electrons pai 1 state. Hence, it

should satisfy the symmetry of a Cooper pair wa u tion as
Alk) = —AT(— . (1.12)

For spin singlet state, the diagonal componeuts are zero, so the gap function is

A(k) ) io,w(k) (1.13)
































































CHAPTER 1. INTRODUCTION 29

Figure 1.6: A unit cell of PrOs;Shyy . the Pr ions occupy the center and the corners.

The Sh ions are at the octahedron corners with Os ions inside [27].

Superconductivity in PrOs;Sby, has many featur — that have attractec  wch interest
since its discovery in 2002 by Bauer ¢f al. [29]. For example, it is unco  utional and
it is the first Pr-based heavy fermion systemr it become superconduct 2.0 Also, it is
the first licavy ferimion superconductor among the rare-carth filled skutterudite family
RT X, (R r carth; T=Fe. Ruor Os; > 2 As or Sh). Microscopically, it has
heen claimed that superconductivity could be due to quadrupole exchange mstead of
phonons or spin fluctuations [24]. In addition. two superconducting phase transitions
with 1, ~ 1.89 K and 7, ~ 1.72 K are observe  in some experiments. For example,
specific heat shows two jumps in Fig. 2 of Ref. [42], which is a signature of two

2nd-order sup  conducting phase transitions. Moreover, the su conducting st































CHAPTER 2. SYMMETRY PROPERTIES OF THE NODAL SUPERCONDUCTOR ... 39

Figure 2.2: The gap function drawn over a spherical Fermni surface for the a) A-phase
and b) B-phase. In a) the gap function is unitary 1 degenerate. In b) it 1s non-
unitary and n -degenerate.  Only the lower branc  of the gap fune 1 A (k) is

shown.

Thus the 1 m difference between the two possible scenarios is the positioning of
the nodes at t onset of the B-phase. In the normal = A - B scenario, the nodes will
always be found in pairs near the [001] directions (Fig. 2.1b), while in the normal B
scenario, the positions of the four nodes are arbitrary (Fig. 2.1b-2.1d) @ depend on

the parameters a and b.












































































CHAPTER 3. 1 CURITY INDUCED DENSITY OF ¢ (\TES AND RESIDUAL ... 61

The gap function of the B phase in the vicir  + of nodes can be lincarised as

A oy K2+ k2 (3.71)

where v = /|n b2 — [ip[2a2. ky =%k, and

V ]I“ |2h2 |”2|2”2 ko + f’hla A, (3.—”))

|10 g 1 |6 :A

by =

kj and k) (used below) are momenta parallel and pe rndicular to the Fermi surface
at the node. © » upper branch, which is de  crate with the lower branch on the
line &, - 0 between each pair of nodes, is properly included with this lincarisation
of the gap function. Therefore, we relabel the two branches of the gap function as

shown i Fig. 3.1. Thus for any function we have
JUEG) + J(E) = J(E) + [(ES). (3.73)

Each branch 1 and 2 has two cusp point nodes and t  contribution to the excitation
spectrum fron ach branch is equal. With this pieture in mind. we now calculate the

density of states and the transport coeflicients.

Figure 3.1: G function for the BB phase of PrOs;Shys drawn i the A-k; plane over
a spherical Fermi surface (bold black). Left: ¢+ branch is shown in blue (dashed)
and the =" branch in red (solid). Right: the *1° branch is show in blue (dashed) and

the ‘2" branch in red (solid).





































Chapter “

Field angle-d pende..t therm 1
conductivity in noda

supercol ductors

4, Abstract

We apply a semi-cl: ical method to the probli of ld angle pendent oscillations
of the density of st: s and thermal conductivity for nodal superconductors and ap-
ply our results to the superconductor PrOss¢ ;. The oscil ory contributions to
the thermal conductivity for all possible point node configurations for a supercon-
ductor with 7}, symmetry . . L It 1s found that experimental results are
best accounted for by nodes in the off-axis directions [+ sin ¢, 0, + cos ®o), which are

assoclated with the tiine-reversal breaking, triy  paired phase Dy(E).
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CHAPTER 5. COl LUDING REMARKS 100

superconductors, the oscillations in this case are not washed out by impurities, nor
are they related to the number nor the positic  of point nodes in e gap function.
However, they do reflect the symmetry of the or r parameter, which in the case of
PrOs;Sb,, leads again to the superconducting st e with D,(E) symmetry, and order
parameter components (|n,|,4|n,|,0) which has four point  »des in the directions
[(+a, +4,0].

In summary, we have studied the supercon ictivity in the heavy fermion system
PrOs;Sb,;. Using symmetry considerations, we have been able to determine the most
probable superconducting state that best des  es experiments on PrOs;Sb,,. Cal-
culations of thermodynamic and transport prop ties have been perl med using this
superconducting state and have been compared to experiment. 3¢ clude that our
proposed superconducting state with order parameter components (|n,|,#|7n,|,0) and

D,(FE) symmetry best describes superconductiv / in the supercond or PrOs;Sby,.
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