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PAIRING SYMMETRY

2.1. GENERAL SYMMETRY CLASSES

N A SUPERCONDUCTING MATERIAL, Cooper pairs can form at the Fermi surface by
some type of weakly attractive interaction. The origin of this attractive inter-
action however, appears to vary for different types of superconductors. For in-

stance, it is more or less established that in most elemental superconductors (e.g. Al,
Pb and Nb) the electron-phonon coupling is responsible for the pair formation. This
class of material are generally referred to as conventional or BCS superconductors,
as they can be described by the BCS theory. This theory however fails to describe a
growing number of so-called “unconventional” superconductors, including cuprates
and heavy fermions. While the exact origin of unconventional superconductivity is
currently not clear, it is however evident that the pairing mechanism is more closely
related to spin fluctuations than BCS-type electron-phonon coupling. A discussion
on these interactions would go well beyond the scope of this thesis. Instead, here we
focus on the different types of wavefunction which, at least in principle, could allow
two electrons to exist as a pair, irrespective of the underlying interactions involved.

The superconducting wavefunction is generally represented by a complex gap func-
tion A. This corresponds to the energy gap which develops around the Fermi surface
when electrons are condensing into Cooper pairs — illustrated in Figure 2.1. Within
this gap electrons are in a coherent state, and are only available as Cooper pairs. The
size of the gap is a measure of the energy of a condensate, as it roughly translates
to the energy required to break a pair by exciting electrons (holes) to states above
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Figure 2.1: The superconducting gap. a Representation of a BCS superconductor. Pairing occurs within a
uniform energy gap formed around the Fermi surface Er (the shaded region represents occupied electron
states). Unpaired electrons (black dots) and holes (white dots) are not allowed within the gap. They only
appear as quasiparticles in the states above and below the gap. BCS superconductors are characterised
by an isotropic gap Ag, uniform in k-space. b The d » _ 2 8ap, common amongst cuprates. The order
parameter consists of four lobes with alternating phase (represented by+/—). This leads to an anisotropic
gap which goes to zero in certain directions (here, along kx = +ky).

(below) the superconducting gap. It is important to remember that the gap func-
tion is essentially the wavefunction of two electrons in a paired state which, broadly
speaking, behaves as a Bose particle. Nevertheless, the constituting electrons are
still fermions; and therefore must preserve the anticommuting properties that follow
from the Pauli exclusion principle. This, in a nutshell, means that a paired state be-
tween two fermions is only allowed if its wavefunction is antisymmetric i.e. changes
sign upon exchange of particles. This condition can be satisfied in a number of ways,
as there are three distinct components in the wavefunction of a pair of electrons.
These are spin, space (represented by the orbital part of the wavefunction in mo-
mentum space) and time (or frequency). Each component is allowed to correspond
to an odd or even function. However, the overall wavefunction (the product of all
three) must always be odd.

Cooper pairs can be divided into two categories based on their spin symmetry: sin-
glets (odd) and triplets (even). For the singlet (|1]) — [11)/v2, the sum of the spin
angular momenta is zero (S = 0), while the combined spin of a triplet pair is S = 1.
There are three distinct triplet states with different spin projections (m;) defined with
respect to the quantization axis for spin. These are |11); (ms=1), |]]); (ms=—-1) and
A11y + 111 /v2; (m = 0). The first two correspond to equal-spin pairing, where the
electron spins are parallel to each other.

With respect to the momentum (spatial) symmetry, it is customary to implement the
conventions used in describing atomic orbitals. Depending on its orbital component
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(L), the symmetry of the order parameter can be approximated by the shape of the
s(L=0),p(L=1),d (L=2)and f (L =3) orbitals. Superconductors with s- or d-
wave gaps are momentum-symmetric (even-parity), while the p- and f-wave gaps
are represented by pair functions with an antisymmetric momentum (odd-parity). A
BCS superconductor is characterised by s-wave symmetry. This corresponds to an
isotropic order parameter in k-space (see Figure 2.1a), with a uniform gap around
the Fermi surface A(k) = Ap (independent of k). Cuprates on the other hand (e.g.
YBCO), are mostly characterised by the d-wave order parameter d > _ 7 shown in
Figure 2.1b. Such a gap is anisotropic with respect to the Fermi sheet, and its ampli-
tude and phase are both k-dependent. More specifically, A(k) is represented by four
lobes with alternating (reversed) phase. This also results in nodes in the supercon-
ducting gap, where the parameter is suppressed along certain axes.

