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ABSTRACT

Recently, the topological features of materials have been intensively focused on
not only due to its fundamental physical interest, but also its application to dissipa-
tionless devices and quantum computing. In this study, I investigated three materials
with different topological classes: Nb,BisSes, thin film WTe, and LaNiOs grown on
LaAlOs.

Nb,BisSes is a candidate of topological superconductors, which may host Majo-
rana fermions that could be used for topological quantum computing. In the super-
conducting state of Nb,BisSes, by torque magnetometry technique, I observed the
in-plane angular dependence of susceptibility and supercurrent shows the two-fold
symmetry although the crystal structure is trigonal. This in-plane rotational sym-
metry breaking is called the nematic superconducting state. On the other hand, in
the normal state, the angular dependence of susceptibility follows six-fold symmetry,
indicating that the nematicity occurs only in the superconducting state. However,
de Haas-van Alphen study shows that the in-plane Fermi surface is also anisotropic.
This would nail down the origin of the nematic order.

Next, the bulk WTe, is a type-II Weyl semimetal. However, when a thin film of
WTe, is grown on a sapphire substrate, it becomes superconducting. Moreover, there
are a few exotic superconducting features in this system. First, the in-plane upper

critical field H.y is more than 10 times larger than the Pauli limit H,, indicating the

XV



Ising superconductivity in this system. Furthermore, the critical temperature T, is
enhanced by the in-plane magnetic field at both around 7" = T, and T" = 0. This
result may be associated with the unique T, crystal structure of this system, which
also relates to the Weyl nature.

Lastly, when LaNiOj3 thin films are grown on LaAlOj (111), the emergence of Dirac
physics, as well as the multiferroic feature, is predicted due to the buckled honeycomb
structure in (111) plane. We first observed the ferromagnetic state as predicted by
many groups. This result is important not only because it gives further guidance to
improve the theoretical modeling, but also because the ferromagnetic state can be
coupled to the ferroelectricity for potential spintronics applications. Moreover, our
results are consistent with the existence of a gapped Dirac point predicted by the the-
ory. These results would be a significant step forward in the realization of a strongly
correlated topological phase by geometrical engineering of buckled honeycomb lattice.

These results will help further understand the exotic features of topological mate-
rials. In particular, the combination of topology and correlation or superconductivity
is quite a new field. The observation of nematic superconductivity, field-enhanced T

and magnetic Dirac physics would be a hallmark for this field.

Xvi



CHAPTER I

Introduction to topological materials

In mathematics, two shapes have the same topological class if they can be de-
formed continuously into each other. In quantum condensed matter physics, when
the wavefunction cannot be adiabatically connected to the atomic limit, the mate-
rial is called topological, or topologically non-trivial. After the theoretical discovery
of topological insulator, topological materials have been focused on very intensively.
They can be classified using an integer number, which is topological invariant named
Chern number, as explained in detail in this chapter.

In this study, I focused on four types of important topological classes: topologi-
cal insulators, topological superconductors, Weyl semimetals and Dirac semimetals.

Thus, I described the details of these topological classes in each section of this chapter.

1.1 Topological insulators

1.1.1 Overview

In physics, non-trivial topological nature was recognized in quantum Hall sys-
tems [1] and superfluid helium 3 [2] since 1980s. However, the study of topologi-
cal materials become explosively popular after the theoretical discovery of the two-

dimensional (2D)topological insulator (TI), or quantum spin Hall insulator in 2005



[3], then followed by three-dimensional (3D) extension [4, 5]. They are characterized
by the topological invariant, or Z index.

The significance of TIs is the existence of gapless edge or surface state. For
example, while the bulk of 3D TT is an insulator with a gap between the valence and
conduction band, there is a gapless surface state which is conductive (in other words,
metallic) and its conductivity is quantized. Furthermore, the energy dispersion of the
surface state is cone-like, which cross-section linear instead of the classical parabolic
bands. It is called the Dirac cone, and the crossing point of the cone is called Dirac
point. Fig. 1.1 shows the first direct visualization of Dirac dispersion from the surface

state in prototypical T1 BiyTes [6].

Binding energy (eV)

Figure 1.1: Zero-bias conductance peak measured by point contact spec-
troscopy in Cu-doped Bi,Se;. (a) Point-contact spectrum at different
temperatures. (b) Narrower range of (a). (¢) The magnetic field depen-
dence of point-contact spectrum at T = 0.35 K. Adapted from ref.[6].

The first experimental realization of two-dimensional TIs was discovered in the



HgTe/CdTe quantum well structure in 2007[7], followed by InAs/GaSb/AlSb quan-
tum well [8]. For three-dimensional TIs, the first experimental observation was con-

firmed in Bi;_,Sb, system in 2008[9].

1.1.2 Dirac equation in the continuous limit

As explained later, topological insulators, topological superconductors, Dirac semimet-
als and Weyl semimetals are all related to the Dirac equation. Thus, the Dirac equa-
tion would be a good starting point.

In the following few sections, I briefly walk through the explanation of topological
materials based on modified Dirac equation in Ref. [10].

We start from the Schroedinger equation

h? 0

—— VU = ih—. 1.1
2mV Zhat ( )

This is obtained by non-relativistic kinetic energy E? = P%/2m. In a relativistic

generalization, the energy and momentum relation is given by

E? = m*ct + p*c’. (1.2)

Combining Eq. (1.1) and Eq. (1.2), we obtain the Klein-Gordon equation

1 02 ) m2c?
(_Eﬁ +V ) v="Cu (1.3)

Dirac thought that Eq.(1.3) could be further ”factorized” by the equation

0 0 0 0
U = | —i - = — 20 = (ca- AW, (14
zhat [ th(a$8x+ay8y+azaz)+ﬁmc] (ca-p + Bmc?) (1.4)

Eq. (1.4) is called Dirac equation. Taking the square of both sides of Eq. (1.4)



and comparing with Eq. (1.3), we obtain

ol =3 =1 (1.5)
;0 = — 00 (16)
i = —Pa; (1.7)

where a and [ are called Dirac matrices. Simple complex numbers cannot satisfy the
condition above. Thus, a and S need to be in the matrix form. For one and two

dimensions, the Pauli matrices satisfy the condition above,

0 ag; o1y 0

Q; = 752 (19)

where 0( is an identity matrix in two dimensions.

In one dimension, Dirac equation (1.4) becomes
EV = (—ich0,0, +mc’o.) V. (1.10)

by choosing oy = ¢, and § = o,. This equation can be solved by assuming that the

wave function ¥ has the form

I L (1.11)

(e

Solving the secular equation, the energy eigenvalue can be obtained.



However, this equation is topologically trivial and cannot describe the physics in
topological materials. In order to apply it to the solid state physics, we introduce an

additional quadratic term —Bp?* to Eq. (1.4)[10],
H=va-p+ (va—BpQ) B. (1.12)

Here c is also replaced by v. Assume that the semi-infinite material with the boundary
at x=0 (e.g., chain for 1D, plane for 2D).

In one dimension, similar to Eq. (1.10), the equation is given by [10]
EV = [—ivhdyo, + (mv® + BR?07) 0.] V. (1.13)

Since a Dirac cone has zero energy solution, we focus on the zero energy mode. Then,

from Eq. (1.13) we have
whd,o, ¥ = (mv* + BR*9?) o, V. (1.14)

Multiplying o, from the left hand side, Eq. 1.14 becomes

1
hop ¥ = —— (mv* + Bh*03) 0, 0. (1.15)

v

Here, ¥ has to be an eigen fuction of oy, o, W = n¥ where n = +1. Thus, assuming

A

U x e, we obtain the secular equation

BR*A* — nuh\ + mov* = 0. (1.16)
The solution is
++v1—-4mB
Ao = ol mB) (1.17)

2Bh



Since the boundary condition for the wave function is given by
U(r=0)=V(r=o00)=0, (1.18)

A+ has to be positive. Therefore, n = sgn(B) (sgn is a sign function) and mB > 0 is

required. In this condition, the wave function for the zero energy state is given by

o) = ¢ | P (e7M+e — ). (1.19)

7
Eq.(1.19) can be also represented by the four-component as

sgn(B)

U(z), =C (e — ™) (1.20)

and

(o) = c | ") (¢ — ere). (1.21)

1

0

In two dimension, modified Dirac Hamiltonian is given by [10]

H = VO Dy + VOypy + (mv® — Bp®) 3
0 o, 0 o, 0 o,
=0 Py + U py + (mv? — Bp?) , o (1.22)
o, 0 oy 0 o, 0

which could be solved similarly to one dimensional case.



1.1.3 Dirac equation in the lattice model and time reversal invariant

In this section, we introduce a lattice model to argue the parity of the energy
dispersion which distinguishes the topological state from non-topological one. The
continuous model discussed in the previous section is the long wavelength limit of the
lattice model, which has a periodic structure. To construct the lattice model, we can

simply replace k; and k? by [10]

1 . 2 2 . 2]@'0/
k; — asmkia, ki — o sin” —-. (1.23)

Note that the lattice model is equivalent to the continuous model in the long wave-
length limit k;a — 0. Using this replacement, we show that whether the system is
topological or not can be judged by the parity.

First, we define the unitary Hermitian parity operator P by

PxP = —x, PpP = —p, Po;P = —a;, PGP = 3. (1.24)

The Dirac equation is invariant with parity P operation.

In one dimension, using replacement (1.23) to the Dirac equation, we obtain

H = Asink,aa, + (A — 4B sin? k;a> B. (1.25)

Eigenvalues and the occupied states are given by

kea\®
Ey = i\/AZ sin? k,a + (A — 4Bsin? ;) (1.26)



and

o Asink,a
\/2E+(E++A—4B sin? kga)
0
0

. E;+A—4Bsin? k””?a
\/2B+ (B4 +A—-4Bsin? Bg2 )

U, = O (1.28)

where © = —io, K is a time reversal operator and K is the complex conjugation.

The Hamiltonian is invariant with parity operation P as described by

PH(k)P = H(—k). (1.29)

However, in certain points I';, it also satisfies

PH(T,))P = H(-T;) = H(T)). (1.30)

In this case, I'; is called time-reversal-invariant (TRI) momenta.
In one dimension, there are two TRI momenta I'y = 0 and I'y; = 7. Now, the

eigenvalue of the parity operator P of |[¥) at TRI momenta is given by

O ka=o = (V1| P|¥1) = sgn(—A), 0|ga=r = (V1| P| V1) = sgn(—A + 4B). (1.31)

Therefore, the parity switches the sign at A = 0 and A = 4B. The Z; index v is

given by the product of eigenvalues of the parity at all TRI momenta,

(—=1)” = 6|ka=00|ga=r = sgn(—A)sgn(—A + 4B), (1.32)

which becomes topologically nontrivial when 0 < A? < 4AB and v = 1.



