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Abstract

To determine the symmetry of the superconducting ground state is a crucial task
for understanding unconventional superconductivity. The spin-lattice relaxation rate
measured by nuclear magnetic resonance on superconductors is usually thought to
be able to probe the symmetry of superconducting order parameter. Materials with
kagome lattice structure, such as the AV3Sbs family are possible candidates for un-
conventional superconductivity. They are already very interesting in the normal state
because of the rich band structure and the unique sublattice interference effect. The
kagome superconductor was reported to exhibit a Hebel-Slichter peak in the spin-
lattice relaxation rate in the superconducting state and this result was interpreted as
an evidence for s-wave conventional superconductivity. In this thesis, a theoretical
investigation of the spin-lattice relaxation rate of unconventional kagome supercon-
ductors is performed. The result shows that despite the existence of a sign-changing
gap structure, which sums to zero over the Fermi surface, the d-wave unconventional
pairing of the kagome lattice will exhibit a Hebel-Slichter peak in the spin-lattice re-
laxation rate. This result is further explained in the thesis as an effect of the sublattice
interference effect. This thesis, together with the previous study of the robustness of
superconducting critical temperature to disorder on the kagome lattice with d-wave
order parameter, shows that the unconventional superconductivity of kagome lattice
might appear similar to conventional non-sign-changing superconductivity, and fur-
ther investigation is needed to determine the nature of the superconductivity on the

kagome lattice.
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Chapter 1

Introduction

1.1 Superconductivity

The disappearance of the electric resistivity of a material under sufficiently low
temperatures, known as the famous term ’superconductivity’, was initially discovered
in 1908 by the Dutch physicist Heike Kamerlingh Onnes in Leiden. About fifty years
later, the first satisfying microscopic theory of superconductivity was proposed by
John Bardeen, Leon Cooper and John Schrieffer in Illinois. This theory is known
as the BCS theory [3, 37], which is very successful in explaining the properties of
superconducting materials, for example energy gap, acoustic attenuation rate, elec-
tromagnetic absorption, electron tunneling and spin-lattice relaxation rate [37]. As
explained in the theory, electrons of opposite spins and momenta will form Cooper
pairs near the Fermi surface at low temperatures due to a weak attractive interac-
tion via phonon mediation. Thus the Cooper pairs with effectively zero spin and zero
momentum will act as bosons which obey bosonic statistics. Superconducting order
parameter, which is from mean-field decoupling of the attraction interaction, can be
described using Ginzburg-Landau theory, which explains that the superconducting
system shows zero electric resistivity and Meissner effect in low temperature because
of spontaneous symmetry breaking.

Even though the BCS theory has achieved a huge success in explaining the super-
conductivity, the discovery of the high 7. cuprate superconductor in 1986, however,
exhibits a case that doesn’t follow the conventional BCS regime [4]. The superconduct-
ing critical temperature of the cuprate material is much higher than the estimation
based on phonon-mediated BCS theory [42]. Moreover, unconventional superconduc-
tors show some properties that are quite different from the conventional BCS ones, for
example, the resonance peak in the neutron scattering experiment and the absence of
Hebel-Slichter peak in the nuclear magnetic resonance experiment. Great theoretical

efforts are made to understand unconventional superconductivity [40]. Some micro-
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scopic explanations of the unconventional superconductivity other than the phonon-
mediated pairing, for example spin fluctuation, are considered as possible candidates.

Phenomenologically, unconventional superconductivity may be understood from
the perspective of symmetry of Cooper pairing. Here we briefly introduce the origin
of the superconducting order parameter. The pairing Hamiltonian that describes the

superconductor pairing can be written as

H(k) = Ho(k) + - Viawelyly caercien, (1.1)

kk’

where H, is the kinetic part of the electrons; Vi is the effective pairing interaction

induced by phonons (in unconventional superconductors, the interaction can have

other origins). CLU and ¢y, are the fermionic creation and annihilation operators.

The interaction, which is the second term, can be decoupled using the Hartree-Fock

mean-field theory [6],
H(k) = Ho(k) - . Axelyc! ) = 22 Afewc, (1.2)
K K
where
1
Ay = N > Vi (caycuot), (1.3)
kl

is the superconducting order parameter, where N is the number of summed points in
the momentum space. If we write the kinetic part as Ho(k) = Yy, kaLaCka, then the

Hamiltonian can be written in a matrix form

M) = (el ) (i @) (*1) (1.4)

By defining the so-called Bogoliubov transformation, the Hamiltonian matrix can be

diagonalized, and the spinor becomes

Ykt up vk | [
c=l K b (1.5)
’y—kl Uk Uk C—ki
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Thus Eq. (1.3) can be written as

1
Ak = - /T/ ; ka’<c—k'$ck"f>
1 *
N ; Vide [t (11710, = ()]
1
- '/\—/, Z karuilka [1 - 2”F(Ek’)]
k/
Ay

1
== — S Vi — [1 - 2np(Ew)],
N; kk2Ek/[ F( k)]

(1.6)

where FEy is the eigenenergies of the Bogoliubov quasi-particles ’yfw and 7,, i.e. the
eigenvalues of the matrix in Eq. (1.4). The final form of Eq. (1.6) is called the BCS
gap equation.

Let’s consider the the conventional BCS assumption, that the phonon-mediated
electron-elecinteraction is independent of the momentum, which means Vig = V; is a
constant. There is a solution for V; < 0, which is the original solution obtained by
BCS,

, (1.7)

VE) <0 if |£k| and |€k’| < We
Vikr = )
0 otherwise

where w, is expected to be of the order of Debye frequency wp, which characterizes
the cutoff of the phonon spectrum [43].

For the BCS gap equation, there is no non-trivial solution if V > 0, which stands for
the constant repulsive interaction between electrons. However, if Vigs is momentum-
dependent, which also results in a momentum-dependent order parameter Ay, there
can still exist solutions to the gap equation.

The momentum dependence of the superconducting order parameters Ay is clas-
sified based on their symmetries. Following the naming convention of the atomic
orbitals, the conventional BCS momentum-independent order parameter is called s-
wave; the different symmetries of k dependence are called p-, d-, f-wave and so on.

The type of unconventional superconductivity can be identified according to some
features. First, the conventional BCS-type s-wave order parameter is usually isotropic
and does not have node on its Fermi surface; the unconventional superconducting
order parameters, however, usually exhibit nodes on the Fermi surface. There are
nevertheless exceptions, such as the unconventional d+d order parameter which breaks
the time-reversal symmetry can also be nodeless [1]. Another classification of the
unconventional superconductivity is the parity of the order parameter. In the triplet
superconductors, the order parameter has odd parity and the total spin is s = 1;
while in the singlet superconductors the parity is even and the total spin is s = 0.

Furthermore, the unconventional superconducting order parameter will usually have
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sign-changing in the k-space due to the requirement of the crystal symmetry.

To probe the symmetry of the superconducting order parameter, many experiments
are carried out on the superconductors. To name but a few, the heat capacity and pen-
etration depth measurements are supposed to identify the nodal structure of the order
parameter; the Knigh shift measurements are expected to identify the singlet/triplet
parity; the T, suppression by impurities and the spin-lattice relaxation rate is believed

to be able to tell the sign-changing structure.

1.2 Kagome superconductors

Some superconductors have been identified as unconventional, such as the d-wave
cuprates superconductors and the s,-wave iron pnictide superconductors and the likely
spin-triplet superconductor SroRuO,. For the newly discovered superconductors, it
is always an important task to identify the symmetry of the superconducting pairing
state, especially for those which shows interesting features that indicate unconventional
superconductivity, such as the time-reversal symmetry breaking.

Kagome superconductor AV3Sbs is such a candidate for unconventional super-
conductivity, which is already very interesting in the normal state because it shows
many unconventional electronic states [45]. AV3Sbs mentals exhibit CDW order be-
low Tepw =78, 104 and 94 K for A = K, Rb, Cs, respectively. In experiments, muon
spin relaxation (uSR) studies report possible time-reversal symmetry breaking (TRSB)
within the CDW state [20, 23]. And TRSB is also reported in superconducting state
[12]. Theoretical studies of the leading superconducting instabilities on the kagome
lattice suggests that the d + ¢d symmetry which breaks time-reversal symmetry is the
most possible candidate for the unconventional superconductivity [34, 47]. These re-
sults motivate us to study the possible unconventional superconducting states in the

kagome lattice.

1.3 Structure of thesis

In this thesis, we focus on the superconductivity in the kagome lattice, which is
held by AV3Sbs metals. Current research has suggested an singlet and anisotropic
picture of the order parameter [45]. But it is still not clear if the order parameter
has a sign-changing structure. The nuclear magnetic resonance (NMR) measurement
of the spin-lattice relaxation rate has reported a Hebel-Slichter peak in the kagome
superconductor, which is usually considered as a evidence for non-sign-changing s-wave
superconductivity. However, this conclusion may be not true for the kagome lattice.

In Chapter 2, we review the spin-lattice relaxation rate the Hebel-Slichter peak,
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where we explain the reason for the existence of a Hebel-Slichter peak in the conven-
tional BCS superconductors and the absence in unconventional superconductors. In
Chapter 3, we take the square lattice as a example, showing that there is a Hebel-
Slichter peak in the s-wave case and the peak is absent in the d-wave case because of
the sign-changing effect. With these preliminary knowledge of the Hebel-Slichter peak,
in Chapter 4 we introduce the exotic kagome superconductor which exhibit so-called
sublattice interference effect that render the unconventional d-wave superconductor
robust to disorder on the kagome lattice. Finally, we show in Chapter 5 that the
unconventional d-wave kagome superconductors can exhibit the Hebel-Slichter peak
despite a fully compensated sign-changing gap structure. To make the structure of
the thesis clear and easier to read, I put the long derivations in the appendices, which

may also provide necessary steps to the results.



Chapter 2

NMR and spin-lattice relaxation

rate

2.1 Introduction to NMR

Nuclear magnetic resonance (NMR) is a fundamental method of studying the su-
perconducting materials [5, 14, 43]. In NMR relaxation measurement, the sample is
placed in a static magnetic field at first. By applying a second time-dependent oscillat-
ing magnetic field, which is perpendicular to the first one, the nuclear magnetization of
the sample will precess around the second time-dependent field when this field is oscil-
lating at a certain frequency. Then by switching off the oscillating magnetic field, the
nuclear magnetization will relax back to the original thermal equilibrium state. The
relaxation time of the longitudinal component of the nuclear magnetization along the
static magnetic field is called T}, and the relaxation time of the transverse component
is called T5.

The longitudinal relaxation time 7} is also called spin-lattice relaxation time, be-
cause the relaxation process requires the redistribution of nuclear magnetic energy
levels, and the exchange of energy happens between spins and the lattice [14]. By con-
trast, the relaxation along the transverse direction does not require energy exchange,
but the dephasing by the spin-spin interaction is needed for the process. Thus 75 is
also called spin-spin relaxation time.

In this thesis, we focus on the spin-lattice relaxation rate, which is defined as the
inverse of the spin-lattice relaxation time 7. In many cases it is referred to as 1/T7T
both in experiments and theories [8, 27, 32], because it is proportional to the imaginary
part of spin susceptibility. Usually 1/T1T behaves very differently in the normal states
and the superconducting states, and can show the famous Hebel-Slichter peak in the

latter case.
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2.2 Spin-lattice relaxation rate and spin suscepti-
bility
In the early work by T. Moriya [25, 26, 28|, he derived the relation between spin-

lattice relaxation rate and the imaginary part of spin susceptibility

1 C1 .
T wN zq:ImXo (q,w), (2.1)

«

where A denotes the number of points summed over in the Brillouin zone (BZ). w is

the resonance frequency which is very small. C' is a constant given by
C = 2va2ks|Al%, (2.2)

where the v, and 7. are the nuclear and the electronic gyromagnetic ratios, kg the
Boltzmann constant, g the Landé factor, and up the Bohr magneton. A is the magnetic
hyperfine coupling and is approximated to be a constant. The derivation from the
hyperfine contact Hamiltonian to Eq. (2.1) is shown in Appendix A.

We should be reminded that w in Eq. (2.1) is very small, but it is still a finite
number. This very small but finite number is important to avoid the divergence in the
relaxation rate.

This relation reduces the calculation of 1/T7T to the imaginary part of spin sus-

ceptibility in momentum q and frequency w

i +AF A \1-f(E)-f(E
@w=s 3 1 Skt Biq M) 12/ (Fi) ~/ (Fica)
Nk,E>0 i EkEk+q W+Ek+q+Ek+”7
. 1_5k§k+q+Aﬂ+qu f(Ex)+ f(Fiag) -1
EkEk+q W_Ek+q_Ek+i77 (2 3)
. 1+5k€k+q+A1:+qu f(Ex) = f (Biaq)
EkEk+q W+Ek+q_Ek+i77
o1, 8€eat Bieg Bk f(Bioa) = f(Ex)
EkEk+q W+Ek_Ek+q+i77 ’

where 7 is an infinitesimal positive factor arising from the analytical continuation. &
is the electron dispersion, A the superconducting order parameter, Ej = \/& + A?
denotes the energy of superconducting quasiparticles, and f(E}) is the Fermi-Dirac

distribution function

1
FEW) = —Fgmmr 1 (2.4)
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Because of the Nambu particle-hole symmetry, we can sum only over momentum points
with positive Fj. For further details on the derivation for spin susceptibility formula
and summing over positive energy, I have shown in Appendix B.

For the superconducting states, the imaginary part of the first term and the second
term vanish. To illustrate this, we take the first term in Eq. (2.3) as the example.
The last half of this term

1 - f(Ex) = f(Exq)

W+ Fyiq+ Ex +1in

(2.5)

gives a Dirac delta function for the imaginary part according to the Cauchy’s principal

value (w+in)~! = PL —imd(w),

=T [1 —f(Ek) —f(Ek+q)]5(w+Ek+q+Ek). (26)

In the superconducting state, the energy of superconducting quasiparticle Fj, = m
is always larger than a very small w - 0. Thus the first two terms give zero. In con-
trast, they will give contribution to x{~(q,w) in the normal state when &, = 0. Since
we mainly focus on the superconducting states which cause the Hebel-Slichter peak,
we can neglect these two terms in the discussion.

In the prevalent discussion about the Hebel-Slichter peak [42, 43], one usually
only consider the conventional superconducting pairing state. Here we follow their
discussion and use the real, momentum independent superconducting order parameter
A in this chapter. However, we will consider the momentum dependent unconventional
superconducting order parameters in the following chapters.