While frequency symmetry may seem as an abstract concept, which can only be ex-
pressed in terms of the Gor’kov anomalous Green function [2] in the Matsubara rep-
resentation [3], its basic idea can be readily understood by picturing the correlation
between two electrons as a function of time. The restrictions of the Pauli principle
are imposed to this correlation at equal times. This means the two electrons can-
not occupy the same state at the same time. The electrons however can avoid each
other through the exchange of time variables. This corresponds to a pair function
with asymmetric (odd) time component. Naively, one can think of this as a form of
quantum mechanical timesharing, where two electrons can occupy the same state
at different times. The time component of the correlation function is conveniently
represented by a Matsubara frequency w. An order parameter has odd-frequency if
A(—w) = —A(w).

Given that the overall pairing function must be antisymmetric, we can combine the
symmetries of spin, frequency and momentum components to represent the allowed
pairings states; compatible with the exclusion principle and Fermi-Dirac statistics.
All Cooper pairs now can be categorised into four general groups, shown in Fig-
ure 2.2. This classification scheme was formalised independently by Eschrig et al.
[4], and by Tanaka and Golubov [5, 6] in 2007.

Spin singlet Cooper pairs can either occur with even-frequency and even-parity, or
with odd-frequency and odd-parity. These correspond to the first and second cate-
gories of Figure 2.2 respectively. Remarkably, the first category alone represents the
overwhelming majority of all known superconductors. This includes all BCS super-
conductors (s-wave) as well as high- T cuprates and a large number of other uncon-
ventional superconductors with d-wave symmetry.

INote that in some literature a k-dependent order parameter is considered as the criterion for unconven-
tional superconductivity (e.g. Ref [1]) This classification however tends to neglect s-wave odd-frequency
triplets and signed-reversed s-wave pairing, predicted for iron pnictides, by grouping them together with
conventional (BCS-like) singlets.
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Figure 2.2: The four classes of Cooper pair symmetry, as allowed by the Pauli principle. This classification
is based on three independent components which determine the overall pairing symmetry of the super-
conducting wavefunction: spin, frequency and momentum. The drawings in the right panel represent the
allowed orbital symmetries for each category. The black wavy line represents odd frequency.

The available symmetries for spin triplet Cooper pairs are represented in the third
and fourth classes of Figure 2.2: even-frequency with odd-parity; and odd-frequency
even-parity respectively. The former category was first discovered in the p-wave su-
perfluid that forms in 3He [7], and is also the proposed symmetry for the supercon-
ducting phase that occurs in Sr,RuO4 below 1.5 K.

The last category of triplets was intitially introduced by in 1974 by Berezinskii [8] as a
proposal for superfluidity in He, which later was found to be p-wave instead. While
an odd-frequency triplet state has so far never been observed by itself in nature,
it was found that its pairing amplitude can be generated at (carefully engineered)
superconductor-ferromagnet (S-F) interfaces [9, 10]. The triplet correlations studied
in our S-F hybrids correspond to odd-frequency with s-wave symmetry.

Odd-frequency triplet pairing can be realised with a simple s-wave gap. This has a
profound consequence on the survival of these correlations in a diffusive environ-
ment, where strong scattering leads to the mixing of different k states, see Figure 2.3.
A p-wave gap, characterised by a k-dependent phase, would be fully suppressed un-
der strong averaging in k-space. The s-wave gap on the other hand, is protected
from scattering by its k-independent phase. As a consequence, the (odd-frequency)
s-wave triplet pairing can be realised in a variety of diffusive S-F hybrids, made from
a wide range of materials. In contrast, odd-parity (e.g. p-wave) triplet correlations
are characterised by the clean limit (i.e. non-diffusive), and are restricted to a rather
small number of materials, amongst which, Sr,RuQ;, is one of the most prominent
candidates (for a review see Refs. [11]). In this particular case, the order parameter
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Figure 2.3: Representation of elastic scattering for two different order parameters. Each case shows the
phase (denoted by +/-) and amplitude of the superconducting gap with respect to the Fermi surface
(shaded). The arrows in the left panel represent typical elastic scattering events. The effect of scatter-
ing on the order parameter is shown in the right panel. a, The s-wave gap corresponds to an isotropic
gap, where phase and amplitude are k-independent. The order parameter is practically unaffected under
strong scattering. b, The p-wave order parameter is characterized by a k-dependent phase. As a result,
the gap is averaged to zero by the scattering events — leading to a complete loss of superconductivity

is expected to be of px + i py form, which can be considered as the two-dimensional
analogue of the A-phase of superfluid *He.