1.1.4 Topological index by time reversal symmetry

When the system has time reversal symmetry, the Hamiltonian satisfies

H(—k)=0H(K)o™* (1.33)

where time reversal operator © = —io, K and K is the complex conjugation. When

a point I'; satisfies —I'; = I'; + G where G is a reciprocal lattice, it also satisfies

H(;) =6HT;)0™ (1.34)

In this case, I'; is called time reversal invariant momenta. Thus, each eigenstates has
at least two degeneracy, called the Kramers degeneracy. There are also at least two
energy bands Es, 1(K) and Ey,(K) where Es, 1(—k) = Es,(k). This pair is called
Kramers pair.

Here assume that the system is one dimensional and their are 2N energy bands
that contains N Kramers pairs. Int this case, I'; is found at k£ = 0, 7 and the Kramers

pairs satisfy

[uy) (—k) = —™=0 Juy) (k) (1.35)
up!) (k) = €O Juy,) (k) (1.36)
as ©2 = —1, where I or II denote the Kramers pair. Using this, the charge polarization



for band T is given by [5]

PI — /%AI
or  F

BZ
T 0
dk dk
— _AI _AI
/ ok + o F
0 -7
I dk 1
= %Ak 5 Z(Xﬂ',n — Xo.n) (1.37)

0

LI . : : IT LI
where A, is the summation of the Berry connection A" =>" A",

Here we define a (2Nx 2N) matrix w which elements are
Wi (k) = (U (—k)[O|u, (k)) . (1.38)

Then, most of the terms are zero except for

(U (—K)[Ouy () = —e™er (1.39)
(U (=) |Ofuy, () = e (1.40)

which are off-diagonal. The matrix is antisymmetric at £ = 0,7 and its Pfaffian
satisfies

Pflw(r)] .
In m =1 ;(an — Xon)- (1.41)

Substiuting Eq. (1.41) to Eq. (1.37), we obtain [5]

T

1
pl=_— /dkAk—H'ln

:27r

Pflw(r)]

P f[w(0) (1.42)

0
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The time reversal polarization Py is therefore given by

PG — PI _ PII

™

0
B /dkAk—/dkAk+2ilnM

2 / Pf[w(O)]
1 det(w(r) ,  Pflu(x)
= o {1 det(w(0)) 2 Pf[w(O)J (1.43)

which provides

P V/det w(0) /det w(r)
D™ = () Piw) (1.44)

This is the topological invariant in one dimension.

In general case, topological invariant is expressed as

H Vdet F) . (1.45)

1.2 Topological superconductors

Right after the classification of TIs, the concept of non-trivial topological proper-
ties was extended to fully gapped superconductors that could possess a gapless surface

state. This new class of matter is called topological superconductor (TSC)s.

1.2.1 Dirac equation in complex p-wave superconductor

First, we start with the standard BCS model. In BCS theory, the two-body

interaction Hamiltonian is given by [11]

1
H= Z (g,ﬁczck + §Vchch_kck> . (1.46)
k

11



Taking the mean field approximation, the second term can be replaced by

chel e_rer = (chel Ve per + el (eorer) — (chel e rer) (1.47)

and Eq.(1.46) can be rewritten as

1 . -
Hyr = zk:fkczck + 52}; (A C_pCL + ACLCLJ +VhAl?

& A Cr

+ VAP, (1.48)
A* _fk CT_k

1
=3 Zk:(clck)

where A = V{c_jci). Diagonalizing the matrix which is called Bogoliubov-de Gennes
Hamiltonian, we obtain Ey = /& + [A]%.

For an s-wave superconductor with even parity, it is topologically trivial. For an
odd-parity p-wave superconductor, on the other hand, since it cannot be adiabatically
changed to the even parity it is very likely a topological superconductor. Below we
see how the quasiparticle band can be topological.

In a complex p-wave superconductor, for small k£, A, has the form
Ay = Ak, £iky). (1.49)
Substituting Eq.(1.49), the matrix in Eq.(1.48) becomes

&k Ak, £ik,)

A* (kx + Zky) _gk

= Ak,o, F Akyo, + &0, (1.50)

which exactly has the form of Dirac equation (1.4). Note that this energy dispersion
is not for electrons but rather for the quasiparticles. Thus, the edge state is also not

a simple gapless Dirac cone, but a gapless state for quasiparticles, which is called

12



Majorana fermion as shown in the next section.

1.2.2 Majorana excitation in topological superconductors

Majorana fermion is a particle which antiparticle is itself. Majorana fermion

operator -y satisfies

7= (1.51)

Also, as as a fermion, it satisfies

%’Y} + %T% = 0jj. (1.52)

1.2.3 Kitaev model

A simple model to predict Majorana fermions in materials was proposed by Kitaev
[12]. The Kitaev model is a spinless p-wave superconductor in one-dimensional lattice.

The Hamiltonian is given by

N—1
<tczci+1 — Acici + h.c.> : (1.53)

N | —

N
H = —MZCZTCZ-—
=1

= i=1

where p,t and A are chemical potential, hopping amplitude and superconducting
order parameter, respectively. Here we think about the special case where y=0 and

t=A. In this case, the Hamiltonian is given by
;N N1
H= 2 (Ci B Cj) (C”l + CzT+1> = —ut Z YB,iVAi+1; (1.54)

i=1 i=1

where

VB =

(ci - cj) (1.55)

1 t
Taa = 7 (ci + ci> . (1.56)

5
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~va and g are Majorana fermions and satisfy Eq.(1.51). This means that two nearest
Majorana fermions on a lattice site couple to each other. To further clarify this

coupling, a new fermion operator

1
\/5 (7147 +1 VB, ) ( )

is introduced to obtain

-1 1
H=t (@@—5). (1.58)

i=1
Here we realize that v4; and vp y are not included in the Hamiltonian. Indeed, an
operator f = \% (741 + iy .n) has zero energy. This is called Majorana zero mode,

and can be potentially used for error-tolerant topological quantum computing.

1.2.4 Topological superconductivity with time-reversal symmetry and

odd parity

One of the promising playgrounds is odd-parity superconductors. As shown by Fu
in 2010 [13], sufficient criteria for a TSC is (a) odd parity paring symmetry with a full
superconducting gap and (b) the Fermi surface in the normal state enclosed the odd
number of TRI momenta in the Brillouin zone, if the material is a TRI superconductor
with inversion symmetry. This indicates that a topological superconductor nature
could be judged just from the normal state Fermi surface, which is much easier than
knowing the topology of quasiparticle structure.

The proof in [13] is following. We start from the Bogoliubov-de Gennes Hamilto-

nian H (k) in Eq. (1.48) with chemical potential p,

Ho(k) — A(k)
H(k) = = (Ho(k) — p)72 + ATy (1.59)
A*(k)  —Ho(k) +p

Given the parity operator Il = P ® 7,, the Hamiltonian is invariant under II
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(i.e. TH (k)T = H(—k)), since PHy(k)P~' = Hy(—k) and PA(k)P~' = —A(—k) by
definition of odd parity. At TRI momenta I';, the Hamiltonian satisfies [II, H(I")] = 0,
thus the eigenstates of the Hamiltonian |psi,(I';)) is also the eigenstates of II with

the eigenvalue &, (T';) = £1:

I psin(T)) = &u(T5) [1n(T4)) - (1.60)

In this case, the Z5 invariant v has a simpler form [5] as
(1) =[] &n(T). (1.61)

In general, the Fermi surface is not close to I';. In this case, with assuming weak
coupling, H(T';) ~ Hy(T;) since A(T;) is much smaller than Hy(k) — . Thus, the
eigenfunction 1, (I';) ~ u,(I';) where u,(I';) is the eigenstates of Hy(k). This gives
the equation

Em(Li) = pm (L) T (L) (1.62)

where p = +1 and 7 = +1 are the eigenvalues of the inversion operator P and the
particle-hole operator 7,, respectively. Here 7,,,(I';) = 1 if the band is occupied and
Tm(I';) = —1 if the band is unoccupied. In other words, 7,,(I';) = —sgn(en (L) — u).

Therefore, Eq. (1.61) results in
(=1)" = [ pam(To)sgn(n — en(T)) = [L(=1)N" (1.63)

where N(T';) is the number of T'; outside the Fermi surface and unoccupied. Here we
use [[; ,,, pam (i) = det[P] = 1.
The result indicates that the topological invariant g = 1 if N(I'; is odd. Given

that the number of total I'; is even in the Brillouin zone, this indicates the condition
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(b) mentioned above, and the proof is therefore given.

1.2.5 Topological superconductor candidates

In this section, I briefly describe the topological superconductor candidate ma-
terials and their current progress. In sharp contrast to other topological materials
such as TIs, Dirac and Weyl semimetals, the existence of TSCs has not yet been
confirmed. This is mainly due to the fact that not electrons but quasiparticles form
a nontopological band in TSCs.

As shown in the section above, spinless p-wave superconductor possesses Majorana
fermions on its end (1D) or edge (2D). Also, one of the superfluid phase (phase B)
in helium 3 is known to be a 3D topological superfluid which possessed Majorana
fermion on its surface.

There are three candidates of TSCs so far that have been studied intensively:
SroRuOy4, UPts and doped BisSes. For doped BisSes, I will explain in detail in the
latter chapter.

A superconductor SroRuOy4 was discovered in 1994 [14]. SroRuO, was initially
focused on because it has the same layered structure as high T, superconductors.
The direct evidence of spin-triplet pairing was observed by Nuclear magnetic res-
onance (NMR) Knight shift, which does not drop across 7, [15]. Also, the muon
spin rotation (uSR) measurement show that there is an internal magnetic field in
the superconducting state, which means that time-reversal symmetry is broken [16].
Combining these results, SroRuO, is believed to be p-wave superconductor with a
chirality, or in short a chiral p-wave superconductor.

A heavy fermion superconductor UPts was discovered in 1984 [17] with supercon-
ducting 7. = 0.54 K and antiferromagnetic transition 7y = 6 K. In addition, under
magnetic fields the superconducting state has three phases, all of which are likely to

be spin-triplet. UPt3 is another material that is believed to have odd parity super-
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conducting pairing. In contrast to SroRuQOy, the superconducting pairing in UPt;
is thought to be f-wave. Recently the theory proposed the possibility of topological
Weyl superconductivity in UPts [18].

While the superconducting state of SroRuO4 and UPt3 has been mainly focused
to argue the topological superconducting nature, the argument of doped BisSes also
involves a lot of normal state information as discussed later.

More detailed information on topological superconductor candidates can be found

in the review papers [19, 20].