When A is real, the third and the fourth term can be combined, and the imaginary
part is given by

2
_QWW > 2(“%)(f(Ek)—f(Elaq))5(w+Ek+q—Ek)- (2.7)
k,E>0 kkiq

Now we consider the relaxation rate, where we sum over both k and q. This term
only gives non-zero contribution close to the Fermi surface, in which A dominate and
&x ~ 0. Furthermore, since Ej, is homogeneous in k-space, we can convert the k-sum
to the E-integral [37]. We rename Fyx and Ey.q as £ and E’ for the moment. The

spin-lattice relaxation rate expression with E-integral is

AP

a o —éfooodE];wdE’(lJrﬁ)(f(E)—f(E’))é(erE’—E)DS(E)DS(E’), (2.8)

where D(FE) denotes the density of states (DOS) of energy E. at superconducting

state. The factor 27 is absorbed into the constant C'. This expression can be simplified
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by combine one of the integral and the 0 function together,

9 oo A2
— dE |1+ —————~ E)-f(E Dy(E)Ds(E . 2.
R e [ R RN X O )
Remember that we want w to be very small, then (f(E) - f(E +w))/w just gives the
derivative of the Fermi function 0f/0F at energy F,

2] dE(1+E(|§|jw))( af)D(E)D (E +w). (2.10)

This is the commonly agreed expression for spin-lattice relaxation rate in textbooks
[14, 37, 42, 43]. The factor

(1+%), (2.11)

where here E’ = E + w, is referred to as F, coherence factor, which is relevant for

quasiparticle creation and annihilation in NMR experiment. In contrast, another

A2
EE

type of coherence factor (1— ) is referred to as F_ for quasiparticle scattering in

ultrasound experiments [42].

2.3 Hebel-Slichter peak

In March 1959, less than two years from the publication of the groundbreaking
BCS theory in December 1957, Hebel and Slichter calculated the spin-lattice relaxation
rate using the BCS theory for the first time [15]. In this paper, they measured the
relaxation rate in the superconducting state of Aluminum. The relaxation rate in the
superconducting state increases at first as the temperature increases, but drops just
below the critical temperature.

Using the BCS theory, they calculated the relaxation rate curve and it agrees with
the experiment semiquantitatively. This is seen as an important confirmation of the
BCS theory [37].

Now we show the calculation in the books [37, 42, 43|, where the approximation is
applied for Dy(FE),

DJ(E) E

D.(E) ~ \/E2-|AR

(2.12)
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Figure 2.1: The relaxation rate measurement cited from the original paper by Hebel
and Slichter [15]. They vertical axis is the relaxation rate o/, where «, is the relax-
ation rate extrapolated from the normal state. The horizontal axis is the temperature
T|T,, where T, is the critical temperature in the BCS theory.

and insert this into Eq. (2.10),

Qs = ﬂ _ﬁ E E+w
o N2A dE(1+E(E+CU))( aE)\/E2_|A|2\/(E+w)2_‘A’2’
E(E +w) +|AP _g)

(2.13)
_2 .
[ VI(E +w)? - [AP][E? - |AP] ( 0F

The derivative of the Fermi function is

of 1
( 3E) ) 2T(1 + cosh (E/T))’ (2.14)

and we take the temperature dependence order parameter A(T") solved self-consistently

from the BCS gap equation [37],

ﬁEk

Z ka/ tanh 9

(2.15)
where 0 =1/kgT.

As mentioned above, a finite but small w is important in Eq. (2.13). If w = 0,
the value will be divergent because of the divergence of the square of superconducting
density of states, thus a finite w is needed to avoid the divergence.

As shown in Fig. 2.3, the relaxation rate in the superconducting states calculated
from Eq. (2.14) increases above the normal states just below 7T,, which is the famous

Hebel-Slichter peak. Now let’s move our eyes from the peak. As the temperature

10
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Ay

0 T,
T

Figure 2.2: T dependence of superconducting order parameter A solved from BCS gap
equation.

1.5

as/oy,

0.5+

T/T.

Figure 2.3: T dependence of the spin-lattice relaxation rate ratio ay/a,. The pro-
nounced Hebel-Slichter peak is shown right below the critical temperature T,

increases from the peak, the rate drops to 1 quickly because of the fast decaying
behavior of A near T, as shown in Fig. 2.2. As the temperature decreases from the
peak and goes to T' — 0, the relaxation rate drops to near 0. The reason is explained

in the next section.

11
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1.5 (@) ‘ ‘ 10 (b) ‘ T:Q.098

as/an

0.5

(d) T =0.833

T =0.603
0 @ ‘

Figure 2.4: (a) T dependence of the relaxation rate. The black dots denote the
temperatures which are chosen for panels (b-f). (b)-(f) The distributions of the four
terms F,, —(0f/OF), D(E) and D(E +w) along F axis.

12
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2.4 Why is there a Hebel-Slichter peak?

In Eq (2.13), we inserted the approximation of the density of states in the supercon-
ducting states. Combined with other terms, it simplifies the expression of relaxation
rate. However, in order to better understand why there is a Hebel-Slichter peak, we
can write down the different terms in the expression separately and look how they

contribute to the integral,

Z‘—wa; dE.F+(E).(—%).D(E).D(E+w)7 (2.16)
where
FL(E) =1+ %7 o1
(_%) T (1+ Coih (BE/T))’ (2.18)
D(E) :\/%IAIQ’ (2.19)
D(E +w) Ve ij);"_ — (2.20)

As shown in Fig 2.4 (a), we choose some points that correspond to the certain
featured stages of the relaxation rate curve. The temperature of the first point is
0.0987,, and the corresponding terms Eq. (2.17)-(2.20) are shown in Fig 2.4 (b). The
peaks of the density of states D(FE) and D(E + w) are split by the finite w, thus
the product of the two terms will not be divergent. The derivative of Fermi function
Of|OFE shows a very sharp peak at E ~ 0 when T »~ 0. In contrast, for larger E at
T »~ 0, for example F = A, there is 0f/0F ~ 0. Thus the product of three terms in
total will give zero, as 0f/OF is inside the gap of the DOS.

When the temperature increases, as shown in Fig 2.4 (c¢), the 0f/OF distribution
becomes broader. As a result, the tails of df/OF will pick up the peaks in the DOS,
and give a non-zero contribution to the relaxation rate. As the temperature further
increase in Fig 2.4 (d-e), 0f/OE spreads more out, and the gap in the DOS becomes
smaller since the order parameter decreases as the temperature increases. This means
that the peak in the DOS enters into the center of the 0 f/0F distribution. Finally in
Fig 2.4 (f) at T' =T, the superconducting gap closes and the system enters the normal
state.

There are two competing factos in the curve. The first one is that when the
temperature increases, the —0f/0F function becomes broader and will enhance the

relaxation rate together with the peak in the DOS. But there is another factor that

13
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might decrease the relaxation rate, i.e., the peaks in the DOS is becoming smaller as
the the temperature increase, and finally is wiped out as the system enters the normal
state.

I leave the conclusion of the above discussion for a second, and now let’s talk about
another factor that we haven’t considered yet, which is the coherence factor F,(FE).
It is easy to see from Eq. (2.17) that there is always F\(E) ~ 2 at E' = +|A| , which
means the coherence factor F,(FE) doubles the contribution to the relaxation rate from
the energies that lies at the superconducting gap F = +|A|. However, for the energy
E further away from E = +|A|, how the enhancement to the relaxation rate from F,
varies with E is not that clearly seen from this equation. To describe the enhancement,
we can take the slope of the F, function at E = +|A| as a quantity that reflects the

enhancement,

OF,(T) C2A(T) +w

OF  lp=sacry  (A(T) +w)? (2:21)

b
,®
2.5
2 -
157
1 =
0.5 0.5
0 1 1 1 1 0 1 1 1 1
-0.6 0.5 0.4 0.3 -0.2 -0.4 0.3 -0.2 -0.1
E E

Figure 2.5: (a) Zooming in of F) in the negative side of E at T'— 0, (b) at T' > T..
The dashed line that is tangent with F, at F = —|A(T)] is a linear function with slope
%. The gray area indicates the degree of enhancement to relaxation rate from F,.
F, shown in the left panel will give more enhancement to the relaxation rate than in
the right panel.

OF,
OF

which gives the enhancement to a larger area in the E axis. By contrast, at T — T,

As shown in Fig. 2.5, is smaller at low temperature 7' — 0 and large A(T - 0),
and fast decreasing A(T — T,.), the slope will be very large, which means only a very
small area near F = +|A| is enhanced. Finally at T = T, the slope goes to oo, which
means there is no area got enhanced.

The temperature dependence of %% is shown in Fig 2.6. At temperature below

T/T.=0.7, The slope does not change much and gives a relatively stable enhancement
to the relaxation rate. However, as the temperature further increase, the slope starts

increasing fast because of the fast decay of A. As a result, the enhancement to the
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Chapter 2 | NMR and spin-lattice relaxation rate

1.2

0.8

0.6

0.4

02r

T/T,

Figure 2.6: The black curve shows the temperature dependence of a/a,. The green

curve shows the temperature dependence of the slope of the coherence factor %% at

E = -|A(T)].

relaxation rate also decreases fast.

Now we have all the factors that might contribute to the peak ready: 1) the
sharp peak of DOS, 2) the broadening of 0f/0F, and 3) the coherence factor F, that
enhances the relaxation rate.

Let’s consider the DOS and the Fermi function first. By evaluating the temperature

dependence of

Qf; dE~(—g—£)~D(E).D(E+w), (2.22)

which is Eq. (2.16), but the coherence factor F,(FE) is set to be 1. Figure. 2.7 shows
that there is no peak in such a function. By comparing the result of Fig. 2.7 with
Fig. 2.3, we can draw a conclusion that there will not be a Hebel-Slichter peak if we
only consider factors 1) and 2). Those two factors, however, only guarantees that the
relaxation rate at T' — T, is larger than it at 7" — 0, but they will not guarantee that
the relaxation rate in the superconducting state exceeds the normal state. In fact,
as we will discuss in the next section, in unconventional superconductors, where the
coherence factor is usually 1 because of the sign-changing effect, the Hebel-Slichter
peak is usually not found, which verifies the above argument.

Taking those factors together, we can now make a brief summary of the origin
of the Hebel-Slichter peak. At low temperature 7" — 0, the Fermi function term is
localized inside the gap of the DOS, thus the relaxation rate is greatly suppressed and
the value is almost zero. As the temperature increases, the Fermi function term start
to overlap with the peak of the DOS. Because of the enhancement from the coherence
factor, the rate is further boosted to above the normal state. Thereafter, the DOS and

the Fermi function term together continues increasing as shown in Fig. 2.7, but the
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Chapter 2 | NMR and spin-lattice relaxation rate

enhancement from the coherence factor is decreasing quickly as T' goes close to T,.. As
the enhancement vanishes, the relaxation rate drops back to the normal state at 7.

Considering these processes together, it results in a peak just below T..

1.5

as/oy,

0.5F

T/T.

Figure 2.7: T dependence of the value in Eq. (2.22). No Hebel-Slichter peak appears.

2.5 Absence of Hebel-Slichter peak in unconven-

tional superconductors

In experiments, there are many evidences supporting the absence of Hebel-Slichter
peak in unconventional (most of them have d-wave symmetries) superconductors [2, 9,
21, 22]. The explanation for the absence of peak can be that the positive and negative
Ay cancels with each other and gives zero in total. As a result, the coherence factor
F, is always 1 thus gives no enhancement to the relaxation rate as shown in Fig. 2.7.

However, the explanation above is not perfect. First of all, the density of states
of the unconventional superconductors are usually different from the convention ones.
Thus the approximation of density of states in Eq. (2.12) is no longer appropriate.
Usually, the DOS of unconventional superconductors are not fully gapped, while the
conventional ones does, which may cause different behaviors in the relaxation rate.
Furthermore, Eq. (2.3) is derived for the single-band BdG Hamiltonian, but for multi-
band systems, the expression may differ. In fact, as we will show in this thesis, kagome
lattice is a system that does not follow this argument that the unconventional super-
conductivity will render the absence of Hebel-Slichter peak. By contrast, the Hebel-
Slichter peak is possible to exist even though the superconducting order parameter is

sign-changing.
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Figure 2.8: The spin-lattice relaxation rate of PuCoGas in the normal and supercon-
ducting states. The dashed line is the relaxation rate calculated from s-wave BCS
theory. The Hebel-Slichter peak is absent in the measurement of the superconducting
state. Image from [9)].
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Chapter 3

The Hebel-Slichter peak in the

square lattice

As we discussed in the end of last chapter, by directing setting coherence factor
F, =1, the Hebel-Slichter peak becomes absent from the spin-lattice relaxation rate.
However, this argument is not fully satisfying to explain the absence of Hebel-Slichter
peak in the d-wave superconductors, since we did not use the realistic d-wave DOS in
Eq.(2.22). In this chapter, we consider a simple lattice model, i.e. the square lattice,
and calculate the spin-lattice relaxation rate of this model. In this case, the DOS is

realistic for the square lattice and there is no approximation upon it.

Figure 3.1: Hlustration of the square lattice.
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Chapter 3 | The Hebel-Slichter peak in the square lattice

3.1 The lattice

The tight-binding model of the square lattice in momentum space is

Ho =) [-2t(cosk, + cosky) — ] cirmcko. (3.1)
ko
Now we consider the superconductivity. The mean-field Hamiltonian of the super-

conducting part is
Hsc =~ Z AkCLTCikl - Z AMGRNTERY (3.2)
K K

In the conventional (s-wave) BCS theory of superconductivity, the order parameter
Ay is independent of the momentum vector k. According to this, we can define the
s-wave superconducting order parameter Ay = A in this lattice. However, the order
parameters, which are k dependent, are also allowed as the solutions of the BCS gap
equation Eq. (2.15) [42]. Here we take the order parameter with the d,»_,» symmetry

Af = 82 (cosk, - cosk,).

(a) (b)

s-wave d-wave

Figure 3.2: The s-wave and d-wave order parameter (a) and (b) in the first Brillouin
zone. The black lines indicate the Fermi surface at p = 0.

3.2 The B factor and relaxation rate

The spin susceptibility is calculated from Eq. (2.3), which is quite general for one-
band BCS Hamiltonian. As we have discussed in the last chapter, only the last two

terms in Eq. (2.3) are non-zero in the superconducting states. Thus we can write it as
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Chapter 3 | The Hebel-Slichter peak in the square lattice

Xa_(q,w)m/%/kz [(1+§k§k+q+AquAk) F(B)~f(Brg)

E>0 EkEk+q w+Ek+q—Ek+in (3 3)
.\ 1+5kfk+q+Ai§+qu f(Bwq) = f(E)
EkEkJrq W+Ek—Ek+q+i77 ’
The coherence factor, which in the expression above is
+AY A
(1+'Sk£k+‘1 ke k), (3.4)
Fy Fq

is the key to the spin-lattice relaxation rate, as we have explained in Chapter 2.4. Since
we have set i to be always positive, while { can be both positive and negative, {xi.q
will finally be cancelled. Thus only Al*ﬂqu remains as the important factor in this
term.