2.2. PAIRING SYMMETRY OF Sr,RuO,

This section introduces the general formalism used to describe odd-parity symmetry,
with an emphasis on p-wave pairing and its significance in the context of SroRuOy.
This subject can be better appreciated with some background on the material.

2.2.1. SrZRuO4: BASIC PROPERTIES

Since its discovery in 1994 by Maeno et al. [12], the superconducting state in SroRuQO4
has been the subject of thousands of studies. Yet, to this date, the symmetry of its
order parameter remains a moot point, making this material one of the most contro-
versial superconductors.
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Sr,RuO, La, Ba,CuO,

Table 2.1: Superconducting parameters of
SroRuO4. Hc and Hgp are the thermodynamic and
upper critical fields, respectively, ¢ is the coherence
length and A is the magnetic penetration depth.
The values are taken after Ref. [11].

La (Ba)

Parameter ab c

Tc (K] 1.5

poHe [T]  0.023

HoHez  [T] 1.5 0.075

¢(0) [nm] 66 3.3
Figure 2.4: SrpRuOy4 (left) has a common layered A(0) [nm] 190 3000

perovskite structure with cuprate superconductors
such as Lap _ xyBa,CuOy (right).

As shown in Figure 2.4, SroRuO4 has the same lattice structure as the high T, cuprates
such as Lay — yBa,CuOy; but only becomes superconducting below 1.5 K. More im-
portantly, unlike La, CuO4, which is an antiferromagnetic insulator, SryRuQOy is highly
metallic with a (quasi) 2-dimensional Fermi surface consisting of three cylindrical
sheets. This is also evident in the pronounced ratio of out-of-plane to in-plane re-
sistivity (pc/pqp > 1400 at low temperatures) [13]. SroRuQy is also highly anisotropic
as a superconductor. As shown in Table 2.1, the in-plane to out-of-plane coherence
lengths correspond to an anisotropy ratio of 20. However, ¢, is still several times
larger than the interlayer spacing (12.72 A), allowing interlayer coherence.

In direct contrast to cuprates, normal state SrpRuO,4 can be well described as a (quasi)
2-dimensional Landau-Fermi liquid, with a distinct 72 dependence of resistivity at
low temperatures [14]. In fact the superconducting transition at 1.5 K only occurs
in exceptionally clean crystals, with residual resistivities below 1uQcm at low tem-
peratures, corresponding to an electron mean free path of / = 1 -3 um [15]. The
superconducting state is also highly vulnerable to nonmagnetic impurities. It was
found that even trace amounts of Al and Si (= 400 ppm) are sufficient to fully sup-
press Tc. As described in Section 2.1, such pronounced sensitivity to elastic scatter-
ing is a hallmark of unconventional superconductivity — where the order parameter
has a k-dependent phase (see Figure 2.3).

Given the Landau-Fermi liquid behaviour; and the results of de Haas-van Alphen ex-
periments — which show an enhancement of the effective mass by a factor of 3-5 [16]
— it is also evident that the relevant interactions at low temperatures are predom-
inantly due to strongly correlated electrons (as opposed to weak electron-phonon
interactions). As first indicated by Sigrist and Rice (1995) [17], these characteristics
bear an uncanny resemblance with that of 3He, which also is a well-characterised
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Landau-Fermi liquid. Based on this, and the close affinity with ferromagnetic ox-
ides such as SrRuQOs, the authors proposed that Sr,RuO,4 may have a triplet pairing
— similar to that of the p-wave superfluid >He.

By now there is a substantial body of experimental evidence supporting the equal-
spin triplet pairing in SryRuO4. These include NMR Knight-shift [18] and polar-
ized neutron measurements [19], observation of half-quantum vortices [20, 21] (see
Chapter 6) and the experiments on Sr,RuO4-ferromagnet hybrids [22]. The orbital
parity of Sr,RuO4 however has been far more challenging to establish, and remains a
highly debated subject.