1.3 Dirac semimetals

1.3.1 4x4 Hamiltonian matrix to describe Dirac and Weyl semimetals

(am=b=0 (b)m=1,b=05 (c)m=0.5b=1

Figure 1.2: Energy dispersion given by 4x4 Hamiltonian in Eq. (1.65).
The spectra is shown in E,,(k = 0,k,,k,) plane. (a) m=b=0 (Dirac
semimetal) (b) m=1, b=0.5 (magnetic insulator) (¢) m=0.5, b=1 (Weyl
semimetal) Adapted from [21].

Dirac and Weyl semimetals are similar concepts. Indeed, in condensed matter

physics, Dirac semimetal is the special case of Weyl semimetal. In this section, we
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examine 4x4 Hamiltonian matrix to intuitively understand the difference between
them [22].

Consider a 4x4 Hamiltonian [21]

H = vr(o-k)+mr, +bo,
ml+bo, vo-k
_ (1.64)
vo - k —ml
where o; and 7; are Pauli matrices for spins and pseudospins, m is mass and b is the

intrinsic magnetic field along z direction. Diagonalizing the Hamiltonian, we obtain

four energy bands

Es. (k) = S\/m2 + 0% + v2k? + p2b\/v%k2 + m? (1.65)

where s = £1 and 4 = 1. When m = b = 0, the Hamiltonian is reduced to that in
the Dirac equation Eq. (1.4), resulting in the linear dispersion shown in Fig. 1.2 (a).

If the time reversal symmetry is present but inversion symmetry is not, only at
TRI momenta there is a Kramers degeneracy. Also, if there is no time reversal but
inversion symmetry, the bands are non-degenerate. If both of symmetry exist, the
bands are doubly degenerate and Dirac point is fourfold degenerate. This is exactly
what happens in Fig. 1.2 (a). If one of the symmetry is broken, this degeneracy dis-
appears. For example, in Eq. (1.64), non-zero b corresponds to the internal magnetic
field which breaks the time-reversal symmetry. In this case, the Dirac cone splits into

two opposite handedness Weyl nodes as shown in Fig. 1.2 (c).
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1.3.2 Nature of Dirac semimetals

Indeed, the Dirac semimetals do not show as exotic features as Weyl semimetals
explained in the next section.

While a Dirac semimetal is the special case of a Weyl semimetal, the Chern number
around the Dirac point is zero because it is a superposition of two Weyl nodes with
opposite Chern number. Thus, the degeneracy in the Dirac point is not topologically
protected. On the other hand, the Chern number is +1 for Weyl nodes, which is non-
trivial. Thus, the Fermi arcs expected in Weyl semimetals may not exist in Dirac
semimetals (described in the Weyl semimetal section).

Also, the chiral anomaly could be faint. In Weyl semimetals, two Weyl nodes are
well separated in momentum space, so the scattering rate between nodes is small.
However, In Dirac semimetals, the two points degenerate. Under a magnetic field,
the degenerate Weyl nodes could split apart, but in general, the separation is not
large enough to make the scattering rate small. Thus, the effect of a chiral anomaly

in Dirac semimetals is weak.

1.3.3 Energy band of graphene: 2D Dirac semimetal

Graphene is the best example of two-dimensional Dirac semimetals. From the

tight binding model, the Hamiltonian of graphene is given by

M= cl(k)H(k)c(k) (1.66)
H(k) = (1.67)
fly =1y e, (1.68)

where H (k) is a Bloch Hamiltonian and ¢ is a hopping integral, §,, is the positions of
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nearest neighbor atoms from an atom. For graphene, 4,, is given byd; = a (1,0),09 =

a <_%7 \/75) 03 =a (—%, %g) Therefore, we obtain

, , k
f(k)y=t (elk”“ + 2e7H=a/2 cog #) . (1.69)

Eigenvalues are given by

\/gkya 3k,a
cos )
2 2

ex(k) =2 |f(k)] ::i:t\/3+2008\/§kya—l—4cos (1.70)

The spectrum is shown in Fig.1.3. There are two Dirac points at K = ?,}—Z (1, \%) K =

g—g (1, —\%), where two bands touch to each other. Expanding around K point, we

obtain

FE+k) =t e
~ Y @K1 4 ikd,)
=ikt 0, 0n

= 3tae's (k, — iky). (1.71)

Therefore, Bloch Hamiltonian is given by

HK + ) _ 0 f(K + k)

]
[S][9Y)

B tae’s (k, — ik,) (172)
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Figure 1.3: Energy dispersion of graphene .

Without the phase term, this Hamiltonian has the form H(K + k) = hvsk - o
which is exactly the massless Dirac equation in Eq. (1.4). Thus, around the K point

the system follows the two-dimensional Dirac physics.

1.3.4 3D Dirac semimetals

As mentioned before, Dirac semimetals emerge at the phase boundary between a
band insulator and a topological insulator. This case has been observed in T1Bi(Se;_,S, )2
and (Bi;_,In,)sSes. In TIBi(Se; .S, )2 , TIBiS; is topologically trivial and T1BiSe, is

non-trivial. Topological phase transition happens at X=0.5 [23, 24]. For (Bi;_,In,)2Ses,
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the topological phase transition occurs at around x=0.05 [25]. However, those exam-
ples require fine tuning of stoichiometric ratio.

Another route to realize Dirac semimetals is to take advantage of crystal symmetry.
As a natural crystal, CdzAss and NagBi are proposed to be Dirac semimetals [26, 27].
Soon after the prediction, the existence of Dirac cone has been confirmed by angle-
resolved photoemission spectroscopy (ARPES) [28, 29].

For further details, referring to a recent review article [30] would be helpful.

1.4 Weyl semimetals

1.4.1 Weyl equation

Weyl fermion was first proposed by Weyl in 1929 as a solution to Weyl equation
[31]. Assuming the mass m = 0 in Eq. (1.4), we obtain
h 0 v v (1.73)
th—Vy == ca - . .
apE p¥Y4
where W, = U, + Uy. The Hamiltonian and energy dispersion are H = +cp - 0 and

E.(p) = £cp. This means that the propagation vector and their spin is parallel or

anti-parallel in Weyl fermions, and this nature is called chirality.

1.4.2 Nature of Weyl semimetals

As discussed in the Dirac semimetal section, Weyl nodes appear when one of time
reversal or inversion symmetry is broken. Instead of zero Chern number in Dirac
point, Weyl nodes pair has the opposite Chern number + 1. Since the Chern number
is non-trivial, there are a few topological features expected for Weyl semimetals.

The first topological feature is Fermi arc observed in the surface. This is the
consequence of the bulk-edge correspondence, and when the Fermi level Er=0, the

surface state is a line connecting two Weyl nodes projected to the surface (which
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is called Fermi arc). When the Fermi level is shifted, the Fermi arc still exists and
connects two bands around the Weyl nodes. The existence of Fermi arc in the surface
of Weyl semimetal was confirmed by ARPES as mentioned in the next section.
Another important feature of Weyl semimetal is the chiral anomaly. When a
magnetic field and electric field is applied parallel to the Weyl semimetal, the electrons
can be pumped between opposite Weyl nodes, resulting in the number change of
particles with each chirality, i.e., a chiral anomaly. The chiral anomaly leads to the

negative magnetoresistance (MR) which is proportional to F - B.

1.4.3 Realization of Weyl semimetals

To have Weyl semimetals rather than Dirac semimetals, one of time reversal or
inversion symmetry has to be broken. Various Weyl semimetal without inversion
symmetry is recently proposed and confirmed. In 2015, TaAs type materials (TaAs,
TaP, NbAs, NbP) are predicted to be Weyl semimetals [32, 33], soon followed by
experimental confirmation [34, 35, 36].

The Weyl semimetals without time reversal symmetry are more difficult to find.
Weyl nodes have not been confirmed experimentally, but there are several candidates
such as iridates[37], half-Heusler compounds[38] and Mn3X (X=Sn, Ge) [39, 40].

Further experiments are required to confirm the magnetic Weyl semimetal.
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CHAPTER II

Experimental setup

2.1 Measurement techniques

2.1.1 Torque magnetometry

Torque magnetometry is a very powerful tool that measures the magnetic prop-
erties of materials. When a magnetic field H is applied to the sample, generally
the direction of sample magnetization is slightly different from the magnetic field

direction. Since the free energy with respect to the external field H is given by
F=uVM-H, (2.1)

the free energy is minimized when two vectors are parallel, resulting in generating
torque to align them. This magnetic torque is given by the derivative of F with

respect to the magnetic field tilt angle ¢:
7=pVM x H = poV(M.H, — M,H.)j, (2.2)

where V' is the volume of the sample, H is the external magnetic field, and M is the

magnetization of the sample. When the sample is paramagnetic or diamagnetic and
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not saturating, the magnetization can be described by M=y H, and 2.2 simplifies to

7 = woV (- H.H, — o HoH.)§ = 1oV AxH2sinfcos0, (2.3)

where Ay = x., — xz. Thus, torque is only sensitive to the anisotropy. Since most of
the noise signal is isotropic, torque can be free from background signals. Also note
that, for non-saturating paramagnetic or diamagnetic materials, the torque response
is a function of H? and sin 26.

Among methods for measuring magnetic properties of samples, torque magnetom-
etry is the most sensitive to the quantum oscillation. Also, it can be easily combined
with a rotator, very high magnetic fields (up to 45 T for the capacitive cantilever,
100 T for piezoresistive) and very low temperatures (down to 10 mK).

Usually, magnetic torque is measured by detecting the deflection of the cantilever
on which the sample is mounted. In particular, capacitive and piezoresistive can-
tilevers are most often used. For capacitive cantilevers, the sample is mounted on
the metallic cantilever and magnetic torque is tracked by measuring the capacitance
change between the cantilever and metallic plate beneath it. On the other hand,
piezoresistive cantilevers use the piezoresistive effect: when there is a tension ap-
plied to the cantilever, its resistance becomes larger. Thus, magnetic torque can be
measured by tracking the resistance change.

Advantages and disadvantages of these methods are following. The biggest ad-
vantage of a capacitive cantilever is that magnetic response from the cantilever itself
is negligible since the capacitance mostly depends on the gap size between the can-
tilever and the metallic plate. Due to magnetoresistance, piezoresistive cantilevers
suffer from large background signal under high magnetic fields. Also, the sample
size could be much larger for capacitive cantilevers, resulting in much easier sample

mounting. Furthermore, due to the dissipation, piezoresistive cantilevers cannot be

25



used under high vacuum and low temperature below 2 K. The biggest disadvantage
of capacitive cantilevers is that, however, it requires two coaxial cables to measure
one cantilever. This is because of the 1000 times larger capacitance from the twisted
pairs. Also, the eigenfrequency of capacitive cantilevers is around 1 kHz, which is
orders of magnitude smaller than that of piezoresistive one. This makes capacitive

cantilever difficult to be used in pulsed magnetic fields.

Figure 2.1: Typical capacitive cantilever setup with a transport sample.