We want to see how Al’;qu looks for the s-wave and the d-wave cases. However,
it is defined in both k and q space, so it is not convenient to directly plot it. Instead,

we can define

Ar A
kn+q"kn (3.5)

B(q,k,) = —nra”kr
(q’ ) EknEknJrq

where k,, is chosen from the k points on the Fermi surface, which potentially gives the
largest contribution to the spin susceptibility.

As shown in Fig. 3.3, B(q,k,) is always positive in the q space for the s-wave
order parameter, since the order parameter is isotropic and non sign-changing in the
k space. In contrast, B(q,k,) is half positive and negative in q space. This is due to
the sign-changing structure of the order parameter in the k space.

As the result, the sum Y., B(q,k,) is a finite number between 0 and 1 for s-wave
case, which will appear in the coherence factor and will give an enhancement to the
spin susceptibility and spin-lattice relaxation rate. The d-wave case is different, where
the positive and negative parts in the q space cancel each other and as a consequence
give no enhancement to the relaxation rate.

The spin-lattice relaxation rates for the square lattice are calculated according
to Eq. (2.1) and are shown in Fig. 3.4. As seen, in the d-wave case, there is no
peak as the system enters the superconducting state. This is consistent with the
experiments which report the absence of Hebel-Slichter peak in the unconventional
d-wave superconductors.

This result in this simple system tells us that the argument in Chapter 2.4 is still
valid if we directly evaluate Eq. (2.3) without the approximation of the DOS. However,

we should notice that this system is still a one-band model. In the next chapter, we
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Figure 3.3: (a-b) The s-wave and d-wave order parameter in the first Brillouin zone.
The black lines indicate the Fermi surface at p = 0. (c-d) The corresponding B(q, k)
for s-wave and d-wave order parameters. k,, is chosen from the black dot in (a) and
(b). The number below (c) and (d) indicate the sum Y, B(q, k,) in the first Brillouin

zone.

will introduce the kagome lattice, which has the multi-band structure in the k space.
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1.4

—@— s-wave

—=— d-wave

0 0.5 1 1.5
T/TC

Figure 3.4: The temperature dependence of the spin-lattice relaxation rate for the
s-wave and d-wave order parameters. The vertical axis is the spin relaxation rate as
in the superconducting state divided by «,, in the normal state. All cases are plotted
for N = 4 x10* and w = n = 0.015. As seen, there is no Hebel-Slichter peak in the
d-wave case, since the enhancement from the coherence factor is wiped out by the
sign-changing structure of the order parameter.
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Chapter 4

Introduction to the kagome lattice

4.1 Crystal and band structure

We briefly introduce the structure of the kagome metals AV3Sbs, where A stands
for an alkali atom, which can be either potassium (K), rubidium (Rb) or Cesium (Cs)
[29].

Figure 4.1: The crystal structure of the kagome mentals A(K)V3Sbs. The purple,
yellow and red spheres denote the alkali (in the figure potassium), vanadium and
antimony atoms. The plane where the vanadium atoms are located is named as the
ab plane, and the axis perpendicular to the plane is called ¢. Panel (a) and (b) show
the view from the side and from above. Image from [29].

The layered structure of AV3Sbs is illustrated in Fig. 4.1. The vanadium atoms
which lie in the ab plane form a kagome lattice. The alkali atoms which lie in another
layer of ab plane form a hexagonal lattice. The antimony atoms have two sublattices
Sbl and Sb2. Antimony atoms in Sb1 form a hexagonal net and are in the center
of the kagome hexagons consisting of vanadium atoms. The atoms in Sb2 form a
graphene-like sheet below and above the kagome layer.

The band structure can be calculated via density functional theory (DFT), which

has an excellent agreement with the angle resolved photoemission spectroscopy (ARPES)
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V1 Sb1 Sb2
Kagome net Graphite net

V-V 2.74A

V-Sb 2 74A Sb-Sb 3.16A

Figure 4.2: The sublattice Sb1 and Sb2 which consist of antimony and vanadium
atoms. Image from [29]

measurement|7, 16]. As shown in Fig. 4.3, the Dirac cone at K point and the Van-Hove
singularity at M point are dominated by the vanadium atoms. And by comparing the
result from path in the vanadium atoms plane I'-M-K with that from the alkali atoms
plane A-L-H, we find that there is not a significant k, dependence. Thus we can model

the AV3Sbs metals with a 2D kagome lattice which consists of vanadium atoms.

@ ey ®

0.5}
d A
S ol 1T H |
| r '? M-
% K

W

-0.5¢

Figure 4.3: Panel (a) shows the energy band calculated using DFT, where the high-
symmetry path is shown in panel (b). Image from [18§]

4.2 Tight-binding model

To depict the normal state behaviors of the AV3Sbs metals, it is convenient to
use a minimal tight-binding (TB) model, which describes the electrons moving on the

lattice via nearest neighbor hopping.
The kagome lattice is illustrated in Fig. 4.4, with the definition of the primitive

lattice vectors
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@O I O—0 O

Figure 4.4: Mlustration of the kagome lattice. The different sublattice sites are labeled
by A, B, C with colors orange, greeen and blue.

(4.1)

£ = (10), t2;(1 @)

2 2

With the relation g; - t; = 2md;;, the primitive reciprocal lattice vectors can be

derived

1 2
=2r|1 ——, =270 — . 4.2

¢ ( V3 ) = ( V3 ) 4
With the definitions of the lattice vectors and reciprocal vectors, we can write down

the tight-binding Hamiltonian of the kagome lattice

Ho=~t 3 [chroCoro+Chpisanotsral =1 ) clp ino, (4.3)

R,s,5,0 R,s,0
where the fermionic operators ¢ and ¢! denote the creation and annihilation operator.
The subscript s denotes sites {A, B,C'} in the unit cell and s denotes different sites
of {A, B,C} to s also in the unit cell; o denotes spin {1,}}. The first term describes
the nearest neighbor interactions between sites in the same unit cell. The second
also describes the the nearest neighbor interactions but between the adjacent unit

cells. The last term describes the filling of the electrons, where ;1 denotes the chemical
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potential. The index R denotes the unit cells. The vectors that connect the three

sublattice sites are defined as

1
ac A =] = 5(1 O),

113

5(57), (4.4)
1 13

ajpp =aAsg = 5 (—5 —)

acp =Aag

w

e+ S | W S— Y S S
| R+2acjy’ R R+2a,,

e

o Q 9 , 9 Qo o
2 R+2a.g R+2a,p
9 < [* ]
B
Q o o ' o Qo o Q
C A

Figure 4.5: Hlustration of the nearest neighbor hopping of the kagome lattice. The
text labels the unit cell R and its adjacent unit cells.

By Fourier transformation

1 .
CsR,0 = /T/— Z GZk.Rcs,k,aa (45)

keBZ

The Hamiltonian can be rewritten as
Ho = ko Chro Chons) Ho(k ’
0 Z (CA,k,o CB ko cC,k,a) 0(k) (cake CBko COko) s (4.6)

keBZ,o

where A/ denotes the number of points in the first Brillouin Zone (BZ). Hy(k) is a
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matrix
— [ —2tcosks —2tcosk,
Hy(k) = | -2tcosks — —2tcosks |- (4.7)
—2tcosk; -2tcosks -l

Here we use the definition k; = k-a;. From the definition of the vectors in the unit

cell in Eq. (4.4), we can find this relation
a; = ds — as, k’l = kz - k?g. (48)

We should note that the matrix elements in Eq. (4.7) are not periodical in the first
BZ. We could either calculate the physical properties with the size of the k-grid twice
that of the first BZ, or apply a unitary transformation 7-'(k)Hy(k)T'(k), where

ek 0 0
T(k)=| 0 e 0], (4.9)
0 0 1

and the Hamiltonian matrix in the new basis becomes

1 t(1+e%ks)  t(1+e2k)
Hy(k) = — | t(1+e2ks) m t(1+e2ik2) | (4.10)
t(1+e%kr)  t(1+e%k2) i

We want to know the band structure of the model, thus we need to diagonalize
the Hamiltonian. Using relation eq. (4.8), and applying Euler’s formula e?¥#: + e=2ik: =

2 cos(2k;), the determinant of the Hamiltonian matrix yields

£3-£(6+2[cos(2ky ) +cos(2ky ) +cos(2ks3)]) —4-2(cos(2k1 ) +cos(2ky ) +cos(2k3) ) —pu=0.

(4.11)
The solutions to the equation are
& (k) = 2t - i,
(k) =t (—1 +/2[cos(2k1) + cos(2kz) + cos(2ks)] + 3) - g, (4.12)

&i(k)=t (—1 —\/2[cos(2ky) + cos(2ky) + cos(2ks)] + 3) - [

According to Eq. (4.12), the energy bands is plotted in Fig. 4.6. As seen, the
bands feature a Van-Hove singularity [44] at the M point, which leads to a divergence

of DOS. Furthermore, at K point the middle and lower bands meet and form a Dirac
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r M K r

Figure 4.6: Energy bands &, of the kagome lattice at the filling p = 0. The plot is
along the high-symmetry path shown in the inset. The gray lines inside the first BZ

denote the Fermi surface at u = 0. In this plot, the M point is (7T %) and the K point
: 4
is (? O)

cone. Those two features match the result from the DFT calculation as shown in
Fig. 4.3.

Besides the band structure, which is mathematically the eigenvalues of the matrix
Eq. (4.7), we also want to know the eigenvectors of the this matrix, which will tell
us the information about how the matrix transform from the sublattice space to the
band space. We can define the unitary transformation that diagonalize H, through

U=t(k)Ho(k)U (k)

UAa1k UA2k UA3ZK
Uk)=|up1x upox usskl|, (4.13)
Ucik Uc2k UC3k
which also transform the operators from c, ko, t0 Yk Via

-1

UA1k UA2k UA3K CAk,o T,k,o
UB1k UB2k UB3k CBko |~ | V2ko |- (4- 14)
Ucik Uc2k UC3k CCk,0 3.k,

We use the notation o to denote the sublattice indices, and n to denote the band
indices. Figure 4.7 shows the square of the eigenvectors of the middle band |ug 2 x|?
and the lower band |u,,1 k|?>. As seen in the middle band, the weights on the M points

in the first BZ are perfectly localized with one of the sublattice indices. For example,
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at M1 point there are |ucax|? =1 and |ua2x|? = |up2x/? = 0. However, such property is

not held by the lower band, where two of the sublattice indices blend at the M points.

a) 1 : b) 1 :
@) (b) -
M3 Mi
0.8 08
~ 0.6 a 0.6 M4 M6
~ ~ M5
S S
S04 S 04)
0.2 0.2

0 ' ‘ ' ' 0 ‘
MI M2 M3 M4 M5 M6 Ml Ml M2 M3 M4 M5 M6 Ml

Figure 4.7: The sublattice weights |uq . k|* of the middle band and the lower band are
shown in panels (a) and (b), which is plotted along the certain path illustrated in the
inset of (b). The color refers to the sublattice indices, where the color red stands for
sublattice A, green for B and blue for C.

Apart from the unique feature with the name sublattice interference, that the
sublattice weights are nearly perfectly nest at the M points, there is a more general
feature arising together with the sublattice interference effect. As shown in Fig. 4.8,
there is area where the sublattice weights are zero in the BZ. This property is not
only at the upper Van Hove point, but quite general for the middle band. This
feature, together with the well-known sublattice interference, can lead to some unusual
behaviors, such as the robustness of sign-changing gap structures to disorder on the
kagome lattice to the impurities [17], and the presence of Hebel-Slichter peak in the

unconventional kagome superconductors.

|“B,2,k|2

Figure 4.8: The sublattice weights |uq ,k|? of the middle band n = 2 in the first BZ.
The color refers to the sublattice indices, where the color red stands for sublattice
A, green for B and blue for C. The dashed lines sketch the area where the sublattice
weights are zero.
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4.3 Superconductivity

In 2020, the kagome mental CsV3Sbhs was reported to enter the superconducting
state at a critical temperature T, ~ 2.5 K [30]. The other members of the AV3Sbs
family were also reported superconductivity shortly after with 7, ~ 0.9 K[31, 46]. One
of the tasks of understanding the nature of the superconductivity in the materials is to
determine the pairing symmetry of the superconducting order parameter. [36, 38, 45].
There are some properties of the pairing nature to be identified , e.g. singlet vs. triplet,
node vs. nodeless and sign-changing vs. non-sign-changing. In the following we will

introduce some experiments that can help determine them.

0 H (Qe) >2500

2.0 25 3.0 35
T (K)

Figure 4.9: The electric resistivity measured for CsV3Sbs mental at low temperature
with different amplitudes of magnetic field. The resistivity drops to zero at the critical
temperature 7, approximately 2.5 K [30].

Let’s first look at the experiment potentially determining nodal /nodeless gap struc-
ture. The magnetic penetration depth measurement are expected to identify the
nodal /nodeless structure of the superconducting gap. The measurement on CsV3Shs
mental with tunneling diode oscillator technique [11] reports the T dependence of
the penetration depth A\, which deviates from a T or T2 behavior expected for line
or point nodal structure. This result is closer to an exponential behavior, which points
to a nodeless gap structure. Another penetration depth experiment with muon spin
rotation/relaxation (uSR) technique that measures the bulk property reports nodeless
and anisotropic structure [13].

The ARPES is another tool which can directly measure the superconducting gap
structure in the momentum space. The measurement on Cs(Vq93Nbgo7)3Sbs and

Cs(VossTag.14)35bs [49] reports a fully-gapped and isotropic structure of the order pa-
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rameter. In this measurement, the doping of niobium or tantalum atoms substituting
some vanadium atoms is aimed at increasing the critical temperature, which helps
improve the accuracy of the APRES measurement. However, in a recent research, an
anisotropic, even near nodal gap is observed in CsV3Sbs without doping [24]. Fur-
thermore, the doping is proposed to be able to change the superconducting gap from
anisotropic to isotropic [35].

Those experimental evidences have slowly pushed the understanding of the gap
structure forward to converge to a nodeless, but anisotropic picture [45], although the
doping might influence the (an)isotropic symmetry.

Another very basic property of the pairing state is the spatial parity, i.e. the total
spin s = 0 spin-singlet pairing or the total spin s = 1 spin-triplet pairing. The Knight
shift measurement is expected to probe this property. For the spin-singlet case, the
spin shift is expected to decrease upon entering the superconducting state and can
vanish at 7" — 0. By contrast, for the spin-triplet case, the spin shift can remain finite
or a constant along certain directions [14, 19]. Such measurements was applied to the
kagome mental CsV3Sbs [27], and the shift for all directions decrease below T, which

points to the spin-singlet pairing.