2.2.2. d-VECTOR FORMALISM

Unlike for even-parity (i.e. s— or d-wave pairing), a p-wave gap breaks the reflection
symmetry of a 2-dimensional square lattice. Moreover, triplet pairing requires three
independent gap functions to describe the spin symmetry. This can be represented
by a general 2 x 2 gap matrix in momentum space.

Agip A
Ak) = ("'” "'“) @.1)
At Akl

For a given quantization direction, A; and A represent spin projections of +1 and
-1, respectively, while Ay = Ay = Ag corresponds to triplet pairing with zero spin
projection (i.e. Cooper pairs do have a spin S = 1, but it lies perpendicular to the
quantization axis). This gap matrix can be elegantly reduced to a three-dimensional
complex vector d(k) = [dy (k), dy(k), d. (k)] (known as the d-vector), defined by

(A"’” B0 (2.2)

Ago  Apyy

_ [~do+idy e da
d, (k) dy (k) + idy (k)

A state is called unitary if |d(k) xd* (k)| = 0. In this case, d(k) has a straightforward
meaning: its amplitude is proportional to size of the gap at (k, —k); and its direction is
perpendicular to the plane of equal-spin paired electrons, where |11) and || |) can be
defined with respect to any quantization direction in that plane. For instance, if we
choose z to be the quantization axis for spin, then the d-vector d(k) = [0,0,d, (k)] || Z
would correspond to Aty = A}, = 0. This only leaves Ag;, which means the Cooper
pair spins must lie perpendicular to the quantization axis (i.e. in the xy plane L d).
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d(k)=2Ao(k, £ ik,)

k ik, ky-ik,

Figure 2.5: Energy gap of the chiral p-wave state d(k) = 2Ao (kx + iky). Colours represent the orbital phase
of the order parameter 0, where d(k) x ei0k, (a) The two-dimensional gap forms around the cylindrical
Fermi surface. While the gap amplitude Ag is isotropic in the xy plane, its phase varies continuously.
(b) The degenerate “chiral” states kx — iky and ky + iky wind their phase in opposite directions.

If we switch the quantization axis from z to any direction along the xy plane, there
would be equal densities of | 1) and || |) Cooper pairs with spin projections of +1 and
—1, corresponding to zero spin polarization for the condensate. The absence of spin
polarization is a common characteristic of all unitary states, since |Ap|* = |A|* =
2i[d(k) x d* (k)] ; = 0.

In the absence of external fields, unitary states are more applicable (than nonunitary
states) to SroRuOy. Alist of possible unitary states for a tetragonal lattice with a cylin-
drical Fermi surface (appropriate for Sr,RuQ,) is presented in Table 2.2. Amongst
these, the d(k) oc Z(ky +iky) state is the most discussed pairing symmetry in the con-
text of Srp,RuQy4. In this case the d-vector is weakly pinned to the c-axis of the lattice
(z || ¢), and corresponds to a full (isotropic) gap in the ab plane (see Figure 2.5).

The order parameter has a k-dependent phase (represented by colours), which con-
tinuously winds in 2 dimensions as a function of kx and ky (i.e. in the ab plane).
Since the order parameter can wind its phase in either directions, it results in two
degenerate states ky + ik, and k, — ik, with opposite phase windings. This super-
conducting state d(k) et is therefore characterised by an orbital phase 8 which
has a direction (i.e. winding left or right).

The direction of 8y is considered as the “chirality” of the superconducting state, and
is responsible for the broken time-reversal symmetry (TRS) associated with this or-
der parameter. A bulk crystal of SroRuOy is expected to spontaneously break into a
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Figure 2.6: Chiral Cooper pairs of kx — iky and kx + iky states. Small arrows represent equal-spin pairing
of the electrons. Spin quantization axis is defined as any direction in the xy plane, resulting in zero spin
polarization. Both chiral states have the same spin symmetry. Colours correspond to the orbital phase 6,
which has a different winding direction in each state, hence the + sign. Large arrows represent the orbital
angular momentum of each Cooper pair, which is responsible for breaking the time-reversal symmetry.

multitude of spatially segregated domains of kx + ik, and ky — ik, chirality. However,
if a system is sufficiently small and homogenous, it can also be in a single domain
state. This means that, when cooled below T;, one of the chiral states will sponta-
neously emerge over the entire superconductor.