In this study, we used the capacitive cantilever. Typical cantilever setup is shown
in Fig. 2.1. The substrate and spacer are made of sapphire. We use 25 pum brass,
75 pm Kapton with a metallic coating and 25 or 75 um Be/Cu for cantilevers. The

cantilever and gold film are connected to the inner coaxial wire by 25 pm gold wires.
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The typical gap size between the cantilever and the gold film is 250 pm, resulting in
a zero field capacitance Cy of 0.5 - 1 pF. The capacitance change was tracked with
a digital capacitance bridge Andeen-Hagerling AH2700A. Typical parameters are 7
kHz and 15 V excitation, 7 averaging times.

The capacitance of the cantilever is given by

A
CO = EOE (24)

where A is the area of the cantilever head and d is the gap between the cantilever and
gold film. When a magnetic field is applied, a torque is generated and the cantilever

is deflected. The deflection can be measured by tracking the capacitance change
AC =C - C (2.5)

where C' and Ad is the change of the gap size.

_ A
= €01 Ad
For small Ad, by Hooke’s Las, we can assume that the torque 7 = kAd, where k

is a spring constant of the cantilever. Also, (2.5) can be approximated as

A A Ad
— e —en——— & (. 2.
AC =g =g = G0y (2:6)

Thus, the capacitance change is proportional to the torque.
The spring constant of the cantilever is calibrated by the gravitational response
or Lorenz force. When the cantilever is rotated with respect to the vertical direction,

the capacitance change due to the gravitational effect is given by
AC = mglsinf = kAd (2.7)

where m is the sample of the mass, g is gravitational acceleration, | is the length
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between the root of the cantilever and the sample and 6 is the angle between the
cantilever arm direction and the vertical direction. Similarly, the spring constant can
be calibrated by attaching a gold wire on to the cantilever perpendicular to the arm

with applied current and magnetic field. The Lorenz force effect is given by
AC = IlBsinf = kAd (2.8)

where I is the current on the wire, B is the magnetic field and € is the angle between
the cantilever arm and the magnetic field. Note that, in the usual case, the field is

always perpendicular to the current.

2.1.2 Electronic transport

Electronic transport measurements are the fundamental techniques to probe the
electronic properties of the sample. For the most basic properties, the longitudinal
resistivity p,, and the transverse resistivity p,, (or the Hall effect) are often measured.

Most of the case, we use the standard 4-wire technique to perform the transport
measurement. Typically four parallel gold wires are attached to the sample by silver
paste. The other end is connected to the socket pins or the twisted pairs on the
probe also by silver paste. We typically use Keithley 6220 as a current source, and
the voltage across the sample is detected by the Stanford Researach SR830 lock-in
amplifier. The typical frequency for the measurement is around 13 Hz to confirm the
D.C. limit.

The schematic diagram of the transport measurement is shown in Fig. 2.2. For
the ideal measurement, the sample shape is regular and has the uniform dimension
of thickness ¢ and width w with well defined sample surfaces. In this case, the
longitudinal resistivity p,.is given by

Vst
= 2.
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Figure 2.2: Typical 4-wire transport measurement setup.

where V is the detected voltage, I is the applied current and 1 is the sample thickness.

Similarly, the transverse resistivity p,, is given by

Vit
pey = =2~ (2.10)

Another way to obtain the resistivity, the Van der Pauw method was also used
as the schematic is shown in Fig. 2.3. To measure p,., the left configuration can be

used. For the square configuration, the resistivity is obtained by

TVt

er = . 2.11
P I'log?2 ( )

Pay can be measured in the right configuration of Fig. 2.3, and it is the same as Eq.
(2.10).

The biggest advantage of this method is that it only requires 4 wires to measure
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Figure 2.3: Van der Pauw setup.

both of p,, and p,,. Also, under magnetic fields, flipping the current and voltage
leads act as if reversing the sign of the magnetic field. Thus, the p,, signal can be

symmetrized without sweeping the magnetic field to the other direction.
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CHAPTER III

Rotational symmetry breaking in the

superconducting state of Nb,Bi,Se;

3.1 Background

Doped Bismuth Selenide (BiySes) is one of the most promising candidates for
topological superconductors since the bulk superconducting state could lead to the
proximity effect on the topological surface state, resulting in the topological super-
conducting state. In this section, I described in detail what has been observed and

proposed in doped BisSes series.

3.1.1 Cu-doped BisSe;
3.1.1.1 Before nematic order

Cu-doped BiySe;z (Cu,BisSes) is the first doped TI that was found to be super-
conducting [41], with T, up to 4 K. The crystal structure is shown in Fig.3.1, adapted
from ref. [41]. The unit cell consists of five atomic layers of Bi and Se, with Cu atomic
layers are intercalated in between acting as a dopant. Thus, it has almost identical
X-ray diffraction pattern as bulk BisSes, in which the crystal structure belongs to
D34 point group. Since a topological surface state could exist even if more carrier

is doped, it would be expected that the bulk superconducting state will lead to the
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Figure 3.1: Crystal structure of Cu-doped Bi,Se;. A unit cell consists of five
triangular atomic layers of Bi and Se, intercalated by Cu layers in between.
Adapted from ref.[41].

proximity effect induced in the topological surface state. Therefore, this system is

one of the promising candidates for the topological superconductivity.

The existence of topological surface state is confirmed in the doped BisSes by
ARPES experiments [42] as shown in Fig. 3.2. While the chemical potential is much
higher than that of the bulk BisSes, doping effect did not affect the shape of the band
structure. Furthermore, as shown in Fig. 3.2 (f), the shape of the bulk conduction
band is best fit by a massive Dirac dispersion model rather a classical parabolic
model. Also, A small bend of the band shown in Fig. 3.2 (f) indicates electron-boson
interaction, which suggests that the superconducting Cooper pair is formed in the

relativistic regime where the chemical potential lies.
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It is not straightforward to grow Cu-doped BisSes single crystals. In the first
report [41], crystals are grown by a usual melt-growth technique in which all the
elements are melt together then slowly cooled down to crystallize. However, the
superconducting volume fraction was limited to 30% in this method, because the lo-
cation of Cu atoms cannot be well controlled, resulting in sitting on Bi sites. Soon
after that, an electrochemical method was used to intercalate Cu atoms and achieved
a shielding fraction around 50% [43]. Later, single crystals with a similar shield-
ing fraction was obtained by melting method [44] and the combination of melt and

electrochemical techniques [45].
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Figure 3.2: ARPES resluts in Cu-doped Bi;Se;. (a)(b) ARPES data from I'
point towards M and K points, respectively. (c) Dispersion along the
z-axis. (d) Well-split bands between the surface and the bulk. (e)(f)
Comparison of classical and Dirac energy dispersion fitting for the bulk
band. (g) The Cooper pair is formed with the presence of non-degenerate
surface state. Adapted from ref.[42].

Stimulated by the discovery of superconductivity in Cu,BisSes, an exotic possibil-
ity of odd-parity topological superconductivity was proposed for Cu-doped BiySez by
Fu and Berg [13]. In this theory, sufficient criterion for a TSC is (a) odd parity paring
symmetry with a full superconducting gap and (b) the Fermi surface in the normal

state enclosed the odd number of TRI momenta in the Brillouin zone, if the material
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is a TRI superconductor with inversion symmetry. The detailed proof is explained
in Chapter I. These criteria are very useful for experimentalists, as they could be
experimentally proved straightforward. In particular, it is noteworthy that criterion
(b) could be checked by probing the band structure in the normal state rather than

the superconducting properties.
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Figure 3.3: Tempearture dependence of upper critical field H., at differ-
ent pressures in Cu-doped Bi,Se;. The theoretical H. calculated
by Pauli and orbital limit is lower than the experimental observation.
Adapted from ref.[42].

The search for odd-parity pairing (criterion (a) above) has been controversial.
ARPES is the best method to directly observe the superconducting gap symmetry,
as used for high-T, superconductors. However, T, of 4 K is too low for ARPES to
elucidate the gap structure. The pressure study shows the absence of Pauli limit
in the upper critical field, indicating the triplet paring [46]. Fig. 3.3 shows the
temperature dependence of upper critical field H., at different pressures. Generally,
the upper critical field is limited by two factors: Pauli limit and orbital limit. The

Pauli limit H,, originates from the Zeeman energy splitting between spin-up and spin-
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down, resulting in breaking the Cooper pair. For a spin-singlet pairing and weak
coupling case, H, =1.84 T, (T/K). For a spin-triplet pairing, since the electrons
in Cooper pairs have the same spin orientation, the Pauli limit is absent. Thus,
the absence of Pauli limit indicates the triplet pairing. The detailed discussion is
described in Chapter IV. Here H, = 6.2 T at ambient pressure. Orbital limit H,
is due to the interference of vortex core, which becomes larger at high fields. If both
limits are present, the resulting upper critical limit is Heo = Hypp/ V1+ a2, where
Maki parameter o = ﬂHorb/Hp [47]. As a result, the calculated H.o is 3.3 (1.4) T
for H|jab(c) orientation. As this is lower than the observed upper critical field, the
authors argued the possibility of p-wave superconductor. However, as discussed in
Chap.IV, with strong spin-orbit coupling, H, could be enhanced by a factor of 2 or
more. Thus, discussing the Cooper pairing by the absence of Pauli limit needs special

care.
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Figure 3.4: Angular dependence of dHvA quantum oscillations in Cu-doped
Bi;Se; and bulk Bi;Se; . (a) Cu-doped BiySes with higher oscillation
frequencies. (inset) The definition of magnetic field orientation. (b) Bulk
BiySes. (inset) Example torque curve at 7' = 0.3 K. Adapted from ref.[42].
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Checking the criterion (b) is more straightforward. Leading experimental tools
are quantum oscillation and ARPES. The first ARPES result was reported by Wray
et al. as mentioned above [42]. One Fermi pocket was observed at I' point. The first
quantum oscillation study on Cu,BisSes was reported by our group in 2012 [48]. Fig.
3.4 shows the angular dependence of dHvA quantum oscillation frequencies for Cu-
doped and bulk BisSes. Due to the doping effect, the bulk conduction Fermi pocket
becomes larger, resulting in the larger oscillation frequency in the doped sample.
Since only one frequency was resolved, together with ARPES results, there should
be only one Fermi pocket at I point. Also, the angular dependence can be fit by the
ellipsoidal Fermi surface model. If this is the case, the Fermi surface only encloses
one TRI momenta, I' point, thus the criterion (b) is satisfied. As the Fermi surface
is ellipsoidal, this case is called 3D topological superconductor. Also, the authors
claimed that the calculated Fermi velocity vg is almost identical between the doped
and non-doped samples, indicating the linear Dirac dispersion.