1 .(a) I? 1 1 T 1 I
Hifa
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b "
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T (K) T (K) T (K)

Figure 4.10: The Knight shift measurement along different directions of the kagome
lattice. a and a* are two orthogonal directions on the kagome plane, while ¢ is per-
pendicular to the plane. Image from [27].

Finally, the (non)sign-changing property is also a very crucial property that dis-
tinguishes conventional and unconventional superconductors. In the conventional
phonon-mediated superconductors, the order parameter A is always non-sign-changing,
which represents an effectively always attractive interaction between electrons due to
the phonon mediation [37, 42]. However, if the microscopic mechanics of supercon-
ductivity is not (only) due to the phonon mediation, a sign-changing gap structure is
also allowed as a solution of the BCS gap equation.

Experimentally, it is commonly believed that the atomic-scale disorder will cause
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a strong suppression of the critical temperature T, for the superconductors with a
sign-changing gap structure. By contrast, the conventional non-sign-changing s-wave
pairing is relatively not sensitive to disorder [17, 45]. Such experiments was carried out
for CsV3Sbs, and no significant critical temperature suppression was observed [35, 48].
Those results were explained as an evidence for a non-sign-changing gap structure
according to the conventional picture that a sign-changing gap is more sensitive to
lattice disorder. However, as shown in Fig. 4.11 (b), the recent theoretical study on
the suppression of critical temperature due to the lattice disorder suggests that the
d-wave gap structures are not sensitive to the disorders as well [17]. This unusual

behavior is due to the sublattice effect which wipes out the sign-changing effect.

(a) T T T T (b) 1.2
1'5- | PPy imi y s
i co : clean limit T, :
d2_,2
A A 4 E Y
- d+id
4 bulk b - D
* thin flake - o i-\(-' N
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Dimensionless nV=

scattering rate g

Figure 4.11: The critical temperatures T./T. as a function of amount of impurities.
(a) Experiment result on CsV3Sbs. Image from [48]. (b) Theoretical calculation for
different symmetries. Image from [17].

Moreover, the NMR spin-lattice relaxation rate measurement, as we have detailedly
discussed in the previous chapters, is another probe that is believed to be sensitive
to the sign-changing gap structure. The spin-lattice relaxation rate was measured for
CsV3Sbs, and a clear Hebel-Slichter peak was observed. This was considered as a

strong sign for a conventional non-sign-changing s-wave gap structure [27].

4.4 Nambu formalism

To theoretically study the superconducting states, it is usual to write down the

Hamiltonian using the mean-field Nambu formalism [37, 43],

H = ;WLH(k)\Pk, (4.15)
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Figure 4.12: Temperature dependence of the spin-lattice relaxation rate of CsV3Sbs.
Image from [27].

where

Hy(k)  -A(k) ) (4.16)

09 -
-AGR)T -H (<)

and \I/L = (CLT c_kl) with cLG = (CLT A CLU B CLO’C)' Hj is the tight-binding Hamilto-

nian matrix defined in Eq. (4.6).

Additional to the tight-binding Hamiltonian, the order parameter A(k) describes
the superconducting pairing state. Different from the square lattice in (see Chapter 3),
due to the sublattice structure, the tight-binding Hamiltonian of the kagome lattice is
in a matrix form. Accordingly, the order parameter A(k) is also a matrix. To derive
the matrix for the order parameters with different symmetries, techniques from group
theory is used [18]. Since the experimental results points to singlet pairing, the s-wave
and d-wave stands out as the leading candidates. In the following we will only briefly
introduce the matrices of order parameters we used to describe s-wave and d-wave
pairing. Detailed group theory analysis for the kagome lattice structure is presented
in the previous works [18, 34].

The kagome lattice is exhibits Dg point group symmetry. The character table is
shown in Table 4.1. For the on-site (OS) pairing, the A; (s-wave) and Ej (d,2_,2 and
d.,~wave) singlet pairing is allowed for the symmetry.

The order parameters can be written accroding to the lattice harmonics function

Ar = A fos,r, (4.17)
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Dg | E [ 2Cs | 2C5 | Co | 3C% [ 3CY
ALl 1 11171
AT 11 [1 a1
B 1| 11 [ 1]
By |1 -1 | 1 |1 1] 1
E.l2] 1|1 =210 0
Ey| 2] 1| 12010

Table 4.1: The character table of the Dg point group.

where [17]
. +1 0 O
fos,s=ﬁ 0 +1 0, (4.18)
0 0 +1
) +1 0 0
fOS,dzgfygzﬁ 0 -2 0], (4.19)
0 0 +1
) +1 0 0
fOS,dzy:E 0 0 0 (4.20)
0 0 -1

Now we consider how to transform the order parameters from the sublattice space
to the band space. With the Hamiltonian in the Nambu formalism Eq. (4.16), if
A(k) =0, it is just the tight-binding Hamiltonian in another basis

(4.21)

(k) - (Ho(k) 0 )

0 -HI(-K)

The unitary transformation U (k) that diagonalizes the tight-binding Hamiltonian ma-
trix Hy is defined in Eq. (4.13). Then the unitary transformation in the Nambu for-

malism is defines as

UAai1k UA2k UA3k
Up1k UB2kx UB3k

_ Uci1kx Ucz2k UC3k (4 22)

T (U(k) U*(k))

*
Upx
*
Up 1k

*
U1k

*
Up 9k
*
Up 2 x

*
U2 x

*

Uy 3k
*

Up 3k

*
U 3 x

Before the next step, to make it clear, we can write down the Nambu Hamiltonian
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Chapter 4 | Introduction to the kagome lattice

Eq. (4.16) without abbreviation

—1 —2tcosks —2tcosk; -Auxa(k) -Aup(k) -Aasc(k)
—2t cos ks - —2tcosky —-Apa(k) -App(k) -Apc(k)
]f[(k) _ —2tcosk; —2tcosks — 1 -Aca(k) -Acp(k) -Acc(k)
AL (k) -AL (k) -AL (k) i 2tcosks  2tcosk
-Ahpk) -Apgk) -Arg(k) 2tcosks i 2t cos ky
-Aho(k) -Apo(k) -Aho(k)  2tcosky  2tcosks 1
(4.23)

The unitary transformation acting on the Nambu Hamiltonian results in

Ut(k)Ho(k)U (k) Ut (k)A(k)U* (k)

), (4.24)
-UT(k)A*(k)U(k) -U"(k)Ho(k)U*(k)

U'(k)H (k)U(k) = (

where the upper right and the lower left elements are the order parameters in the band

space. Let’ look at the upper right element

- UN(k)A(K)U* (k)

Aaa(k) Aup(k) Axc(k)
Apa(k) App(k) Apgc(k)
Aca(k) Acp(k) Acc(k)

UA1k UB1k UC1k UA1k UA2k UA3K

=~ JUAa2k UB2k UC2k UB1k UB2kx UB3k|>

UAa3k UB3k UC3k Uci1x Ucz2k UC3k
Ap(k) Agsk)

Azz(k) A23(k) )

Asy(k) Ass(k)

(4.25)

which is the order parameter in the band space. Since we usually choose the filling of
the Fermi surface crossing only the middle band, we can mainly focus on the intra-band

pairing Ay (k). Figure 4.13 shows the order parameter on the middle band.

A

s-wave dy2_yp day

Figure 4.13: The on-site order parameters with different symmetries in the first BZ of
the k space. The black lines denote the Fermi surface at the filling p = 0.

Nearest-neighbor pairing should also be taken into account. However, since we are
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mostly interested in the d-wave pairing which corresponds to the Fs irreducible repre-
sentation, and the nearest neighbor pairing will not contribute to the order parameter

near the Fermi surface as seen in Fig. 4.14, we can consider only the on-site d-wave

(a) /.\ (c)
E92)11
o ) o

(b) d » -
(E3)21 / \ | x
N7 ™

Figure 4.14: The nearest neighbor order pairing with FE, irreducible representation.
(a-b) the real space pairing interaction; (c-d) the momentum space order parameters.
Image from [18].

pairing terms.
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Chapter 5

The Hebel-Slichter peak in the

kagome lattice

In the previous chapters, we introduced the origin of the Hebel-Slichter peak, and
explained the reason for its absence in the unconventional superconductors. However,
those analyses were only carried out on the one-band model, such as the monoatomic
square lattice. The kagome lattice, as we introduced in the last chapter, can be
described with three sublattice indices, which results in three energy bands and the
3 x 3 matrix structure of the Hamiltonian and order parameter. The question is very
simple: is there a Hebel-Slichter peak in the kagome lattice, even with unconventional
superconducting order parameters? To answer this question, in this chapter, we will
first start by introducing the expression for the spin susceptibility with multi-bands
structure. Then we will derive an effective one-band model to explain the underlying

physics.

5.1 Multi-band spin susceptibility

As we have introduced in the last chapter, we can write the Hamiltonian of the

kagome lattice with Nambu formalism

H= 3 ULHK)V, (5.1)

keBZ

where the matrix H (k) is shown in Eq. (4.23) ,and the corresponding basis is

To_ T T
Wy = (CA,k,T7 CB k1 €Okt €Ak CB,-k,|» CG—kJ) ; (5.2)

_ T t t T
Uy = (CA,k,Ta CBk,1> COk, Ca k.| CB—k |7 Cq_k,l) .

We have shown in the tight-binding model of the kagome lattice, that the Hamilto-

nian is not periodical in the first BZ. Thus we can apply a unitary transformation such
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that the matrix is periodical in the first BZ. The unitary transformation is defined as

TNambu(k) = (

T(k)

TT

)
(k)

(5.3)

where T'(k) is defined in Eq.(4.9). Then the Hamiltonian under the new basis
Tgimbu(k)ﬁl (k)TNambu (k) can be written explicitly

—1 —t(1+e2s)
—t(1+e%iks) —1
—t(1+ekr)  —t(1+e2k2)

“Ahak)  -AE(K)
—Apa(k)  -ARg((k)
—Anu(k)  -Azp((K)

T
~
-
N—’
I

—t(1+6_2ik1) —AAA(k) —AAB(k) —AAc(k)

—t(1+e2*2)  —Apa(k) -App(k) -Apc(k)

—p ~Aca(k)  -Acp(k) -Acc(k)

-A% (k) 0 t(1+e72k3)  t(1+e%h1)

“Ano(k)  t(1+e?ks) o t(1+e2k2)
“A%Lo(k)  t(1+e ) t(1+e7%ik2) o

(5.4)

To diagonalize the Hamiltonian, we can define the Bogoliubov transformation

* *
Upr1x Yaox

* *
Upi1x Upak

* *
_|Ycix Yook

Uy =

v v

A1k Y2k

* *
Uik UBak

* *
o1k Yook

*

Uyp 3k
*

Up 3K
*

U3 x
*

VUa3k
*

VB 3.k

*
Ve 3x

such the Hamiltonian is diagonalized

Ui H(k)Uy =

&
&

38

—UA 1k
—UB,1k
—V0C1k
UA1k
Up,1.k

Uc1,k

€s
—&1

“VA2k ~UA3k
—UB2k ~VUB3k
—Vcp2k ~VUC3k
Upa2k  UA3 K
UB2kx UB3k
Uc 2.k Uc 3k
)
—&
&3

(5.6)
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with new basis

Y1kt CAkt
V2.k,1 CB Kkt
Y B I o i I (5.7)
M,k €Ak,
Y3k, CTB,—k,L
Y3k, €c -k,

With the definition, We can find the relation of the Bogoliubov transformation

Cakt = ; (e a Yokt = 'Ua,m:k%:z,—k,L)
CL,_M = ; (0% st + Ua,m,k“an,-m)

e s = ; (UamkVmkd = Viom s i) )
Car-k,| = ; (va,m,k%n,k,r + Uz,m,ﬂ:ﬂ,_k,i)

Now we consider the spin susceptibility. The expression for the spin susceptibility

with sublattice indices in the momentum space is

o 1
X0.0p(2T) = N2 Z<TTCL,k+qTCOleCTB,k’—q¢(T)Cﬁ,k’T(T»' (5.9)
KK/

We insert the relation of the Bogoliubov transformation Eq. (5.8) into the expression

above, and after some calculation as shown in Appendix C, we can finally derive the

spin susceptiblity for the multi-band system with sublattice indices

1
Xoas(QT) = —
0,03 NkZ

m,m/’

1_f(Ek+q,m) _f(Ek,m’)
1wy + Byrqm+ By m

f(Excrqm) = (B )

+ (ua,m,k+qu;,m,k+qu;m/,kuﬁ,m’,k+ua,m,kJquE7m7k+qu;’m/’kvﬁ,m’,k) iwn 4 Ek,m’_Ek+q,m
f(Ek,m’)_f(Ek+q,m)
iwn+Ek+q,m_Ek,m’
f(Bxrqm) + [ (B m ) -1
iwn _Ek+q,m _Ek,m’
(5.10)

* * * *
(Ua,m,k+qUﬁamak*'qua,m’,kuﬁ,m',k - Ua,m,k+qu57m7k+qua,m’,kv/37m'7k)

* * * *
+ (V3 ke qU8m ket qVam’ KUt e+ Vi ks qUBm ke qUam! KU s 1)

* * * *
+ (ua,m,k+quﬁ,m,k+qva,m’,kvﬁ,m’,k - ua7m7k+qvﬁ,m,k+qva,m’,kuﬁ,m',k)

Another question is that when calculating the spin susceptibility in a system with
sublattice indices, how the summation over the sublattice indices works. The different

ways of defining the basis will influence the result of the summation. We discuss this
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question in Appendix D, where we have shown that by choosing the proper basis, the
spin susceptibility is obtained with the summation over sublattice indices. However,
some basis choice will introduce an extra phase factor, which will lead to a wrong

result. In the correct basis, we define the spin susceptibility
X0 (a,7) = D0 Xoap(a, 7). (5.11)
ap

In the kagome lattice, in order to check which basis used in Eq. (4.23) and (5.4)
is proper, we define the spin susceptibility calculated with Eq. (4.23) as x§7z(q,w),
and with Eq. (5.4) Xjp(q,w). As shown in Fig. 5.1, the use of the basis Eq. (5.4)
breaks the Cy symmetry by a rotation of 7 around the principal axis [10]. By contrast,
as shown in Fig. 5.1 (a), the spin susceptibility Im x;7,5(q,w) is invariant under a Cy

rotation.

§0.02

0.01
0
-0.01

4 -0.02

ImXo ap(@,w ImXo ap(@,w
Figure 5.1: Panel (a) displays Im x{7 3(q,w) with the basis Eq. (4.23). Panel (b) dis-

plays Im \¢ 7 5(q,w) with the basis choice of Eq. (5.4). (a) conserves the Cy symmetry
by a rotation of 7 around the principal axis; (b) breaks this symmetry.