As shown in Figure 2.6, Cooper pairs consist of equal-spin electrons with a total spin
S =1, which lies in the ab plane. However, |{1) and || |) states have equal weights
along any given quantization axis in the ab plane. While [{1) and |||) each have
a spin projection (S, = *1), the total spin polarization is zero. In the absence of
external fields, this can be thought of as the superposition of [11) and |]]) states.
Also note that both chiralities have the same spin symmetryi.e. kyx +iky and ky—iky,
cannot be distinguished by the spin part of the order parameter.

Generally, a p-wave orbital would automatically imply an orbital angular momen-
tum L = 1. For ky + ik, states, this would correspond to L, = +1. This means that the
electrons of a Cooper pair have a relative orbital motion, which depends on chiral-
ity (the pairs are rotating either clockwise or anticlockwise). The direction of orbital
motion, and therefore the sign of L, is determined by the winding direction of the
orbital phase 0 (represented by _ and 0. in Figure 2.6). The fact that within each
chiral state all electron pairs have the same rotation (either clockwise or anticlock-
wise) breaks the TRS. Unlike the non-unitary states, which break TRS by having a
preference of one of the spins, here TRS breaking is purely due to the orbital part of
the wavefunction.

An important consequence of this would be the emergence of the so-called edge cur-
rent, which refers to a finite charge current at the boundaries of a single chiral do-
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main. Even in the absence of external fields, the edge current would spontaneously
appear at the onset of T and its direction is purely defined by the intrinsic direction
of the orbital phase — and hence chirality.

2.2.3. POSSIBLE SYMMETRIES FOR SrzRuO4

Our discussion on parity has so far been focused on the ky + ik, state, while we con-
veniently ignored the other symmetry candidates for Sr,RuO, . Table 2.2 lists all the
unitary states with a p-symmetry for a tetragonal crystal with a cylindrical Fermi sur-
face (labelled A to G). The derivations can be found in Refs. [17, 23, 24] The following
discussion intends to compare the likelihood of the listed symmetries by examining
the results of a number of key experiments. For a more detailed review on this topic,
the reader is refered to Refs. [1, 11, 25].

We can divide the items of Table 2.2 into two groups based on orientation of the d-
vector. In the first category (A—D), the d-vector has an arbitrary orientation in the
ab plane. This means that the spin of the Cooper pairs must be aligned with ¢ axis
(d-vector points perpendicular to Cooper pair spin). For the second category (E—G),
which also includes the previously mentioned ky + ik, case, the d-vector has a well-
defined direction, pointing along the c-axis. Hence, the Cooper pairs have spins that
lie in the ab plane (as we saw for ky + ik,). The two categories can therefore be
distinguished by the spin part of the order parameter. This can be investigated by
measuring the spin susceptibility in the presence of an external magnetic field. For
instance, if there is sufficient spin-orbit coupling to pin the d-vector to the lattice,
which is the case for (E—G), then the measured spin susceptibility would depend on
the direction of the d-vector.

Under a constant applied field, the spin susceptibility of a singlet superconductor
S = 0 would simply begin to drop when cooled down below T.. For a triplet su-
perconductor however the situation is considerably different. If the external field
is along the plane of equal-spin paired electrons (H L d), it would induce a spin po-
larization by creating an imbalance between the population of {1 and || states. By
contrast, if H || d the spins of the Cooper pairs will lie in a perpendicular plane to the
applied field, and the condensate cannot be polarized.

The spin susceptibility of Sr,RuO, has been measured by a number of independent
techniques, including Knight shift experiments [18] and polarized neutron scattering
[19]. These studies have consistently found that, if a field is applied along the ab
plane, the spin susceptibility remains unchanged by the superconducting transition
(i.e. same susceptibility signal above and below T¢).