However, in 2013 Lahoud et al. reported that the Fermi surface of Cu,BisSes could
be quasi-2D rather than 3D [49]. The SdH quantum oscillation data is shown in Fig.
3.5. In Fig.3.5 (¢) the angular dependence of oscillation frequency for different doping
level is plotted. When the doping level is below n 10'/cm?; the curve can be well
fit by the 3D ellipsoidal model. However, the sample with n~10%° /cm? rather shows
quasi-2D curve. If this is the case, the Fermi surface contains two TRI momenta, I’
and Z points. If so, the system is no longer a 3D TSC, but rather a 2D-like weak
TSC. In the same paper, they observed the similar evolution of Fermi surface by
ARPES, concluding that the topology of Fermi surface depends on the doping level.

Similar results were reported by our group by dHvA quantum oscillation study|[50].
The angular dependence of quantum oscillation is shown in Fig. 3.6. Ellipsoidal fits
given by F(¢) = Fy(cos®¢ + (2—3)2 sin2q§)*% are shown by dashed lines. For many of

them, the quantum oscillations were observed up to 90 degrees and the behavior can
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Figure 3.5: Angular dependence of SAH quantum oscillations up to high
angles in Cu-doped BiySe;. (a) Example Resistance vs magnetic field
curve showing SdH oscillation. (inset) FFT data obtained from the same
curve. (b) Temperature dependence of oscillation after background sub-
traction. (inset) Temperature dependence of FFT amplitude. (c¢) Angular
dependence of oscillation frequencies, indicating the 2D Fermi surface for
the highly doped sample. Adapted from ref.[49].

be well explained by the ellipsoidal model. However, for some of them, the quantum
oscillation could be observed only up to below 60 degrees, and the calculated k% by
the ellipsoidal model is 4.69 nm~! which is larger than the Brillouin zone height of
3.28 nm~!. Thus, it is very likely that the Fermi surface bottom and top are connected
and encloses a I' point.

There is another evidence that suggests the existence of the topological super-
conducting state. Point-contact spectroscopy measurements showed a zero-bias con-
ductance peak [51] (shown in Fig. 3.7). In Fig. 3.7(a) and (b), within the super-
conducting gap, dI/dV curves show a clear peak around zero bias. This indicates
the signature of Andreev bound states in the surface, which is consistent with the
existence of surface Majorana fermions as explained later by theories [52, 53]. This
result motivated researchers to further study this system.

However, the scanning tunneling microscopy spectrum [54] is shown in Fig. 3.8.
Based on the shape of the spectra, the curve can be well explained by the s-wave BCS
model. Moreover, the zero-bias conductance peak observed in the point contact spec-

troscopy completely vanished in the tunneling spectrum (Fig. 3.8(b) and (d)). The
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Figure 3.6: Angular dependence of dHvA quantum oscillations up to high
angles in Cu-doped Bi;Se3. Some of the samples with higher doping
level show open Fermi surface behavior. Adapted from ref.[50].

zero-bias peak was observed only when the tip is crashed into the sample, resulting

from Josephson tunneling as shown in Fig. 3.8 (c).

Very recently, the zero-bias conductance peak (ZBCP) was observed by scanning
tunneling microscopy (STM) in Cu-doped BiySes [55]. Fig. 3.9 shows the STM dI/dV
spectra at the vortex core center and the surrounding region. The spectra taken along
with two cuts (indicated in (a)) are shown in Fig. 3.9 (d) (cut 1)and (e) (cut 2). Green
numbers indicate the distance from the vortex core. As shown in red, at around the
vortex core the ZBCP was observed, where the ordinary superconducting spectra were
observed in the surrounding region. Fig. 3.9 (f) shows the magnetic field dependence
of the superconducting gap (surrounding region, blue) and the ZBCP (vortex core,
red). The suppression of ZBCP was observed at high fields, which is consistent

with the existence of Majorana mode observed in BiySes thin films grown on NbSes

substrate [56]. Also, the authors reported the nematicity in the superconducting state
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Figure 3.7: Zero-bias conductance peak measured by point contact spec-
troscopy in Cu-doped Bi,Se;. (a) Point-contact spectrum at different
temperatures. (b) Narrower range of (a). (¢) The magnetic field depen-
dence of point-contact spectrum at T = 0.35 K. Adapted from ref.[51].

which is described in detail in the next section.
In addition, recently ZBCP was also observed in Nb-doped BisSes using the An-

dreev reflection spectroscopy device[57]. These results shed light again on the Majo-

rana mode in doped BisSes series.

3.1.1.2 A nematic superconductivity

More recently, many groups have reported the signature of the exotic feature, a
nematic order, in the superconducting state in Cu, Sr and Nb-doped BiySes. The first
report was Knight shift measurement by NMR [58]. Fig. 3.10 shows the temperature
dependence of knight shift drop with the different magnetic field orientation. When
the field is applied parallel to a or c-axis, the knight shift drops below T., which is
consistent with the spin-singlet paring. However, when the field is applied to [110]
direction, no Knight shift drop was observed, which indicates the spin-triplet paring.
The angular dependence of Knight shift drop in the basal plane is shown in Fig.
3.11. The observed two-fold symmetry in spite of the three-fold symmetric crystal
structure indicates the spin-rotational symmetry breaking in the superconducting

state. Furthermore, above T, the Knight shift becomes temperature-independent,
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showing superconducting gap. (¢) STM spectrum with the tunneling tip
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indicating that the rotational symmetry is broken only in the superconducting state.

The simple interpretation is that the pairing symmetry is spin-triplet odd-parity, but

the angular momentum of spin is pinned to certain crystal axis.

Slightly after the Knight shift report, a specific heat measurement of Cu,BisSes
under magnetic fields was also found to show two-fold rotational symmetry breaking
[59]. Fig. 3.12 (top) shows the angular dependence of specific heat change under
magnetic fields. At 0.3 T, the system is in the superconducting state, and the specific
heat shows clear two-fold symmetry. At 3 T, which is well above the critical field, the
specific heat becomes almost independent of magnetic field orientation. Rotational
symmetry breaking was also observed in the upper critical field, as shown in Fig.
3.12 (bottom). These results indicate that the superconducting gap function also has
two-fold symmetry.

The same rotational symmetry breaking was also observed in similar compounds,
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as mentioned in the latter sections. In particular, in this study, we focused deeply on
Nb-doped BisSes. The details of our rotational symmetry breaking measurement as
well as its potential origin will be discussed in Chapter ?7.
Also, as mentioned above, Tao et al. observed the anisotropic superconducting
gap by STM [55]. The dI/dV spectra with different magnetic field orientations are
shown in Fig. 3.13(a) (B =0.5 T) and (c¢) (B = 1.0 T), respectively. As shown, the

superconducting gap size is clearly angular-dependent. Angular dependence of the

gap size is shown in (b)(d), where two-fold symmetry is observed.
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Figure 3.10: Knight shift in Cu-doped Bi,Se; showing in-plane anisotropy.
(a) Temperature dependence of In-plane Knight shift. (b) Temperature
dependence of Knight shift with magnetic field applied parallel to c-axis.
Adapted from ref.[58].

Stimulated by the observation of rotational symmetry breaking in the Knight shift
[58], Fu further investigated the possible superconducting pairing symmetry in this
system [60]. Before this theory, as mentioned in Chap. I, Fu and Berg predicted
that the odd parity superconductors with odd TRI momenta possess the topological
superconducting state [13]. In the same paper, it is argued that among four possible
pairing potentials A;-Ay (table 3.1), only Ay shows the odd parity with a full gap.
The pairing potentials A;-A4 also correspond to one the representation of the Dsy
point group of the crystal structure, so in this case, A, representation has been

intensively focused on.

Table 3.1: Pair pottential proposed for doped BiySes. Adapted from [20].

Pair potential Representation Parity  Spin Energy gap
Ay =1Ags, Ay Even  Singlet Isotropic full gap
Ay = 1Agoys,s, Aqy Odd  Triplet Anisotropic full gap

Point nodes at poles,

Az = iAgo,s, Ay, Odd  Singlet orbital triplet

Point nodes (Ay,) or gap

Ay = iAoy 5,5, E Odd Triplet | i ima on the equator (Agy)

Fu’s new theory [60] took into account the hexagonal warping term in the Hamilto-
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nian, resulting in the full superconducting gap with spontaneous rotational symmetry
breaking in the A4 pairing. This is because, among A;-Ay, only Ay is multidimen-
sional and thus could be nematic. We briefly follow Fu’s proof in [60] here.

First, consider the model Hamiltonian of Cu,BisSes with fully rotationally invari-

ant as

Hy = Z ch [v(kpsy — kysa)ow + vkooy + Mo, — p] ck, (3.1)
k

where the chemical potential g is in the conduction band due to the Cu doping.
Additionally, in the Ay (=F,) pairing, the spin-triplet pair has a in-plane zero-total
spin along the direction n = (n,,n,), which is defined as a nematic vector. Then, the
pair potential V, is given by V,, = n,V, +n,V,, where V, = iAo(cJ{Tch — chcgi) and
Vy = AO(CJ{TC;T + CLC;¢)-

The superconducting gap d,(k) is obtained by diagonalizing the Hamiltonian
Hsc = Hy + V,, resulting in §,, = A\/%g+ (/2-71)2, where A = Aom
and k = (Vky, VEy, vk,)/ \/m Thus, the superconducting gap has two point

nodes if k, = 0 and k is perpendicular to n.

43



UoHo (T)

Hllab, 0.6 K
60 0 60 120 180 240

].5 | | L 1 L 1

Figure 3.12: Anisotropy observed in specific heat measurement in Cu-doped
Bi,Ses. (top) In-plane angular dependence of specific heat for the nor-
mal state and the superconducting state (bottom) In-plane angular de-
pendence of the modulation of the upper critical field H., determined
from specific heat. Adapted from ref.[59].

However, since the Hamiltonian is fully rotationally invariant, it does not reflect
the crystal structure of the material. Thus, Fu further added the hexagonal warping
term to represent the Hamiltonian in doped Bis Ses. The new Hamiltonian H is given
by

H=H,+ X\ Z(k‘i + k) clo.s.cn (3.2)
k

where ki = k, £ tk,. After diagonalizing the Hamiltonian Hgc = H + V,,, we ob-

tain the superconducting gap 9, = A\/ 1 — [k - (2 x n)]2, where k satisfies the Fermi

surface condition p = \/m2 + v (k2 + k2) + A2(k3 + k2)? + 02k2. Thus, the super-
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Figure 3.13: Anisotorpic superconcucting gap observed by STM in Cu-
doped Bi,Se;. (a) dI/dV spectra for different magnetic field orienta-
tions at H=0.5 T. (b) Angular dependence of the superconducting gap
at 0.5 T. (a). (c)(d) The same plot as (a)(b) except for the applied mag-
netic field of 1 T. (e)Magnetic field dependence of the superconducting
gap size with different field orientations.(f) Magnetic field dependence of
oscillation amplitudes of the superconduting gap. Adapted from ref.[55].

conducting gap 9,, has a node if

1=k-(zxn)|=n-(kx2). (3.3)

For K, = 0, from the Fermi surface condition, this is met only when &% + k% =0
(which is satisfied when k is parallel to the crystal axis) and n || k.