However, by including a phase factor

. i(ga-a1) - gy oA
Xoaa WX e 0
- _|itg1-q2) c+- ~- —igy oA
Xoop(Qw)=[em==x55%, Xipp e Xo,5c | (5.12)
iq1 o+ 1qo ~+— ot+—
€ Xo,ca e Xo.cB Xo,cc

one can recover the correct spin susceptibility. This symmetry breaking by an inap-
propriate choice of basis is also discussed in Ref. [41]. Thus we can use the basis in
Eq. (4.23) with the size of the k-grid twice that of the first BZ. Alternatively, we can
use the basis in Eq. (5.4) to calculate the spin susceptibility, and consider the phase

factor to get the correct one.
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5.2 Relaxation rate

The spin-lattice relaxation rate of the kagome lattice is also proportional to the spin
susceptibility, where the only difference is the summation over the sublattice indices.

It can be written as

1 C1

CTTTON

> Imxgas(a,w), (5.13)
q,a

As shown in Fig. 5.2, both the s-wave and d-wave cases show the Hebel-Slichter peak.
This is quite surprising, since the peak is expected to be wiped out due to the sign-
changing effect. To explain this, we want to look at the coherence factors, since they
are the key to the Hebel-Slichter peak as we have discussed before. However, it is hard
to define such a coherence factor in a multi-band model Eq. (5.10), since we can not
find a analytical expression for the v and v in the Bogoliubov transformation. This
drives us to derive a effective model, by which we can define the effective coherence
factor and understand why the unconventional d-wave kagome superconductor shows
the Hebel-Slichter peak.

1.4
1.2+
—6— s-wave - complete
Ly —&—d,2_,» - complete
= 0.8¢ d+id - complete  *
<
3 0.6+
0.4+
0.2
0 =F .
0 0.2 0.4 0.6 0.8 1 1.2

Figure 5.2: Temperature dependence of the spin-lattice relaxation rate ratio o/a,, for
superconductivity on the kagome lattice. The label 'complete’ means it is calculated
with the three-band model using Eq. (5.10). The results are plotted for A/ = 1 x 10%.
w =1 =0.015 is applied in the calculation.
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5.3 Effective model

We know that only the energies which are close to the Fermi level contribute to
the spin susceptibility. For the kagome lattice, only the middle band is expected to
contribute to the it when we are working on the upper Van Hove point. Having this

argument, we can choose solely the middle and define an effective Hamiltonian,

(5.14)

Hog(K) = ( & (k) —Aﬂ(k))?

~Ap (k) —&(k)

where Ay, is the order parameter defined in Eq. (4.25), and here we only consider the
intra-band interaction of the middle band.

Now let’s consider the spin susceptibility. Equation (5.9) is written in the sub-
lattice space, while the effective Hamiltonian is defined in the band space. Thus a
unitary transformation from the sublattice space to the band space is required for
the expression of spin susceptibility. The unitary transformation that transforms the
tight-binding Hamiltonian from the sublattice space to the band space is defined in
Eq. (4.13). However, the transformation will not directly diagonalize the Hamiltonian
like in the tight-binding model because of the off-diagonal components A(k); instead,
it will transform the order parameter to the band space. To avoid confusion, we write

the fermionic operators in the band space as ¢,k instead of v, x, as Eq. (4.14)

Ua1k UB1k Ucik)|[CAkc C1k,o
UA2k UB2k Uc2k || CBko |~ | C2keo | (5- 15)
UAaszk UB3k Uc3k] \CCk,o C3 k0

which gives the relation

Cak,o = ZUZ,m,ka,k,a- (5.16)

m

The expression of the spin susceptibility Eq. 5.9, can be split into two terms ac-

cording to Wick’s theorem,

i 1
Xo (q7 7_) = /Tf kzﬁ[_<TTCL,k+qTCL,kqi(T)xTTCOé,leB,—kT(T)) (5 17)

HTreh s arCairar (NN TrCanhy, (1))

We insert the relation Eq. (5.16) into the equation above with the approximation that

only the middle band n = 2 is considered, and the first term which accounts for the
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superconducting state gives an extra factor

9sop(k,q) = Ua,2,k+q“5,2,k+qu;,2,k'“;a,2,k- (5.18)

The second term gives another factor

Inop (K A) = Ua 2 krqUf 2 s q U 2 K UB.2 K- (5.19)

The expression thus becomes

_ 1
X0 (0:7)= 37 2 [=sas (K ONTr0 g1 s (TN T2 (7))
k,af (520)

+ .0 (K (T b oy 2t (DX Tre2aa 4o, (M)

Under the basis choice Eq. (4.23), there is gsas(k,q) = gn.ap(k,q) because the
eigenvectors are real. Thus we can write them as g,5(k, q). After the same derivation

as in Appendix B, the spin susceptibility is given by

[ k k*q+Alt+qu - k)~ kiq
NACIDEES) (Zgag(k,q)) (1_5 ¢ )1 (B~ f (Fieq)

K0\ af Ex Eyq W+ Eigq+ By +1n
N _fk€k+q+Ai;qu F(E) +f(Fiag) -1
EkEk+q W_Ek+q_Ek+i77

(5.21)
. E€iiat DAk f(Ex) - f(Fiaq)

EkEk+q w+Ek+q—E’k+2'77

1+§k§k+q+Ai;qu f(Eyiq)~ f(ER)
FuFieq w+ By~ Eyeq+in |’

where we have used the notation & = &(k) and Ay = Agy(k) for simplicity. This
expression is the same expression as for the square lattice, except for an extra factor
Y a5 9as(k, q) arising from the transformation.

We can now evaluate the model. The result from the effective model is very
similar to the complete one as seen in Fig. 5.3. The result from the complete model
is slightly larger than the effective one, because the other bands also have a very
small contribution. Despite the small difference, the result shows that it is enough to

describe the behavior of the relaxation rate with the effective model.

5.4 Why is there a Hebel-Slichter peak?

In Chapter 3, we have defined the so-called B factor to explain the absence of the

Hebel-Slichter peak with the unconventional d-wave superconducting order parameter
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1.4 T T T T T

1.2+ —e—s-wave
+dz2,y2
1t —*—d+id
—6&— s-wave - complete
=081 —x—d,>_,» - complete
d +id - complete .

3 0.6
0.4

0.2

0 0.2 0.4 0.6 0.8 1 1.2
T/T,

Figure 5.3: Temperature dependence of the spin-lattice relaxation rate ratio g/,
for superconductivity on the kagome lattice. The effective models and the complete
models are plotted for N' =4 x 10* and N =1 x 104, respectively. And w =n =0.015
is used in both cases. The blue and purple lines show the results calculated from the
effective Hamiltonian Heg(k). The respective lines with open symbols show the results
obtained from the complete three-band Hamiltonian H (k).

in the square lattice . Similarly, we can define a dressed coherence B factor given by

Q k'fb? A* + A n
Ba(q, k) = Zap G0 (K, @) Diey g , (5.22)
Z EknEkn+q
where Z is a normalization factor defined by
1
Z = ./\W Z Zgab’(k7 q) (523)

k,q af

For comparison, we also define a bare coherence factor without the matrix element

dressing from g¢,5(k, q)

By(q, k) = M. (5.24)

Ex, Ex,+q
As seen in Fig. 5.4, we present both the bare and dressed B factors for the s- and
d-wave order parameters of the kagome lattice. Let’s first consider the conventional A;
s-wave case in Fig. 5.4 (a,d,g). The dressing factor ¥, 5 g.3(k,q) indeed changes the
distribution of By (q, k,) in q space. However, the summed value }, Ba(q, k,,) remains
substantial and unchanged. Therefore, the corresponding spin-lattice relaxation rate

1/TVT also remains unchanged, both showing a Hebel-Slichter peak in the bare and
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Figure 5.4: The s-wave order parameter (a) and the d,2_,» order parameter (b)-(c)
in k-space in the first BZ for the kagome lattice. The black lines indicate the Fermi
surface at p = 0. Panel (d) displays the bare By,(q, k;,) for the s-wave order parameter
in g-space and panels (e)-(f) are for the d,2_,2 order parameter. Panel (g) displays the
dressed Bg4(q,k,) in g-space for the s-wave order parameters and panels (h)-(i) are
for the d,2_,2 order parameter. The chosen k,, for (d)-(i) is indicated by the black dots
in (a)-(c) in the same row. The numbers below (d)-(f) and (g)-(i) display the summed
values Y., By(q,k,) and ¥, Ba(q, k,), respectively.

dressed cases as expected for s-wave superconductivity.

for the d-wave case the dressing factor g.s(k,q) originating from the sublattice
to band space transformation becomes crucial as seen from comparing Fig. 5.4(e,f)
to Fig. 5.4(h,i). There we compare the coherence factors By(q,k,) and Ba(q,k,)
for the two k-points highlighted in Fig. 5.4(b,c). Evidently, g.s(k,q) destroys the
compensation (the near cancellation between positive and negative regions) seen in
Fig. 5.4(e,f) and leads to substantial summed values of ¥, Ba(q,k,), as seen from
Fig. 5.4(h,i). This implies that while the bare d-wave case should not exhibit a Hebel-
Slichter peak, the full (dressed) case should. Indeed, as seen from Fig. 5.5 this is the
case. As a result, there exists a pronounced Hebel-Slichter peak in the case of d-wave
superconductivity on the kagome lattice. This explains why there is a Hebel-Slichter
peak in the kagome lattice.

The above conclusions are valid for the order parameters with d,2_,» and d,, sym-

metries, which are the nodal d-wave cases However, for d +id superconductivity, Agyiq
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is a complex number. Thus, in principle, the imaginary part of B(q,k) might con-
tribute to x{~(q,w). If only the real part of B(q, k) contributes to x$~(q,w), then only
the imaginary part of the Fermi function term, which is only non-zero near the Fermi
surface, contributes to the imaginary part of x{~(q,w), which is the basic condition

of our analysis. Thus we want to check if it is true. To this end, we define
Ayx = AL + 1A}, (5.25)

where Al and A denote the real and imaginary parts of Ax. Both Al and A} have
the time-reversal symmetry, while Ay breaks the time-reversal symmetry. B(q,k) can

be written as

(Alrq = 1D5q) (AL +IAY)
B(q,k) = 4 1 , (5.26)
( ) EkEk+q
and the imaginary part is
Al AL = ALLAL
Im B(q,k) = —4 q= 5.27
(a.k) ExFEyx.q (5.27)

Since we sum over k in x{ (q,w), we can do k - -k — q for the first term of Eq.
(5.27). Due to the even parity property A; = A’,, Al = A", and Eyx = E_y together,
the imaginary part gives zero. Thus for Ay, we can still only consider Re B(q, k).

Let’s go back our discussion as the conclusion is also proved to be valid for the
d +id case. As seen from Fig. 5.4, the summed values Y., Ba(q,ky) are smaller in
the dressed d-wave cases as compared to the s-wave case, resulting in slightly smaller
Hebel-Slichter peaks in d-wave cases. This, however, is only a quantitative difference,
the important point being that unlike the bare case or d-wave order on the square
lattice, the Hebel-Slichter peak is not wiped out despite the sign-changing gap.

In summary, because of the kagome sublattice structure, more specifically, the
sublattice interference and localization of the sublattice weight, which appears as
the dressing factor g.s(k,q), the enhancement factor ¥, Ba(q, k) in x§ (q,w) be-
comes substantial and d-wave superconductivity supports a Hebel-Slichter peak on the

kagome lattice, as seen from Fig. 5.5.
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Figure 5.5: Temperature dependence of the spin-lattice relaxation rate ratio ag/a,, for
superconductivity on the kagome lattice. All cases are plotted for N' = 4 x 10* and
w =1 =0.015. The solid lines show the results calculated from the full x{~(q,w), while
the dashed lines display the results obtained from the spin susceptibility without the
dressing factor g.s(k, q). As seen, gns(k,q) restores the Hebel-Slichter peak even for
the d-wave cases.
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Chapter 6
Summary and Discussion

In this thesis, we investigated the spin-relaxation rate in the unconventional kagome
superconductors. Surprisingly, the d-wave kagome superconductor will exhibit a Hebel-
Slichter peak in the superconducting state despite a fully compensated sign-changing
structure of the superconducting order parameter.

In previous studies, Hebel-Slichter peak was explained as a combined effect of the
divergence of the DOS in superconducting state and the enhancement from coherence
factor. In Chapter 2, we reviewed the spin-lattice relaxation rate and derived the
coherence factor of relaxation rate from spin susceptibility. Then we investigated the
role of each terms in the expression of spin-lattice relaxation rate, and found that
the coherence factor is the key to the Hebel-Slichter peak in conventional BCS super-
conductors. Experimental results suggest that Hebel-Slichter peak should be absent
in unconventional superconductors; thus in Chapter 3, we used the square lattice to
explain the absence of the peak due to the coherence factor. Chapter 4 reviewed the
model and the experiments of the kagome superconductors. Owing to the unique
sublattice structure of the kagome lattice, the d-wave unconventional superconductiv-
ity can be unexpectedly robust to disorder on this lattice. Finally in Chapter 5, we
calculated the spin-lattice relaxation rate of the kagome lattice, and proved the exis-
tence the Hebel-Slichter peak in the kagome lattice with d-wave symmetries of order
parameters.

High sensitivity of critical temperature to disorder and absence of Hebel-Slichter
peak are considered as strong evidences pointing to a sign-changing structure of order
parameter. By contrast, superconductors which are not sensitive to disorder and
exhibit Hebel-Slichter peak are always considered as conventional, non-sign-changing
ones. However, this thesis together with Ref. [17] suggests that the special sublattice
structure of kagome lattice may render these probes invalid in identifing the sign-
changing gap structure on this lattice. Thus some of the current conclusions that the

kagome superconductivity is the conventional BCS-type should be reconsidered. Just
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Chapter | Summary and Discussion

like Sgren Kierkegaard wrote in his book 'Fear and Trembling’, the knight of infinity
renounces the thing he loved most through the infinite resignation, but the knight
of faith retrieves it by the power absurdity; the d-wave superconductor, through the
sign-changing gap, abandons the Hebel-Slichter peak, but the kagome lattice, with
the unique sublattice structure, recovers the Hebel-Slichter peak in the spin-lattice
relaxation rate.