There are two aspects to the significance of these observations. First, they provide
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d-vector AVIAY direction TRS Label

xky +9ky ki+ki  dlab  preserved A

xky — Yk ki+ki  dlab  preserved B

T‘T‘
few bew
[\S} [\S}

Xky — Yk, ki+ki  dlab  preserved  C
Xky +Vky K2+ sz, d|| ab preserved D
Zky [ d| c preserved E
2hy+ky) ket Ky d|c preserved F

2ketiky) (JKE+ k)z, d|c broken G

Table 2.2: List of possible unitary states with p-wave symmetry for SroRuOy4 [1].

strong evidence in favour of triplet pairing in SroRuOy4, due to the measured spin po-
larization below T.. The second is that the same behaviour is observed for different
directions in the ab plane, which suggests a uniform d-vector pointing along the ¢
axis. This is in agreement with our second category (E—G), and Z(ky + ik)) in par-
ticular, since the amplitude of d does not have a k,,, dependence (i.e. the gap is ho-
mogenous in the ab plane). However, these measurements still cannot conclusively
prove that the d-vector is pinned to the c-axis. The uncertainty comes from the fact
that a d-vector with no specific relation to the crystal (uniform in all 3-dimensions),
could presumably also change its orientation under the applied field and yield a sim-
ilar results. One solution to this would be to measure the spin susceptibility with
H || c. Since the spins should then be in the plane that is perpendicular to the applied
field, one would expect to find no spin polarization. Such experiments however have
proven rather challenging due to the large anisotropy of the superconductor, which
requires the applied field to be 20 times smaller than the ones used for the ab plane
(see Table 2.1).

In summary, based on spin-susceptibility measurements, an order parameter with
d| cd.e 111),111) || ab), seems quite probable for Sr,RuO,4. Amongst the three order
parameters with d | ¢, only Z(k, + i k)) corresponds to a full gap in the ab plane. Both
Zky and Z(ky + k) cases (E and F) are associated with vertical line nodes. So far how-
ever, no evidence of such vertical line nodes has been found, making the relevance
of E and F somewhat harder to justify.

Arguably, the most unique characteristic of a chiral order parameter is the breaking of
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time-reversal symmetry (TRS). This fundamental distinction can already be deduced
from the list of d-vectors in Table 2.2, where Z(ky + ik, ) is the only one with broken
TRS. The reason for this can be understood by examining how TRS is restored in a
number of examples. For instance, consider Xk, + ¥k, (state A), which can also be
written as

Sy=+1 S,=-1
N N li—2> . - :
Xky+¥ky, = 3 &+ 19) (kyx —iky) + X = iy) (ky + iky) (2.3)
— —
L;=-1 Ly=+1

which is the superposition of two states with opposite spin (X + iy) and orbital
(kx + iky) components. Each state has a spin (Sz) and orbital angular momentum
(Lz). They are both quantized along the c-axis, and are antiparallel to each other (i.e.
Sz = F1 corresponds to L, = +1). When the two states are combined however, the
resulting L and S are both zero, and TRS is therefore respected.

A more similar example to the chiral d-vector zZ(ky + iky) would be zk, (state E), as
it also has a direction along ¢ — with the spin plane (I11),[{|))xy | ab. This can be
represented as

Ly=+1
1 [ —r—
2y = =2|(ky+iky) + (ky - iky) 2.4)
2 —

Le=-1

This can be considered as the superposition of two states with equal and opposite
angular momenta. The spin of each state is characterized by the equal population of
[11) and || |) pairs, defined with respect to any quantization axis along the ab plane.
Consequently, this order parameter cannot be assigned with a net value for either L
or S, which means that TRS is once again respected.

The order parameter of Z(ky + ik)) is the only p-wave unitary state which sponta-
neously breaks TRS with its orbital part. This implies that each chiral state will have
a finite magnetization, even in the absence of external magnetic fields. There are cur-
rently two independent experiments which strongly support this claim. The first evi-
dence of TRS breaking came from muon spin-relaxation (uSR) measurements, which
showed the spontaneous appearance of an internal magnetic field below the su-
perconducting transition temperature [26]. In this technique, 100 % spin-polarized
muons are implanted (one at the time) into a material over a finite depth. The muon
spin then begins to evolve in presence of the local magnetic fields at its implanta-
tion site. Subsequently, when the muon decays (= 2.2 us), a positron is emitted in a
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direction that corresponds to the spin of the muon at the time of its decay. Hence,
each muon acts as a local magnetic probe for its immediate environment. A typical
experiment is based on measuring 107 individual events.