Now, the A, pairing splits into two cases. When n vector (or nematic vector) is
parallel to the crystal axis, there is point node and the order parameter is called Ay, .
If the nematic vector is parallel to the mirror plane (i.e. perpendicular to the crystal

axis), there is no node in the superconducting gap, and the order parameter is called

Ayy.
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Figure 3.14: SAH quantum oscillation study on Sr,Bi,Ses. (a) Example curve
of oscillations in the longitudinal conductance. (b) Landau fan plot
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[61]
3.1.2 Sr-doped Bi,Se;

Since the discovery of superconducting Cu,BisSes in 2010, this system has been
studied intensively. However, newer doped BiySes systems, namely Sr- [61] and Nb-
BisSes, have their own advantages and have been attracting growing interest. First,
Cu,BisSes is intrinsically not a clean system. The highest volume fraction is 50%,
and due to the dirty cleaved surface, it is difficult for STM to fully understand the
superconducting nature. Also, the system is known to be air-sensitive, thus preparing
and storing the sample always require special care. Since the sample quality highly
depends on the growth condition, the nature of Cu,BisSesz has not been concluded
yet.

The first Sr,BisSes was reported in 2015 [61], with x= 0.06, T, = 2.5 K and
the superconducting volume fraction of 90%, which is much higher than that of Cu-

doped samples and confirms the bulk superconductivity. Later high volume fraction
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Figure 3.15: ARPES data on Sr,Bi;Se;. (a) Bulk data with doping level x = 0.
(b) x=0.05 (c) x= 0.08 (d) x = 0.12. Adapted from ref. [61]
was also confirmed by muon spin rotation experiments [62]. Slightly higher T, of
2.9 K was reported when x=0.1 by Shruti et all [63], in which the samples are well
characterized by transport and magnetization study. Also, the sample is reported to
be more robust against air exposure than Cu-doped one. Thus, it is easier to study
the Sr-doped system. Moreover, the carrier density n & 2 x 10 /cm™3 was reported,
which is much smaller than that of Cu-doped one [61]. Thus, the Fermi level is closer
to the Dirac point, and the effect of topological nature is expected to be stronger.
The topological nature was observed by the half-integer Berry phase extracted
from SdH measurement [61], followed by the ARPES [64, 65] that confirmed the
existence of the surface state. Fig. 3.14(a)(c) shows the SAdH quantum oscillations

from longitudinal and transverse conductance after background subtraction at T =
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0.35 K up to 35 T. The Landau fan plot is shown in Fig. 3.14 (b)(d). The Berry

phase v could be obtained by the linear fitting

n=F/B+~ (3.4)

where F (T) is the frequency of oscillations. From linear fitting, the obtained

Berry phase is close to 0.5, indicating the existence of Dirac fermions.

1.0

o (MOcm)

Figure 3.16: In-plane anisotropy of the upper critical field H., in Sr,Bi,Se;.
(a) Magnetic field dependence of resistivity with different field orienta-
tion (H || a,a* and ¢) at T'= 2 K. (b) The same plot as (a) at "= 0.3 K.
(c) Upper critical field vs temperature plot for different field orientations
for doping level x = 0.1. (d) The same plot as (c) for x = 0.15. Adapted
from ref. [66]

Fig. 3.15 shows the Low energy ARPES spectra with different doping level. The

Dirac-like surface state remains from the bulk (a) up to x=0.12 doping (d). The
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Figure 3.17: Two-fold symmetry of magnetoresistance in the superconduct-
ing state of Sr,Bi,Se; with Corbino setu. (a) Temperature depen-
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tion determined from Laue diffraction pattern. (d) Angular dependence
of magnetoresistance in the superconducting state at 7' = 1.9 K and H

= 0.5 T. Adapted from ref. [67]
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Dirac point lays at the binding energy of 290 meV below the Fermi level (x=0) and
becomes lower at higher doping. This trend is consistent with the bulk carrier density
obtained by the Hall measurement [61, 63]

The nematic order was observed in Sr,BisSes as well. The first observation of
rotational symmetry breaking was reported by measuring the anisotropy of the upper
critical field by electronic transport [66]. Fig. 3.16 (c¢)(d)shows the upper critical field
vs temperature with different field orientations. While the critical field value H. is
almost the same when the field is applied parallel to ¢ or a* (which is perpendicular
to a) axis, H is almost three times larger. Indeed, the anisotropy of critical field
H¢ /HS for other doped BisSes is less than two, which is much smaller than Sr-doped
one. This makes Sr,BisSes more interesting.

There is a possibility, however, that the anisotropy is induced by the electric field
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Figure 3.18: Temperature dependence of upper critical field H., at different
pressures in Srg15BisSes. (left) Magnetic field is applied parallel to
the crystal axis. (right) Magnetic field is applied perpendicular to the
crystal axis (parallel to the mirror plane). Adapted from ref. [68].

as it intrinsically breaks the rotational symmetry. To exclude this possibility, Du et
al. tested the angular dependence of critical field H. using a Corbino-shape setup
[67]. The inset of Fig. 3.17 (b) shows the Corbino ring setup. In this configuration,
the electric current flow is isotropic, so the rotational symmetry is not broken by the
current. Though, as shown in Fig. 3.17 (d), the strong anisotropy of H. was still
observed. The author also reported, however, that the nematic axis could be either
parallel or perpendicular to the crystal axis. Thus, the origin of the nematicity has
to be carefully studied.

The large in-plane anisotropy of the upper critical field was observed under pres-
sure as well, further suggesting the multicomponent order parameter [68]. In Fig.
3.18, the critical field vs temperature with different magnetic field orientations is
plotted. Indeed, at 7" = 0.3 K, the anisotropy of critical field H%/H% =5 under high
pressure (2.2 GPa), which is even enhanced from 3.2 at the ambient pressure.

Prior to this work, the reentrant superconducting state under very high pressure
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was reported [69]. The high pressure was achieved by a screw-pressure-type diamond
anvil cell. The temperature dependence of resistance under different pressure. is
shown in Fig.3.19. At low pressure, the superconductivity is suppressed, but above
6 GPa the sample becomes superconducting again with higher 7, of 5 K, then T,
becomes even higher above 15 GPa. They also tested the X-ray diffraction measure-
ment at high pressure. The ambient rhombohedral phase (R — 3m) is persistent up
to 5.7 GPa, above which a monoclinic phase (C2/m) starts to appear followed by the
tetragonal phase (/4/mmm) above 25 GPa. The similar structural transition from

rhombohedral to monoclinic was also observed in the bulk BisSes.
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Figure 3.19: Temperature dependence of resistance at different pressures
in Sry;Bi;Se3;, showing the reentrant superconducting state.
(a) Low-pressure region. (b) High-pressure region. (c¢) Narrowed range
showin in (b) to show the reentrant superconducting state at high pres-
sures. (d) The second run with the maximum pressure of 80 GPa.
Adapted from ref. [69].

However, more recently Manikandan et al. reported the pressure study on SR,BisSes
suggesting the possibility of conventional superconductivity [70], as the pressure de-
pendence of superconductivity is well explained by the conventional superconductors.

Also, they did not observe the reentrant superconducting state under high pressure
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Figure 3.20: Anisotropic superconducting gap of Sr,Bi,Se; . (a) The STM
image of Sr;BisSes. (b) The STM spectra takan along with the arrow
indicated in (a). (c¢) Averaged STM spectrum shown in (b). (d) Fitting
of dI/dV spectrum by different modeling types. Adapted from ref. [71].

(up to 8 GPa) observed in ref. [69]. They argue that this is possibly because of the

Sr atom concentration difference, but also claims that the hydrostatic pressure result

is more reliable than that from diamond anvil cell.

From STM, the superconducting gap is observed to be slightly anisotropic [71].
Fig. 3.20(b) shows the spatially resolved tunneling spectra along the arrowed line
shown in (a). The data was taken at T'= 0.4 K and ;=102 pA. As shown, the gap
structure is slightly anisotropic. The averaged spectrum shown in (b) is plotted in
Fig.3.20 (c¢). From theoretical fitting, the spectra are well fit by the double gaps (s +
anisotropic s). This could be the origin of rotational symmetry breaking observed in
doped BisSes series rather than the triplet paring. However, the authors also argued

that the possibility of two-fold gap functions cannot be ruled out. Also, notably
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no zero-bias conductance peak from the surface Andreev bound state was observed,
which is consistent with the result from Cu-doped one [54]. This is not consistent
with the theoretical prediction for 3D TSCs [52, 53], suggesting that the behavior
cannot be explained by bulk TSC theory.

Finally, the thin film of Sr,BiySe; was grown on SrTiOjz (111) substrate using
molecular beam epitaxy (MBE) [72]. Authors report that while the carrier density of
the thin film is similar to that of the bulk crystal, no superconductivity was observed,
indicating that the superconductivity of bulk samples may arise from the crystal

structure of bulk modified by doping.

3.1.3 Nb-doped Bi,Se;

While Nb,BisSez is the newest member of doped BiySes family, it has been at-
tracting growing interest these days. The first report of this material is reported by
Qiu et al. [73]. The basic physical properties are shown in Fig.3.21. The same as
other doped BisSez, Nb atoms are intercalated within atomic layers of Bi or Se. The
ARPES data is shown in (c), confirming the existence of a Dirac point. The Dirac
point as well as the bulk conduction band Fermi pocket was observed around the I’
point, similar to bulk and doped BisSes. A critical temperature T, of 3.6 K is also
similar to other series as shown in (e). In addition, the measured volume fraction
was close to 100%, which is much larger than Cu-doped one and similar to Sr-doped
samples, making this compound more attractive.

Despite that Nb-doped BisSes is very similar to the other doped BisSes, Nb ions
also show magnetic moment. In Ref. [73], the authors claim the magnetic ordering
at low temperatures. However, no magnetic ordering has been observed down to 7
in the later report [74].