Currently, the nature of the superconductivity of the kagome lattice remains con-
troversial. Experimental results can not clearly identify the nodal/nodeless structure
of the kagome lattice. Besides, the experiments of the suppression of the critical tem-
perature due to disorder on the lattice and the existence of the Hebel-Slichter peak,
according to our work, can not serve as evidences for a non-sign-changing structure.
Therefore, more probes are needed in the future in order to distinguish the supercon-

ducting states of the kagome lattice.
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Appendix A

Derivation for the general

spin-lattice relaxation rate

In this appendix, we derive the general expression of the spin-lattice relaxation
rate. The relaxation process originates from the fluctuation of the nuclear energy
level. The perturbation interaction can be described by the hyperfine Hamiltonian

between a nuclear spin I and electron spins S [14, 25, 26, 28].

8
th = _?W’Yn’}/el . S5(I‘), (Al)

where only the contact interaction is taken into account. In this expression, we have
already set Planck constant A = 1. ~, and 7. denotes the nuclear and the electronic
gyromagnetic ratios. In general, the spin-lattice relaxation rate is defined by the

fluctuation of the energy levels

Til =2 [ dr cos(unr){ (7). Hi g (0))), (A.2)

where wy is the nuclear Larmor frequency. The operator is defined as {A, B} = (AB +

BA)/2. In the second quantization representation, the Hamiltonian can be written as

+ 1 +
Hiy = Y > InVeAqSe, (A.3)
q
where A is the number of q space points. Ay y.q is defined as

8
Akkra = 5 (0)ticrq (0), (A.4)
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Chapter A | Derivation for the general spin-lattice relaxation rate

where uy is the wave function of the conduction electron at nuclear spin. We assume
Ak x+q 1s independent of k and is denoted by A,. The electronic spin operators are
defined as

L1
. K (A.5)
- _ T
Sq = N Zk: Ckqy Okt

Now insert the hyperfine Hamiltonian into Eq. (A.2) and it yields
= 29242 [ " drcos(wor) O ONER (A.6)

According to the fluctuation-dissipation theorem, we can finally write the spin-lattice

relaxation rate as

i 27nf>/e(kBT) ZA A

I
7 o oImx(q, wo). (A.7)

Normally, when measuring the relaxation rate on the lattice site, the form factor Aq
can be taken as a constant. Nevertheless, if the nearest neighbor effect to the wave
function is taken into account, the form factor can show a q dependence and act as a
filter for certain regions of the Brillouin zone [14, 33]. Previous studies have discussed
the derivation of form factor [39] to explain the difference of the NMR spin-lattice
relaxation rate measurement on different atom sites. The form factor can be derived
from the position of the nearest atom sites. But we argue that the form factor will not
influence the absence of the Hebel-Slichter peak in unconventional superconductors.
This is because that the factor should act as a filter of certain q regions, which can
potentially break the sign-changing compensation of unconventional order parameters
and the superconductors are more likely to exhibit Hebel-Slichter peak. However, in
experiments Hebel-Slichter peak is always absent in unconventional superconductors,
which indicate that the form factor doesn’t break the sign-changing structure. The
form factor is more likely to select same areas of the positive region and the negative
region of the q space as shown in Ref. [39]. Thus we can in principle ignore the form

factor when discussing Hebel-Slichter peak.
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Appendix B

Derivation for the one-band spin

susceptibility

Fourier transform for homogeneous state

The definition for spin susceptibility is

Xo~ (v, r5,m) = (.57 (0)57 (), (B.1)

where the operators S”: and S”Z* are defined as

Sf = CITTCN; S; = CLCiT- (B.2)
And there is relation
(S =5 (B.3)

If we assume the state is homogeneous, we can define a Fourier transformation
$*(q) = f dr.SF e §(q) = f dr, S e (B.4)
and then

XS_(an)=[drl/dI‘z(TTSYf(O)SJT(T))ei(ri—rj)q

L ‘ (B.5)
) f ary / dro(Trcyeqcyy (T)ej (7))e i,
Next we perform the Fourier transform for the operators ¢ and cf,
cT = L Zcf eikri. oo L Z Ckeikri (B 6)
CUREST TR ~
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Chapter B | Derivation for the one-band spin susceptibility

where A is the number of k space points. Insert into the equation above we get

1 i i ,i(ka=-k3)r; ji(r;-r;
@r) =gz fdn [drs S (Tl vy (g (e ko oo
kikoksky

1
e > 0(ke — ki +q)d(ks — ks — ) (Tref s cugiet, (T)erg (7))

kikoksky
1
=173 ATty gy (T (7).
kk’
(B.7)

Let’s use Wick’s theorem,

1
Xa_(% T) = m l;[(TTCLJquCkl)(TTCL/_ql(T)Ck’T(T»

_<TTCL+qTCL7q¢ (N Treycnn (7))

HTrel qreaen (DN Ty g, (M)

(B.8)

The first term simply gives zero. The second term is non zero when k = —k’, and it
yields
1 Pt
= 72 2\ T ie-ay (N Treageaen (7))
e (B.9)
1 P
=T N Zk:(TTCkacfkfcu(T)}(chkic—kT(T))-

The third term is non-zero when k’ = k + q, then it gives

1 i i
N2 1g{:,<T‘F0k+q¢Ck’T(7—)><T7'Cklckf_q¢(7)>
1 (B.10)
=37 2T syt (DN Treraciy (7).

Finally the susceptibility in momentum space reads

(@) = 37 DAy (ONTr e (M) + (T g () Tocsacly (7))

(B.11)
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Chapter B | Derivation for the one-band spin susceptibility

Bogoliubov transformation

Let’s consider the Bogoliubov transformation. Assume the Hamiltonian is non-

diagonal and can be written as

&k Ak
H, = , B.12
. (A; _ék) (B.12)

and the basis
Ay = ( o ) , (B.13)

where we assumed the symmetry & = & .

The unitary transformation defined in Bogoliubov transformation reads

Uy = (“‘i _”k), (B.14)

Uy Uk

by which we can diagonalize the Hamiltonian

Ex 0
Ul H, Uy = , B.15
kttk Yk (0 —Ek) ( )
where
1 51() 1 €k
22 2 14+2X 2:—(1——) B.16

Ek = \/gi + |Ak|2. (Bl?)

The change of basis gives new eigenvector for the new diagonalized Hamiltonian

By = (%‘T):ULAk:(uk ”k)( C“T) (B.18)
'yikl —Up Uy cT_kl.

From that we can derive the relation for Bogoliubov transformation

.I.
Cict = Up Vit = ViV
oo il
Clyy = Uikt + UKV

; ; . (B.19)
Crr = Uk Vip — YTk

Ck| = Uk%tT + U Ykl
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Chapter B | Derivation for the one-band spin susceptibility

where ui:%(1+g—‘;) and vﬁzé(l—g—‘;).

Wake up in a lovely morning and do the calculation

Let’s consider first the first term in eq. (B.11),

N e T gl (DN (7)

Z uk+q7k+q¢ UkiqV-k- ql][”k+q7k+qT(7') + Uk+q”Y k- ql(T)])

(T (e, + vy i Y-k (7) = v, (7)])
1 * *
== N Z[—Uk+quk+q(TTV—k—qwik_m(T )+ Uk+q“k+q(Tr%T<+qﬁk+qT(T NI
k

[—uiod T, (7)) + o Ty o o (7))

1
N2 > UisqticratticOl ~(Treait g, (M Tany, (M) + (Trraca e, (1)

(T 1wt (MY HTAL g Nerat (MN T, (7)) = (T gy vicrat (MW T v (7)),

(B.20)
and use these relations
(T (T)A) = (1= f(ER))e ™,
(Tl (7)) = f(Bn)e, (B.21)
(Tnh () = ~f (Ba)eP
(T (7)) = =(1 = f(En))e ™,

which can be obtained under Heisenberg picture 7, (7) = e n7~,,, since the the Hamil-
tonian under the ~y basis are diagonalized. Further, we assume there is spin degeneracy.
Here f(E,) =1/(ePr/*sT 1+ 1) is the Fermi-Dirac distribution. Then we get

1
TN > VhqUiiquicUk[ = f(Biiqy) f (B ) e PrerartEi)
k

+ F(Ba) (1= [ (Biaqy) et Pesar)? (B.22)
+ [(Brsq)) (1= f(Big))elFeai=Fia)r
= (1= f(Eiqt)) (1 = f(Eiq) e Fherart By,
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Chapter B | Derivation for the one-band spin susceptibility

We can further use these relations to simplify the result

F@)fb(z+y) =1-f(z) - f(y),
(1= f(e) (A= fy)b(=z -y) = f(x) + f(y) - 1, (B.23)
f@) (@ =fy)o(z-y) = fy) - f (@),

where b(x) = e*# — 1. Then the first term becomes

LZU* Uk qUy Uk —1 f (Ficrar) ~ f(Fia) e B+ Ex))7 4 S (Bxrqt) = f(Exy) e(Bxi~Ficiat)T
N m” k+qk+a Tk e(BxaqitEr)B _1 e(ExitExiqt)B 1
(EkT) f(Ek+Q1') (Ek-iql EkT)T (Ek+QT) + f(EkT)_ 6_(Ek+qT+Ekl)T
e(EkJqu_EkT)ﬁ 1 e‘((EkT+Ek+ql))B_1 ’
(B.24)

Transform to Matsubara frequency,

W T * * 1 f(Ek‘*'(N) f(Ekl) (E E )7’
N fo dr e Zk:%qukm“k”k e BroraitBr)B _ | et

f(Bxiar) = f(Ex) (B~ Brcsar)
e(EkJ, Ek+qT)/5 -1

(B.25)
+ f(EkT) f(Ek+ql) e(Bxraql=Eit)T
e(Prra=Ex1)B _ 1
f(Ek"'qT) + f(EkT) - 1 _(Ek+qT+EkT)T
e~ ((Bxt+Exsq1))B —
) . 1- f(Bxrq)) = f(Bxy) | f(Birar) = f(E)
= — + - B + .
NG %: UlyqUk+q Ui Vk [ 1wy, + Byiqy + B iwy, + By — Exiqr (B.26)
+f(EkT) ~ f(Ek+qi) _ f(Ek+qT) + f(EkT) — 1]
iwn + Ek+q], - EkT iwn - Ek+qT - EkT
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Next, we consider the second term

(T ey g icrar (MU Tyl (7))
(T [trerq Mgy~ Vierq V-iean ] [Uiaq et (7) = Vierq g (1))

U Vi) + Uk’ijT][Uﬁ’Y—kT(T )+ Uk’Yqu(T )])

[loscra* (7t gy (7)) + Tttcra* (g st (M)

=~ 3 =l =~
=M E A A

[

lu
1

:]Tf zk:[|vk+q|2f(Ek+ql)eEk+qiT + |Uk+q|2(1 - f(Ek+qT))€_Ek+QTT].
[Juk|* f (Ex)e™7 + |o* (1 = f(Exy))e 7]

1
=7 Slthsal i (Bic)f (Big e BB (B.27)
k

(7 (M) + o (0 (7))

+ |Uk+CI|2|Uk|2f(Ek+ql)(]. - f(EkT))e(Ek*'Ql_EkT)T
+ [uresq Pl f(Bry ) (1 = f(Biyqr ) e B~ Bicrat)
+ g PP (1 = f(Bit)) (1 = f(Brrqp ) )™ FritBresat)™]

:_Z |Uk+ | |Uk|21 f(Ekl) f(Ekﬂll) e (Bwrai+Bi))T
N " 4 e(BxraitExy)B _

(EkT) (Ek+q~l«) (Ek+qL_EkT)T
e(Birai=Exi)B — 1

(Exrqt) = f(Ekl)e(EkrEka)T
e(Bxi—Exiqt)B _

(Eit) + f(Bxiar) — 16—(EkT+Ek+qT)T
e~ (Brrar+Bi)B _ | '

f
+ [vicral* [l

f
+ [urciqlfund?

f
+luneral* ol

Transform to Matsubara frequency,

1 8 ot o1 = f(Ex) = f(Eiiqy)
el iwn T (E vqut BT
/\/'./(; dr e Zl|vk+q| |y e e — 1 rai+ B,
|2 f(EkT) f(EkJFQl) (Ek+ql Eyt)T

e(Priai=Ext)B _ 1

|2 f(Ek+QT) f(Ekl,) (Ek], Ek+qT)T
e(Bxi=Exqt)B _ 1

2 f(Ex) + f(Biigqr) - 1 o~ (i + Bicvat)7 (B.28)
e~ (Bxeqt+Ewy)B _ |

_ 1 2 21_f(Ekl)_f(Ek+q¢)
_N zk: |,Uk+q| |uk| iwn + Ek+ql + Ekl -

|2 f(Ek+qT) - f(Ekl)
Z(J.Jn + Ekl Ek+qT

+ [Vieql* 01

+ [tierql”tn

+[unceql* [

o J(Exy) = f(Exiqy)

| k+q| | zwn + Ek+ql EkT

o f(EkT) + [ (Eirqt) = 1
= Exiqt = Ext

+|uk+q|2| |uk+q| v
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Chapter B | Derivation for the one-band spin susceptibility

Combine the two terms from eq. (B.26) and eq. (B.28) together,

1- f(Eki) f(Eiay)
+Ek+ql+Eki

* * 2 2 f(EkT) - f(Ek+qi)

+(Vgy g Ukt qUigVk + [Vkesg|“|0k] ) o + Frvgy — B

f(Bxiqr) = f(Ey)

iwn + Eki - Ek+qT

f(Ex) + [(Birqr) = 1
iwn - Ek+qT - EkT

— . 1 * *
Xo (Qiwy) = JT/Z (— Vg s U qUpe Uk + [Vice g nc]?)
k

(B.29)

+ (Vg U qUiVic + [Ucr g unc]?)

+ (~VierqUicrqtticic + [tieeqlonf*)

We can further simplify the result, and there is no approximation to be made. We
can do some translation in k space to simplify the result. Define k=-k- q, then the

second term in eq. (B.29) becomes

f(E o) — f(E )
1 . e ] ) } 2 qt k|
N Zl;:(“_k“k“_k—qvkq +logllveql) iwn + B g = E__o

(B.30)

Because of time-reversal symmetry, the above is invariant under k - —k. It can be

written as

1 f(Exiqt) = f(Exy)
N 2 (Vi qUicrqUicUi + [Viceg[* i) o Jrqul Frorar (B.31)
n +q
If we insert these relations from Bogoliubov transformation,
|Uk|2 — Ek + gk
2F
2 Ek - gk
o™= =5
A, (B.32)
Up Uk = ———
KT 0B,
. Bk
T S B
Finally we get
~(quiwy) - 1 5 1, Ek€irg + D gDk | 1= f(Ex) = f(Fiiq)
XO 9 n N K 4 EkEk+q z'wn + Ek+q + Ek
1 ( €k€k+q + Ak+qu) f(Ek) + f(EkJrq) -1 (B 33)
1 ExEy.q W — Byiq — Ex '

. % (1 s Skkrq + Ak+qu) f(Ex) - f(Ek+q)] ‘

EkEk+q z'wn + E}Hq - Ek

In a non-interacting electron system, the equation reduces to Lindhard function.
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Chapter B | Derivation for the one-band spin susceptibility

Nambu quasiparticle symmetry

In convention, we define the quasi-particle operators in this way,

Uk Uk Ck Tk
U Ui ) \Cyy Yok

where in the normal state there is vy = ¢y and ng = cI_k

The diagonalized Hamiltonian is written as

T

=> E1k’YIk’Ylk + E2k72k7;k
K

The E; and FE5 are directly solved from the Hamiltonian matrix, so they will not
change with the different definition of v and ~t.