In the absence of external magnetic fields the muon measurements found a dilute
distribution of internal magnetic fields. This is a direct indication of TRS break-
ing, and also supports the existence of chiral domains, where the edge currents of
individual domains can results in local magnetic fields inside the superconductor.
Given the finite size of the domains, and their arbitrary arrangements in a three-
dimensional sample, it is reasonable that the internal fields would be heavily diluted
and smeared out. This makes uSR a particularly powerful technique, since a muon
can directly probe the local magnetic fields of its immediate environment. While uSR
serves as a reliable test for TRS — which would ultimately be in favour of the chiral
order parameter — the measurements cannot conclusively prove that the internal
magnetic fields of Sro,RuO, are necessarily produced by chirality.

The breaking of TRS in Srp,RuO4 has also been confirmed by ultra-high resolution
magneto-optic polar Kerr effect (PKE) measurements [27]. This technique is related
to the magneto-optic Kerr effect (MOKE), where the polarization direction of a po-
larized light beam is rotated upon being reflected from a magnetic surface. The PKE
experiments found a rotation of the polarization plane of the light reflected from the
ab plane of the crystal. This rotation corresponded to a Kerr signal of the order of
1079 rad. It appears spontaneously at T, = 1.5 K and increases in magnitude by low-
ering the temperature down to 0.5 K, where it seems to saturate at 60x 10~ rad. While
this Kerr signal may seem small, it is still well within the exceptionally high resolution
of the measurement apparatus (see Ref. [28] for more details).

In the absence of external fields, the sign of the Kerr signal randomly switches with
each cooling cycle. The sign of the signal may indeed correspond to the orbital an-
gular momentum of a chiral domain. In that case, the chirality of the area probed
with the beam would be naturally non-deterministic, switching randomly with each
cooling cycle. More importantly, it was shown that the sign of the Kerr signal can be
reversed by field cooling (= 5 mT) the sample prior to the (zero field) PKE measure-
ments. It has been proposed that applying a magnetic field whilst cooling through
T., can promote one chirality over the other. The field is expected to enhance the
size of the domains whose angular momentum has the same direction as the applied
field [29].

To this date, the results of the PKE experiments provide one of the most compelling
arguments in favour of the chiral order parameter in Sr,RuOy. In addition to demon-
strating TRS breaking, the PKE measurements indicate that the condensate may be
divided into domains with opposite magnetic signs, along the ab plane. Based on
the beam diameter (25 ym) these domains are expected to be of the order of a few
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microns.

Motivated by the results of PKE measurements, there was a series of attempts to ver-
ify the existence of edge currents by searching for stray fields coming out of the sur-
face of Sr,RuOy4 [30-33]. These attempts have, as yet, been unsuccessful. The reason
for this is not currently understood, but it may well be due to an efficient screen-
ing mechanism which can heavily suppress the effective flux generated by the edge
current, since Meissner screening is still applicable. For instance, consider the typi-
cal Sr,Ru0O4 sample used in most experiments, which is 100s of microns thick along
the c-axis of the crystal. Meanwhile, the coherence length in that direction is only
¢c = 3.3 nm. Instead of stacking the domains with the same chirality on top of each
other, whose edge currents would generate a net magnetic flux (subject to Meissner
screening), the condensate could potentially lower its energy by switching its chiral-
ity along the c-axis over the scale of a few ¢.. By averaging out the net flux threading
this vertical stack of domains, the quasi-2-dimensional order parameter could min-
imise the energy associated with the Meissner screening. However, this would also
heavily suppress the external dipole fields which can be detected by scanning-SQUID
[30, 31] and scanning-Hall probe [32, 33] measurements.

In summary, from all the d-vectors in Table 2.2, the chiral symmetry is the only which
can account for the results of uSR and the PKE experiments, making it by far the most
likely candidate amongst the unitary states with a p-symmetry. Though, a direct ob-
servation of spontaneous edge currents is still lacking. There is however substantial
body of transport experiments which support the presence of chiral domains, and
the breaking of TRS. Unlike the experiments described above, which rely on measur-
ing the magnetization, transport experiments can probe the non-trivial phase varia-
tions produced by the chiral states. This is the subject of Chapter 7.
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