Soon after the discovery of superconducting Nb,BisSes, a dHvVA quantum oscil-

lation study was reported by our group [75]. The angular dependence of oscillation

93



H=0

0 50 100 150 200 250 300

T(K)
30T T T T
% (,ll) T.~32K
° o |
» £ H=0
* Hiab | C zof i
=
o.... o. 2
'.. ® :’
Hilc "o e ~ H=5kOe
® 2 10k E
o ©
.l 1 i L L
20 2.5 3.0 35 20 25 30 35 40
H (kOe ) T.(K) T(K)

Figure 3.21: ARPES adn other physical properties of Nb,Bi;Se;. (a) The
bulk Brillouin zone of BisSe; crystals. (b)(c) ARPES data for a BisSes
and Nbgo5BisSes crystals, respectively. (d) Temperature dependence
of resistivity from 2 K to 300 K. (e) Narrowed range of (d) around
the superconducting transition. (f) Magnetoresistance curves with two
different field orientations. (g) Temperature dependence of upper critical
field H., for two field orientations. (h) Specific heat vs temperature plot.
Adapted from ref. [73].

frequency from two samples is shown in Fig. 3.22. Similar to other doped BisSes, the
ellipsoidal Fermi pocket was observed, as shown by the solid fitting line. However,
in sharp contrast to Cu- or Sr-doped compounds which only have one Fermi pocket
around the I' point, an additional branch was observed close to in-plane field orien-
tation. Moreover, this branch shows the anisotropic in-plane angular dependence. It
is not yet clear if the multiple frequencies originate from the multiple Fermi pockets
or not. If the anisotropic frequency dependence reflects the anisotropy of the Fermi
surface around the I point, this may indicate the origin of nematic order observed in
this system. One weird thing is that the angular dependence of the second frequency
does not seem to be symmetric along the plane. The details are discussed in the next

chapter.
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Figure 3.22: Angular dependence of dHvVA oscillation frequencies of
Nb,Bi;Ses;. The data are taken at T = 0.3 K. The solid lines indi-
cate the ellipsoidal fitting. Adapted from ref [75]. [73].

The first evidence of rotational symmetry breaking in Nb,BiySe; was reported
by our group, using torque magnetometry technique to measure the anisotropy of
supercurrent and susceptibility [76]. This result is one of the main topics of this
study, as described in detail in the next chapter.

Later, the nematic feature in the superconducting state of Nb,BisSe; was reported
by the transport measurement [74]. Similar to the report by Pan et al. [66], when
the magnetic field is applied in-plane, the magnetoresistance shows two-fold symme-
try as shown in Fig.3.23 (left) 3.23. Furthermore, by magnetization measurement,
they plotted the angular dependence of upper critical field, irreversibility field and

magnetization. In the right figure, solid lines are theoretical fitting [60, 77]

_ H.(0)
\/cos2p + [2sin%¢’
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where I' is a parameter.
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Figure 3.23: In-plane two-fold angular dependence of upper critical field,
irreversibility field and magnetization in Nb,Bi;Se;. (left) An-
gular dependence of magnetoresistance at 7' = 0.34 K. B,C and D in the
figure indicate when the magnetoresistance reaches 50, 75 and 90% of
the normal state resistance, respectively. (right) Angular dependence of
(a) upper critical field determined by magnetization, (b) irreversibility
fields, (c) magnetization and (d) irreversibility field in magnetization.
Adapted from ref. [74].

From the penetration depth measurement, the power-law temperature dependence
of Af was observed as shown in Fig. 3.24. If the superconducting gap is a full gap
(i.e. no nodes), the temperature dependence of penetration depth should show the
exponential behavior as similar to the specific heat measurement. However, the data
shown in Fig. 3.24 is well fit by the parabolic fitting (red line), suggesting that the
superconducting gap has a point node. This observation is consistent with the Ay,
order parameter mentioned above. The data is also fit by the BCS full gap model as
shown in the dashed lines, showing the clear deviations.

It is noted that there is a possibility that the lowest temperature of 0.1 T7'/T,

is too high to exclude the possibility of line nodes. Further experiments at a lower
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temperature would be helpful to understand the superconducting ground state of this

system.
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Figure 3.24: Temperature dependence of penetration depth in Nb,Bi;Se;s.
Adapted from ref. [78].

3.2 Results

In this section, I describe the details of our nematic study on Nb-doped BisSes by

Torque magnetometry.

3.2.1 Experimental details

X-ray diffraction on single crystals was used to determine the crystal orientation.

As the dopant atoms are intercalated between Bi-Se layers, the x-ray diffraction

pattern from doped BisSes is almost identical to bulk i;Ses. The observed peak at 2

= 43.7 ° corresponds to the (110) plane, determining the in-plane crystal orientation.

The free energy with respect to the external field H is given by F = ,MOVM “H.
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Thus, Magnetic torque is given by the derivative of F with respect to the magnetic
field tilt angle ¢: F:/LQVM x H, where V is the volume of the sample, H is the external
magnetic field, and M is the magnetization of the sample. Torque magnetometry is
thus a thermodynamic probe that measures the free energy directly.

The sample was mounted standing up on its edge to measure the in-plane anisotropy
as shown in Fig. 3.25 (A). The cantilever was rotated with respect to the magnetic
field. In the most general case, the dominating term of the magnetic torque response

is a periodic function of double of the azimuthal angle ¢:

1 .
Togp = §M0VH2{(Xaa — Xbb) SIN 20 — 2Xap COS 200} (3.6)

Here M; = Xjx;;H;. This is the case for the paramagnetic material, but for the
magnetic materials, two-fold symmetry is still the most dominant if the symmetry of
the crystal structure is low.

If the system has higher symmetry (e.g., cubic, tetragonal, hexagonal---), since

Xaa = Xob and X = 0, therefore 74 = 0 . In this case, the next leading term is

Tong = A2n¢> sin 2n(¢ - ¢0)7 (37)

where n depends on the crystalline symmetry: For example, n = 2 for the tetrag-
onal lattice or n = 3 for the hexagonal lattice. This could be understood as following.
By definition, the torque becomes zero when the magnetic free energy is at the ex-
trema. This is satisfied only when the magnetic field is applied to the symmetric axis
of the crystal. Thus, the torque becomes zero every 45 degrees for tetragonal lattice,
for example, resulting in sin4d¢ dependence. In other words, the number of zeros in
the angular dependence of torque reflects the symmetry of the sample.

The rotational symmetry breaking in the normal state was detected by the torque

magnetometry in tetragonal URuySis or BaFey(As;_,P.)2 [79, 80]. At high temper-
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ature, sin4¢ is dominant as the system is tetragonal. However, at low temperature
sin 2¢ becomes dominant, indicating that the rotational symmetry is broken at low
temperature.

Instead of a tetragonal lattice, Nb-doped BisSes has trigonal lattice, as shown in
Fig. 3.25(B) which looks down the c-axis. In our experimental setup, the magnetic
field is applied in the hexagonal plane to detect the in-plane anisotropy. As described
above, for the paramagnetic trigonal systems in a normal state, the angular depen-
dence of torque is expected to follow sin 6¢, with zero torque at every 30 degrees
along the crystal axis or mirror plane. Here azimuthal angle, ¢, is determined as the
angle between the magnetic field and the mirror plane.

Fig.3.25(C) shows the superconducting volume of our Nb,BisSes sample close to
100 %, which is much higher than CuzBis;Ses samples.

The rotational symmetry breaking measurements are done in SCM1 (Dilution
fridge) and SCM 2 (Helium 3) in National High Magnetic Field Laboratory, Tallahas-
see. The example torque curves in the superconducting state is shown in Fig. 3.25
(D). The magnetic field dependence of torque at T = 0.3 K is plotted at every 30
degrees. Since the critical field of this ample at T = 0.3 K is around 0.6 T, 1 T is
high enough to fully suppress the superconductivity and measure the normal state
nature. Thus, the magnetic field is swept up from H = -1 T to 1 T, then swept
back to -1 T to track the angular dependence of the superconducting hysteresis loop,
which indicates that the sample is a type-II superconductor. As explained in the
latter section, it is found that the symmetry of the hysteresis loop is consistent with
that of the superconducting magnetic susceptibility, thus can be used to probe the

rotational symmetry breaking of the superconducting state.
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Figure 3.25: Experimental setup and sample torque curve of Nb,Bi,Se;. (A)
Torque magnetometry setup. The magnetic field is applied in-plane to
detect the anisotropy. (B) Crystal structure and field orientation. The
magnetic field is applied with azimuthal angle ¢ away from the mirror
plane. (C) Temperature dependence of Meissner effect, showing large
superconducting volume fraction. (D) Example torque curves at every

30 degrees at T' = 0.3 K.

3.2.2 Rotational symmetry breaking in susceptibility

To probe the symmetry of the sample in a superconducting state, we first measure
the symmetry of magnetic susceptibility in both a normal state and a superconducting
state. However, as we measure the anisotropy of susceptibility Ay rather than the
susceptibility y itself, we define the effective susceptibility as following. First, since
the torque 7 is given by 7 = M X poH, My, the effective magnetization M.rs and

the effective spontaneous magnetization AM,y; is given by

60



Normal state

( ) T T T T T T (B) T T T T T T T (C) 8 ——
40 - o i < 08T © < L1 T=03K 1
=121 r T S[°,08T % N K E
i : : qo3 f
~ 37 HE 1 2 [ a e S s —
] <4 o 4
E o bm = myzf = I S RS B A ]
[ 20 F eff + H 4 % LTI °5 S 3 1
N -5F e B
2, 10 1 =7 8 ¢ £l
— ; e 1 . . \ \ . \ \ w S S S S R R
~ o - - X_dM/dH_ 0 60 120 180 240 300 360 Oo 1 2 3 4 5 6 7 8 9 10
Io ===" Angle (degree) Harmonics of n
. .
s -0t 1 (D) (E)
" 1 B 00T ] z o0
—~ . k=l
=S 20+ B ‘100 005T % 100
£ D © ° e
T z ] ‘n 3 & ° s}
301" M.=T/uH 1 % oF e v & e ° 3 %
M = TJL[OH | I of .::.' . % : o © ‘E’ 60}
— /2 3 ., (ﬁ)& ° o k=)
-40 1 M _(MT+M) 1 1 M -% oy ¢ O@@ %L 407
1 £
10 -05 00 05 10 100k . £ o
w
HOH (T) 60 0 60 120 180 240 300 360 * 00 T s A s 6 7 8 o 10
Angle (degree) Harmonics of n

Figure 3.26: The angular dependence of effective magnetic susceptibility of
Nb,Bi;Se; in a normal state and superconducting state. (A)
The definition of M, AM, and x, which detail is explained in the main
text. (B)Angular dependence of effective susceptibility x in a normal
state at 0.3 K, showing the trigonal lattice symmetry. (C) The Fast
Fourier Transform (FFT) plot of data in (B). (D) Angular dependence of
effective susceptibility y in a superconducting state at 0.3 K, indicating
the lower rotational symmetry compared to the normal state. (E) FET
plot of the data shown in (D).