I have a look at this relation again,

(T (7)) = = f(Bn )T (B.36)

We need to pay attention to what do we insert here for F,. In the textbook [6],
they derived that for the free fermions, F, = enchc,. The quasi-particle we defined
here are equivalent to non-interacting fermion. Thus for (T2717! (7)) we insert B
while for (T,7,v3(7)) we insert -E, (actually, we have already known that for this
simple Hamiltonian there is F; = —FE5, so we can always insert E).

However, no one can stop us from using the 'strange’ definition:

i
Ux Vg Ckt 8t
k Uk “k| Tk

where in the normal state there is fygk = ¢k and ik = cI_k. This looks strange, but
there is nothing wrong.

Then from the new definition, we write the Hamiltonian as

H,= ij (721« VIk) (Elk EQk) (ng)

ik (B.38)

=> Euﬁzw;k + E2k'71rk71k
K

As I said above, Ej and Fo are not different from eq. (B.35) because they are

diagonalized from the same matrix. However, here we should insert Ey for (T,y171 (7))
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and —FEqy for another. This also means that we can always insert — 1y to this bra-ket.
Now let’s see what happend to the Bogoliubov relation that we insert into the
expression of spin susceptibility,
For the first definition,

i = i + (B.39)

'V;rk = —UlCip + ul*cciki

For another definition,

ok * T
Vik = ~UkCkt + U C oy

T T (B.40)
Yo = UkCkt + Ukc—kl

We can observe that the two sets of Bogoliubov relations are replacing ux, — —vj
and vy — uy. Since we have also changed the sign of the energy £, we inserted, thus we
can conclude this symmetry: {ux,v, B, - —vf, ui,—E,}. This symmetry is allowed

when we insert them into the expression of spin susceptibility.

Sum over positive energy

For the first term in eq. (B.29), it can be written as

! 1-f(Ex) - f(Exy
/T/’[Z > (VieqUicrqUicti + [Vicsq||uxl*) f(Bi) ~ f(Eicray)

E>0 By q>0 Wh, + Exiq) + By

1-f(Ew) — f(Exiq))
+ (— Vg Ui qUiUk + [Viciq)*[ux]*) —
E;O Ek§<o e +q iwn + Exciqu + By

1- f(Ex,) = [(Bxiqr)
+ (=05, Ukt qUi VK + [Vicsq*|un?) —
Eéo Ek§>0 fera TR d Wy, + Ek+q¢ + By,

1- f(Ey) ~ f(Eriq)
+ (=5 o Uker qUp Uk + |Vt ?) — )
E;O Ek§<o KraTia +q wn + Exiqy + By

(B.41)
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We can use the symmetry {u, v, B, - —v),u), —E,}, then the terms can be written

as
1- f(Bxy) = f(Eiear)
iwn + Ek+ql + Ekl

oy (Bxrat) = f(B1))

H(Ur Uk qUn Uk + 2
(Vier qUicrqUig Uk + [Uics g *|usc]*) ion + B — By

Z Y [(—vp qUieqUuicVk + [Viceq)*lux*)
k>OEk+q>0

. * ot oS (Bxy) = f(Exeqr) (B.42)
(Vg Ui UiV + [Uicsal i) iwn, + Fyiq — B
+(~ Ve q Uk qUic Uk + [Viceq[nc]?) (Eki) “LEf(EkJrqz?) 1 ‘
k+qt — Lkt
The second term of eq. (B.29) can be written as
. - o1 oy (Bit) = f(Ekeay)
E;O Ek§>0 wmqumqukvk * Joreeal o) iwWn + Fliyq, — By
+( Vs qUkrqUicVk + [user o *vic]?) (Ekr); f(Ek%—l
N (B.43)
A O s
The third term
+ : ooy (Bacear) = f(Bay)
éo Ek§>0 (Ve qUicrqttictic + |t uscl”) iwp, + By — Eiegr
+(~ViqUicrqUicVic + [Vicral*[ux|*) 1 _ch,f f%ii);Eﬁikl) (B.44)

f(Ek+qT)+f(EkT) 1
EkT Ek+qT

(Ekr) f(Bsar) ¢
1wy + Fiqy = EkT

(Ve Ui qUiVic + [Uicrgl*[0c]?)

+(Uk+quk+qukvk+ |Vkral*[or]?) =
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The last one,

1
N Z Z [(_U;Jrquk’rqulivk"'|Uk+q|2|vk|2)
Ek>0 Ek+q>0

f(Bi) + [ (Bxirqr) - 1
1wy, — Pyiqr — By
f(Ext) = [(Exiq))
i + Brray — Bt (B.45)
f(Ek+qT) - f(Ekl)
iwy, + By = Egiqr
1- f(Ey) ~ f(Pxiq)

+ (Vg q herq U Vi + [Viciq*[usc|*) Tont o+ By )
n +q

+ (Vs qUicrqUicVk + [Viceql0n]*)

+ (Vg U qUiVic + [icrg*Junc]?)

Combine them together,

N |
X0 (Q,zwn) _NEk>0Ek+q>0
1 f(Ex) ~ [(Ekiq)

1wy, + Fyeq + Ex

* * f(Ek) - f(Ek+ )
+ (40 Ui q Ui VA Vi g [0k]?) eon + Prrg - Ei (B.46)
f(Exiq) - f(Ex)
iwn + Ek - Ek+q
J(Ex) + f(Exeg) - 1
1wy, — Fyiq — Ex

[(— 405, UacrqUiicVk + 4|Viceq]*|us?)

+ (405, qUicrqUizc Vi + Httner g [

].

+ (=40 g Uicrq Uik + Httierq[*[oil*)

Insert this relation to the expression above,

|u |2 Ek + fk
k 2Ek )
2 Ek - gk
Y
A k (B.47)
. - 2k
. A
UkVy = E’
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we get
4V, Uk qUi Uk =
Avicsqlnd” =
Atrerql*|ondl” =
Aviceq[*|owf” =

Atterq|* |l =

AL A
Ek+qu 7
14 —Exéirq + Exiqék — Ekkrq
EkEk+q ’
Ek£k+q - Ek+q€k - §k€k+q
1 B4
: i | (B.48)
14 ~Fiéiiq = Briqi + Ek€iiq
EyFy.q ’
14 Fyéirq + Eriqi + §k€ieq
EkEk+q .

Insert these relations and finally we arrive at the form which only sums over the

positive energy

L . 1 [ Eklkiq + A1t+qu 1 - f(Ex) — f(Exiq)
Xo (@iwn) = 52 D0 (1= -
N kE>0 L EkEk+q Wy + Ek+q + Ek

+ _ §k§k+q + Ai:_,_qu) f(Ek) + f(Ek+q) -1
FxEy.q wn = Exiq = Ex (B.49)

N Eibieraq + D gDk \ F(Ex) = f(Fiiq)
EkEk+q Wy, + Ek+q - Ek

N Ekbiera + Dy gDk \ f(Birq) — f(Ex)
EWkE1k+q Wy, + Ek - EkJrq '
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Appendix C

Derivation for the multi-band spin

susceptibility

Now we start to calculate spin susceptibility,
- 1 i i
Xaﬁ(q’ T) = /\? Z<TTCa,k+qTCa7kicﬁ,k’*Ql(T)C@k’T(T))' (Cl)
Kk
Wick’s theorem gives two terms,

. 1
(@ 7= 37 Tl g (DN Tt aa () o)

+ <TTCL,k+qTCﬁ,k+qT (7) )(TTCoz,le;,ki ()]
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Chapter C | Derivation for the multi-band spin susceptibility

The first term

1
- JT/ Z<TTCL,k+qTCL,_k_q¢(T)><TTCa,k¢Cﬁ,—kT(T))
k
1 . .
= N Z <TT [ua:m17k+q7;1,k+qT - Ua,m1,k+q’7m1ﬁk*Ql] [U,B,mg,k+q7m2,k+(ﬂ (T)
k,mi~my

+ u61m2)k+q’y’l.n2,—k—q¢ (T)]) (T~ [u;,mg,k%na,ki + Ua,m?,,k')/llg,_m] [Ué,m4,k7m4,—kT (1)

~ Vgm0 (T)])

1 * *
:_./\_[ Z [uaamak+qvﬁ,m,k+q<T77:n,k+qT’ymvk+ClT(7—))_va,m,k+qu57m7k+q(TT’ymv—k—Qi/y;im;k—ql(T)>]
k7

m,m/’

X [_u;,m’,kvﬁ,m’,k(TT'Vm’,H'ﬁan (1)) + Ua,mﬁku:(;,m’,k(TTW/:n/,_kTIVm’,—kT ()]
1 * *
:/v Z [uoz,m,k+qvﬂ,m,k+qua,m',kvﬁ,m’,k<TT ;rn,k+q¢7m,k+qT (1)) (TT’Vm’,kl'Y:,LQki (1))

k,m,m’
- ua,m,k+qUg,m,k+qva,m’,kué,m’,k(TT’VL7k+qT’Ym,k+qT (T) ) <TT'7in'7_kT’Ym’,—kT (T) )
- U;,m,k+quﬁ,m,k+qu2,m',kvﬂ,m’,k(TTVm,—k—qLVLL,_k_ql(7'))(TT’Ym’,kL”Y;',ki(T)>

+ U;,m,k+qu57m7k+qva7m’7kug,m’,k(TT'Ym,—k—ql’V;rnﬁqul (1)) (TT’Y:n/ﬁkT"Vm’,—kT (7))]

(C.3)

with the relations Eq (B.21) again, we can get

1

N (=02 o sesqB.m ka1 VB,m ke f ( Bicrqum ) f (B ms )€’ Presam™
k,m,m/’

+ U m kerq V5 tes g Uermr i V8. e f (B ) (1= f(Eicrqum ) )€~ Fleram?
+ U ks q B kesqUam kU5 i f (Bicsqum) (1= f (i) )eFeam=Fiem)T

- ua,m,k+qvl>§7m,k+qva,m’,ku;,m’,k(1 - f(Ek+q,m)(1 - f(Ek,m’)))6_(Ek+q’m+Ek’m/)T]'

(C.4)

And follow the same steps as Appendix B, we can write the first term of spin suscep-
tibility as
1

:./v Z [_U;,m,k+qu57m7k+qu;,m’,kvﬁam':k
k7

m,m/’

1- f(Ek+q,m) - f(Ek,m’)
1wy, + Fxigm + B

f(Bxram) = f (Bxm)

+ Uam k+qU5 m kb qUem/ K VB,m’ k
511, mk+qam’ k“0,m k.
Wn + Ek,m’ - Ek+q,m
e u v u f(Ek,m’) - f(EkJrq,m)
a,m,k+q *Bmk+qVam kg m/ k7
4 A Wy + Ek+q,m - Ek,m’

f(Biciqm) + f(Exm) = 1

Wy — Ek+q,m - Ek,m’

]

* *
- Ua,m,k+qvﬁ7m7k+qva,m’,kulgymfyk
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Chapter C | Derivation for the multi-band spin susceptibility

Let’s calculate the second term,
1 q i
N ;(TTca,k+qTCB,k+qT(7')><T‘rca,klcﬁ,k¢(7-)>

Z (TT [ua,ml,k+q7;1,k+qr - U:;,mthrq'le,—k—qi] [ué,m27k+q’7m2,k+qT (T)

k,mi~my

- U67m27k+q71n2,7k7q¢ (m)]) (T [va,mg,k%L?,,fkT + u;,mg,k%n&kl] [U57m47k'7m4,—kT (1)

+ u57m4,k7;214,k¢ (T)D
1

=7 2 Ltampeatmaceal Tt peqrTmkrat (7)) + 0% mscrqtmkral T Y e-at e q) ()]
k,m,m/’

X [Ua,m’,kvg,m',k<T‘r’7jn/,_m7m’,—kT (1)) + u;,m’,kuﬁ,m’,k(TT’Vm’,kVYL',kL (7))]
1

N Z [ua,m,k+qué,m,k+qva7m’7kvg,m',k(TT jn,k+q¢7m,k+qT(T»(TT’V:”g_kTVm’fkT(7')>
k,m,m’

+ uaamak+qu;,m,k+qu;,m’,kuﬂam’ak(TT7;@,k+q¢'Vm,k+qT (1)) (TT'Vm’,ki'Vllgki (7))
+ U;,m,k+qvﬁ,m7k+qva7M’7kvg,m’,k<T7'7m,fqul7;7_k_q¢ (T) > (TT’Y:,LQ_kT’Ym’ﬁkT (T) )

VS ke qUam ety st ac Te Y-k Vo -1 qu (TN T Yo iV 1, ()],

(C.6)
then
1 * * - )T
N Z [ua,m,k+quﬂ,m,k+qva:m'vkvﬁ,m’,k(1 — [(Bxiqm)) (1= f(Exm))e (Ficram +Fim?)
k,m,m/’

+ ua,m,k+qu§,m,k+qu;,m',kuﬁ,m’,kf(Ek,m’)(1 - f(Ek+q,m))e(Ek’mliEkm’m)T
+ U;,m,k+qvﬂ,m,k+qva,m',kvé,m’7kf(Ek+q,m ) ( 1- f(Ek,m’ ))6(Ek+q,m—Ek,ml)T

+ U kerqUBmkraqUe g ke f (Birqum) f (B ) e Pem+Fieram)T],

And finally this term yields

:/%/‘ kmzl;m/[U;,m,k+qvﬂ,m,k+qu;,m',ku,@,m’,k ! Zcffflz’:::?m +fl(gfl;7,n’)

f(EkJrq,m) - f(Ek,m’)

1wy, + Fy ' = Exiqm )
f(Ek’m/) — f(Ek+q,m)

Wn + Ek+q,m - Ek,m'

f(Bxiqm) + [(Bim) - 1

iwn - Ek+q,m - Ek,m’

* *
+ Ua,m k+qUa m k+qUa,m’ kUB,m k

* *
+ Ua,m,k+qvx37m7k+qva7m'7kv[3,m’,k

* *
+ ua»m»k"‘quﬁ,m,ki-qva,m',kvﬁ,m’,k

By combining the two terms together, finally we get the expression for the spin
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Chapter C | Derivation for the multi-band spin susceptibility

susceptibility of the kagome lattice

Xop(Q; T)
1- f(Bxrgm) = f (Biem)

1
* * * *
=V Y [0k o sesqVm.dcraen mr 1B, e =V s o Um kgL 1 Um )

k,m,m’ ZWn"'E1k+q,m""Ejk,m’

f(Ek+q,m) _f(Ek,m’)

+ (ua,m,k‘*'qué,m,kJrqu;,m’,ku,B,m',k+ua,m,k*'qvg,m,k+qu2,m’,kvﬁ,m'7k) iwn + Ek,m’_Ek+q,m
f(Eigmr) = [ (Bicrqm)
iwn+Ek+q,m_Ek,m’
S (Bxcrqm) +f (Brem) -1
iwn_Ek+q,m_Ek,m’

(C.9)

* * * *
+ (Ua,m,k+qv,6,m,k+qva,m’,kvﬁ,m',k + Ua,m,k+qu5:m:k+qv@7m'7kuﬁ,m’,k)

]

* * * *
+ (Ua,m,k+qUﬁ,m,k+qva,m’,kvﬁ,m',k_ua,m,k+q”5,m,k+qva,m’,kuﬁ,m',k)
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Appendix D

Summing over sublattice indices

One dimensional chain model

In the previous appendices, we derived the general expression for spin susceptibility.
In the monoatomic lattice systems such as the square lattice, we can easily calculate
the spin susceptibility without thinking about the sublattice indices. However, when
there are sublattice indices in the system, we have to consider how the summation
over sublattice indices works, since in the end we only want to get one value of the
relaxation rate rather than a matrix. It is hard to directly illustrate the summation

in the kagome lattice, but we can start with an easy one-dimensional chain model.

Qg — O —] Q0 — B o Q
We assume nearest neighbor interaction. The Hamiltonian of the 1D chain model is

H=-t Z clera+ HO. + Z cle,. (D.1)

r=0,a,2a,... r=0,a,2a,...

Define Fourier transformation
cl =

The Hamiltonian after Fourier transformation is

H=-t Z chkeik“ + clicke_“m + 1 Z c}ick
k k (D.3)
= (2t cos(ka) + p) chk

Now we consider another case. If we label the particles in this lattice as A and B like
this
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Chapter D | Summing over sublattice indices

A B A 3 A
O — 0 —/ 0 — © o Q

&

Even though there can be no difference between these two kinds of particles, we can
still do so. We can think of two ways of defining the unit cell. The first one is to define

each single particle as a unit cell.

A 5 A 3 A B
O — 0 —m Q0 — 0 — o — O

The Hamiltonian can be written as

H=-t > c;AcﬁmB + Ci+a’BCT+2a7A +HC.+p > e (D.4)

r=0,2a,4a,... r=0,a,2a,...
The Fourier transformation with this unit cell is

1 )
T T _—ikr. _
C ——E C,.€e ; Cr =
" \/Vk k "

> e (D.5)
k

-

then the Hamiltonian under momentum basis is

ika T —ika i —ika

t + ,

_ ika T 1% T 1

H = ~3 Z Ch ACK,BE" + €, pCr A€ + ¢ gl A€ + ¢y 4o g + E(Ck,Ack,A + Ck,BCkﬁB)v
%

(D.6)

it can be written in matrix form

R I N

tcos(ka) /2 Ck.B

The period is Ak = %”

However, there are different ways of choosing unit cells, for example,

A 3 A 3 A B
o — O QO — 0 — o — O
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of which the unit cells consist of two particles. The Hamiltonian is

H=-t > CI7A,CT7BI + cj,,B,cr+2a7A, +HC. +p Y e (D.8)

r=0,2a,4a,... r=0,a,2a,...
After Fourier transformation,

Bl i ; :

_ 2ika T T —2ika , H ot }

H = ) Z Cr,ArCk,B' * Cp piCk, A€ + Cp piC, A7+ Cp 4/Cl,BI€ + §(Ck,ACk,A + €y, gC,B),
k

(D.9)

in the matrix form

P w2 (t/2)(L+e2*)\ [ cpar
(ck,A' Ck:B')((ﬁ/2)(1+€2ika) 12 )( ) (D.10)

Ck,B’

H

The period in momentum space is smaller, Ak = % The two matrix representations of
Hamiltonian in eq. (D.7) and eq.D.10) can be transformed to each other by a unitary

transformation

%’%ka 0
U - (e 0 ez-;ka) (D11)

Now let’s discuss the ¢ sum over spin susceptibility. When doing the sum, we want to
sum over each particles separately, i.e., the unit cells only contain one single particle.
So the first form of Hamiltonian can provide correct result for eigenvectors, while the

second one will lose the information of the relative phase inside the unit cell.

A G (>3
\ \
0 O ) »)
+
o M o R
’( 1 vy ) ) unit cedl s lost .-,
\j N ‘hs”)le ‘the
The m{a(h’\ﬁf“’“ '
e o 2

(wheve ic A oed 2 wsek the wnit cedl 7))

However, the period of the eigenvectors are smaller under the second basis, which
means we can calculate fewer momentum space points in order to obtain the physical
properties. We write the ’sublattice indices’ in the second unit cell as A’ and B’,

which means they are different from the original 'physical’ sublattice indices A and B.
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When we calculate the physical properties, we should do the unitary transformation

to transform the basis back to the original sublattice indices A and B.

Spin susceptibility

What we are interested in is the nuclear relaxation rate. When we calculate the
relaxation rate, we sum over ¢ for spin susceptibility x(¢,w). Since in the real exper-
iment, one can only measure one value for the relaxation rate rather than a matrix
with sublattice indices, we want to check what operation will recover the value of spin

susceptibility x(¢,w) without sublattice indices from the matrix x,s5(q,w).

Monoatomic lattice

For the lattice without sublattice indices, spin susceptibility is easily calculated

from Lindhard function

() = 3 LD = (B

A w+Ek+q—Ek+i77

(D.12)

where E(k) =2t cos(ka) + p

0.7

0.6

0.5

0.4 1

Re(y)

0.3

0.2 1

0.1

0.0 1

T T T T
-10.0 7.5 =5.0 =2.5 0.0 2.5 5.0 7.5 10.0
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Unit cell with a single atom

Now let’s look at the 'wrongly’ labeled chain with sublattice indices A and B and
see how does the spin susceptibility reduces to the single type particle case. The

Hamiltonian in the matrix form is shown in eq. (D.7), and we can define the matrix

s /2 tcos(ka) (D.13)
tcos(ka) /2 '

The eigenvalues and eigenvectors of the matrix are

(D.14)
Up1 UA2 1 -1 1
V= = — .
ugy upa) V2\1 1
The spin susceptibility with sublattice indices are

f(Ek+q,m) B f(Ek:,m’)
Z-("Jn + Ek,m’ - Ek+q,m .

— . 1 * *
X;B(Q7zwn) 29 Z Z ua7m7k+qu5,m,k+qua,m’,kuﬁjm/’k (D15)

k m,m/

Then the four elements are

l * f(Ek+q,1) - f(Ek,l)

+- ; *
Xaa(q,iw,) = E :(UA,1,k+qUA,1,k+qUA,1,kuA,1,k .
V % wy + EkJ - Ek+q,1

* f(Ek+q,1) B f(Ek,Q)

HUY 1 orgUAL krgUA2KUA 2
e Yy + B o — Eiagn

o J(Brig2) = f(Era)

+HUY 9 frgUA2krgUATEUA 1 |
o T W t Ek,l - Ek:+q,2

o f(Brig2) = f(Er2)

+us u U2 kU )
A2, k+qPVA2k+qWA2 YA 2 KT
I Wy + Ek,Q - Ek+q,2

=i (f(Ek+q,1) - f(Eka) N J(Eriqr) = f(Er2)
4y k Z‘Wn + Ek,l - Ek+q,1 Z‘Wn + Ek,2 - Ek+q,1

L Buag2) =T (B) | JBragz) = (Bra),

iwn + Ek,l - Ek+q,2 iwn + Ek,2 - Ek+q,2

(D.16)
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* f(Ek:+q,1) B f(Ek:,l)

1
+— ; *
Xap(q, iwn) = Z(UA 1,k+qWB,1Lk+qUA1LKUB 1 £~
% L ’ a Wy, + Ek’,l - Ek+q,1

o S(Brign) = f(Er2)

,LE+q [kl q 1< B,QJ? N !Y E‘
ZC“TL k!,2 k+q,1

o f(Erig2) = f(Era)

+u¥ U U U
A2, k+qB,2,k+q%A 1L EYB 1 k™
e Wy + Ek,l - Ek+q,2

o f(Erig2) = f(Er2)

+u u Up 2 kU )
A2 k+q¥B2,k+q%A2,kUB 2 k™
e Wy + Ek,2 - Ek+q,2

f(Erign) = f(Er1)  [(Erag) = [(Er2)
4V Z(

an + Ek 1~ Ek:+q 1 iwn + Ek,2 - Ek:+q,1

_ f(Ek+q,2) ~f(Brp) | [(Breg2) - f(Ek,z))

iwn + Ek,l - Ek+q,2 iwn + Ek,2 - Ek+q,2

1 f(Erigr) = [(Ek1)
+— . N * u* Q7 i
X5a(gs iwn) v zk:(uB,l,kJrquA,l,mq“B,Lk ALK o+ By = Epiga

. f(Eriq1) = f(Er2)

+ Uy U u
B1,k+qWALk+qUB2kUA 2 |
1 iwn + By o — Ejign

o J(Brig2) = f(Era)

+uy u u u
B2 A2,k+qWB,1,kWA 1 E
2k 7 I 7 Lk Wn Ek,l Ek+q,2

o J(Brig2) = f(Er2)

+uj u Up2 kU )
B,2,k+qVA2,k+qUWB2kWA 2 |
e Wy + Ek,Q - Ek+q,2

f(Erig1) = f(Ery)  [(Brign) = f(Er2)
T4V 4 Z( -

an + Ek,l - Ek+q,1 iwn + Ek,2 - Ek+q,1

~ f(Ek+q,2) - f(Ek) . J(Egig2) - f(Ek2))

iwn + Ek,l - Ek:+q,2 iwn + Ek,2 - Ek+q,2

% f(EkH—q,l) - f(Ek,l)

1
- ) = *
XBB(q7Z n) (U’Blk UB,1,k+qUB1,kUB 1 |~
V Z ,L,R+q 5Ly 7 7n Ek‘l Ek+q71

o J(Brigr) = [(Er2)

+Uup E+qUB1k+qUB2kUR o 1 iwn + Eys— Ej
n -%—q7

o J(Brig2) = [(Eka)

+uy U U U
B,2,k+q"“B,2,k+q"B,1,kYB 1 k"
Wy + Ek 1~ E’]ﬁ_q7

* (Ek+q 2) f(Ek 2)

+ Uy UB 2 k+qUB,2,kU
B,2,k+q ) Bkawn+Ek2_Ek+q7 )

f(Ereqr) = f(Ep) | f(Birgr) = f(Ei2)
4VZ(

an + Ek,l - Ek+q,1 iwn + Ek,2 - Ek+q,1

LBy = I (B) | fBuagz) =S (Bra)

Iiwn + Ek,l - Ek+q,2 Il’wn + Ek,2 - Ek+q,2
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We can see that for this special case there are x¥7, = x5 and x5z = Xj54- We can plot

their dependence of ¢ for the elements,

0.75 A

0.70 1

0.85

0.60

Re(yaa)

0.55

0.6

0.4

0.2

0.0

Re(xas)

—0.2

_0.4 -

_06 =
T T T T

T T T T T
-10.0 -7.5 =5.0 —=2.5 0.0 2.5 5.0 7.5 10.0
q

and sum the elements up, then divide them by four,
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0.6 1

0.5

0.4 1

0.3

Re(Zyq g4

0.2

0.1

0.0

T
-10.0 7.5 —=5.0 2.5 0.0 2.5 5.0 15 10.0

Compare it with the one without sublattice indices, we can find they are the same.

0.7 —— PRe(Zyapl/4
—— Rely)

0.6

0.5

0.4 1

Re(x)

0.3

0.2

Unit cell with two atoms

In the second way of defining unit cells, we have two particles per unit cell. The

matrix of the Hamiltonian is

N T R T C D D20
@0y ) |
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With the eigenvector

Uaq UAs 1 _e—%ika e—%ika
vV = ’ ’ = —= Lik Lik 5 (D2].)
upy upa] 2\ extke  ezika
we get the same eigenvalues as eq. (D.14). Now the elements of spin susceptibility are

(i) 1 Z(f(Ek+q,1) ~f(Biy) | f(Ek+q,1) — [ (Ekp)
4y L Wn + Ek,l - EkJrq’l Wy, + Ek’g - Ek+q,1

S Brrg2) = F(Er1) | f(Bieg2) - f(Ek,2))

iwn + Ek,l - Ek+q,2 iwn + Ek,2 - Ek+q,2

(D.22)

Z(f(qu,l) —S(Er1)  f(Errgn) = f(Er2)

woown+ By = Epegn iwn + Ero = Epega

_ f(Bkrg2) = f(Eka) . J(Erig2) - f(Em))

Z.Wn + Ek,l - Ek+q,2 Z.Wn + Ek,Q - Ek+q,2

Xhap (g, iwy) =—=¢"
4y
(D.23)

f(Errgn) = f(Era)  f(Brigr) = f(Ei2)

iwn + Ek,l - Ek+q,1 iwn + Ek,Z - Ek+q,1

S (Bhig2) = f(Era) N f(Ekig2) = f(Ek,Q))

iwn + Ek:,l - Ek+q,2 Z.Wn + Ek,2 - Ek+q,2

+- : 1 —-iqa
X5 iwn) :EE ! Z(
F (D.24)

1 Erig1) - f(E Erig1) - f(E
ngB(quwn) = Z(f( k q,l) f( k,l) +f( k q,l) f( k,2)
AV G iwn + By = Bregn twn + B = Eiiga

. J(Erig2) = f(Ep1) . J(Eriq2) = [(Ek2) )

W+ By = Epig2  iwn + Eio = Erigo

(D.25)

And the result of simply summing the elements are different from the lattice without

sublattice indices.
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0.8

0.7

0.6

0.5

—— Re(zx{%)
0.4

Re(x)

—— Rely)
0.3 -

0.2

0.1

0.0

T
-10.0 7.5 —=5.0 2.5 0.0 2.5 5.0 15 10.0

To conclude, if we want to get the 'physical’ relaxation rate, we need to do the
unitary transformation to transform the eigenvectors back to the single particle unit

cell. Other wise the extra phase factors will lead to a wrong result.
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