Mi = Ti/vuoH, (38)
Mgy = (My + M_)/2 (3.9)
AMegp = (M — M_)/2 (3.10)

where 7, and 7_ are the torque with increasing and decreeing magnetic field sweeping,

respectively as shown in Fig. 3.26 (A). Note that, since 7 could be negative by
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definition, effective magnetization M.s; and My could be negative as well. This
could be understand more easily in the case of effective susceptibility. Similarly to

A DM, effective susceptibility x is given by the derivative of AM:

dMcys

= —— 3.11
X = H (3.11)
If the sample is paramagnetic and has low crystal symmetry, the torque is given

by equation 3.6. Thus,

X = Axsin2¢ (3.12)

where Ax = Xaa — Xo and assume the susceptibility tensor is diagonalized. As
shown, x(¢) includes the angular dependence, thus it could be either positive or
negative. In our case, we could define xy = Ax sin6¢, but since Ay is a higher order
term, the value of Ay does not have much meaning. Also, since we are interested in
the angular dependence of magnetic susceptibility, it is more convenient to explicitly
include ¢ dependence in x. These definitions are shown in Fig. 3.26.

As mentioned above, about 0.6 T is enough to suppress the superconducting state
and let the sample enter the normal state. Thus, in this regime, 7, and 7_ as well
as M, and M_ overlap with each other. Beam model shows that the contribution
from the supercurrents induced by the magnetic field sweeping up and down are
the same. Thus, AM == (M, + M_)/2 and x = #‘é% correspond to the intrinsic
magnetic magnetization and susceptibility, respectively. The angular dependence of
susceptibility in the normal state and the superconducting state is measured at T' =
0.3 K over an angular range of 200 degrees. Also, since rotating the magnetic field
180 degrees is identical to the sign reversal of the magnetic field, the negative field

sweep data at angle ¢ was treated as the positive data taken at ¢ + 180° to cover

more than 360 degrees.
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The angular dependence of the normal state susceptibility y at high fields are
shown in Fig. 3.26 (B). The data are taken at H = 0.8 K so that the superconductivity
is fully suppressed. y is a periodic function of 60 degrees and can be well fit by sin 6¢.
This is consistent with Eq. 3.7 with n = 3, indicating the trigonal symmetry of the
sample in the normal state. The Fast Fourier Transformation (FFT) data of Fig.
3.26 is shown in Fig. 3.26 (C). The dominant 6¢ component clearly indicates that
the rotational symmetry in the normal state of the system is not broken and trigonal.

Determining the symmetry of the superconducting state by susceptibility requires
more care since the superconducting state is not paramagnetic. However, we could
use the similar analogy to the hexagonal ferromagnetic material which torque follows
stn6¢ dependence as well. Thus, if the symmetry is not broken in the superconducting
state, the susceptibility should still follow the sin 6¢ dependence.

In contrast to the normal state, the rotational symmetry of susceptibility is broken
in the superconducting state, as shown in Fig. 3.26 (D). The susceptibility data is
taken at H = 0.05 T, much lower than the critical field. The angular dependence
curve does not follow sin 2¢ nor sin 6¢. Shown in Fig. 3.26(E) is the FFT plot of data
in Fig. 3.26(D). Instead of the dominant 6¢ component in the normal state, the 2¢
and 4¢ components are dominant in the superconducting state. Thus, the rotational

symmetry of the system is broken in the superconducting state.

3.2.3 Rotational symmetry breaking in the hysteresis loop

The rotational symmetry breaking in the superconducting state is also observed
in the amplitude of the hysteresis loop in magnetization AM.pr = (My — M_)/2.
AM.ss at zero fields can also be considered as spontaneous effective magnetization,
similar to that of ferromagnets. The angular dependence of AM,;; at different fields
is shown in Fig. 3.27(A). The overall shape resembles that of susceptibility in the

superconducting state shown in Fig. 3.26(D). While AM.s; goes to zero every 60
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Figure 3.27: The angular dependence of supercurrent. (A)The angular depen-
dence of spontaneous effective magnetization AM — ¢ at T' = 0.3 K and
woH = 0.01, 0.1, 0.2, 0.3, 0.4 and 0.5 T. The solid line it the fitting
function f(¢) = 2A4s45in(¢ — 30°) cos3¢. (B) Fast Fourier Transform
(FFT) plot of AM — ¢ data at ugH = 0.05 T. (C) The magnetic field
dependence of FFT amplitude of Ay and A4, components.

degrees, the peak hight at 120 degrees is higher than that at 0 or 60 degrees. The
FFT data of Fig. 3.27 is shown in Fig. 3.27(B) and (C). At low fields, the 2¢ and 4¢
components are dominant instead of 6¢» components as the same as susceptibility FFT
shown in Fig. 3.26(E), but here the amplitude of them are almost the same. Thus, the
low field curve in 3.27(A) can be well fit by the function f(¢) = 2A5,sin(¢p—30°) cos 3¢
which is shown by the solid line in (A). It is quite surprising that the spontaneous
effective magnetization, which originates from the supercurrent, is represented by the
product of sing and cos 3¢ rather than the summation of them. The cos 3¢ term
suggests that the trigonal crystal symmetry is still effective, while sin ¢ term indicates
the rotational symmetry breaking, or nematic order. The product of sing and cos 3¢
thus infers the strong coupling between the nematic order and the crystal symmetry.

Another feature shown in Fig. 3.27(C) is the suppression of the nematic order
at high fields. The magnetic field dependence of FFT amplitude for Ay, and Ay, is
shown. As mentioned above, sin ¢ can be considered as the mematic term, which

corresponds to Ay, term in the FFT plot, where Ay, corresponds to the crystal
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symmetry. At low fields, A, and Ay, are almost equal. At high fields, however,
Ay decays more rapidly compared to Ays. This suggests that the nematic order is
suppressed when the system is close to the normal state, which is consistent with NMR
and specific study on Cu,BisSes [58, 59]. Thus, this confirms the nematic order in
the superconducting state of Nb,BisSes, which is consistent with the two-component

superconducting order parameter as pointed out by Fu [60].

3.2.4 In-plane anisotropy in Fermi surface
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Figure 3.28: Example in-plane torque curves at high fields. The background
is subtracted.

Recently, the rotational symmetry breaking was explained by the in-plane strain
resulting in the anisotropic Fermi surface [77]. If this is the case, the shape of Fermi
surface is no longer six-fold, but rather two-fold. To check if this prediction is true, we
measured the in-plane angular dependence of quantum oscillation frequency. Gener-

ally, in-plane quantum oscillations tend to be small for layered materials. Also, more
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than three periods of oscillation are required to precisely determine the frequency and
argue the angular dependence of Fermi surface. Thus, we applied a very intense field
of 35 T to observe quantum oscillations.

Prior to in-plane anisotropy, we measured the in- and out-of-plane angular de-
pendence of quantum oscillation frequencies as mentioned before [75]. The angular
dependence of quantum oscillation frequency is shown in Fig. 3.22. Note that there
are two oscillation frequencies observed at § = 90 °. This sharply contrasts with other
doped BisSes crystals in which only one Fermi pocket has been observed.

The example in-plane dHvA oscillations after polynomial background subtraction
are shown in Fig. 3.28. The data are taken at 7" = 0.3 K using the resistive magnet
in National High Magnetic Field lab, Tallahassee. While the frequencies at 92 and
120 degrees are almost the same, at higher angles the frequencies decrease by a factor

of almost 2.
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Figure 3.29: In-plane angular dependence of oscillation frequencies.

The in-plane angular dependence of dHvA oscillation frequencies is shown in Fig.
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3.29. The covered angle range was between 70 and 190 degrees. The frequencies
at low angles are almost angle-independent ( 300 T) while above 130 degrees they
decrease down to 180 T at 180 degrees.

There are a few possibilities for the origin of the anisotropic dHvA oscillation
frequencies. The first one is that the oscillation anisotropy is extrinsic. In this case,
the sample either contains the different phase such as NbSe, or consists of poly-
crystals. However, X-ray diffraction pattern indicates that the sample is a good
single crystal. Even if there is a small amount of impurity phase in the sample, it
cannot give as large signal as the single crystal. Also, if this is from the impurity
phase, its angular dependence should be more isotropic. Also, the behavior cannot
be explained by the ellipsoidal model, which is not consistent with the out-of-plane
oscillation behavior of Nb,BisSes. Thus, the extrinsic origin can be ruled out, and
the anisotropy of quantum oscillation should be intrinsic.

If the anisotropic oscillation frequencies are intrinsic, it could be due to the sec-
ondary Fermi pocket in addition to the ellipsoidal pocket enclosing the I' point. In
this case, however, it is not clear why it does not follow the trigonal symmetry. An-
other possibility is that the system contains only one Fermi pocket, but it is no longer
ellipsoidal and has two extrema in-plane. This could also explain why the secondary
frequency cannot be observed when the magnetic field is applied parallel to c-axis.
However, given the weak electron correlation in this system, the picture of distorted
Fermi surface is questionable. In either case, further Fermiology study is desired to

elucidate the origin of the nematic order.

3.2.5 Discussion

So far, we have mainly focused on our new torque magnetometry approach to dis-
cover the symmetry breaking in the superconducting state of the materials. Torque

magnetometry itself has been used to detect the symmetry breaking in the normal
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state of high T, or heavy fermion superconductors [79, 80]. In this study, as men-
tioned above, we have further extended this method to detect the rotational symme-
try breaking in the superconducting state for the first time. Among methods used
to observe the nematic order in the superconducting state of doped BisSes, torque
magnetometry has its own advantages and disadvantages.

One of the biggest advantages is that this method is very sensitive to the symmetry
breaking. If the symmetry is broken, the leading term is a function of 2¢. If the
symmetry is not broken, the leading term could be a function of 4¢ or 6¢, but in
either case, it is a high order term and the amplitude is much smaller than that
of 2¢ contribution. Moreover, the signal from the hysteresis loop is very large and
easily measurable. Thus, if there is rotational symmetry breaking (RSB), it could be
detected easily by torque magnetometry. In other methods, generally, RSB could be
detected by observing the anisotropy of physical values such as the upper critical field
or heat capacity. Thus, if the anisotropy is small, it is hard to detect RSB. In addition,
this method could be fit into the standard rotator and does not require another
special setup. For capacitive cantilevers, also a pair of coaxial cables is required,
but still much easier to implement than NMR, thermal measurements or STM where
temperature, magnetic field (rotation or high fields) or the sample space is limited.
Transport measurement would be easier to implement than torque magnetometry, but
in addition to the sensitivity issue, the applied electric field intrinsically induce the
symmetry breaking. Thus, dealing with the symmetry breaking result by transport
measurements requires special care.

One of the disadvantages of torque magnetometry is that, in particular for the
layered materials, the out-of-plane anisotropy is one order of magnitude larger than in-
plane anisotropy. Thus, small angle misalignment results in large 2¢) component offset,
which may smear out the RSB signal. The signal from the sample with misalignment

is shown in Fig. 3.30. The misalignment of angle is estimated to be a few degrees. The
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Figure 3.30: Rotational symmetry breaking in sample E. (A) Angular depen-
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of data shown in (A) with constant background subtracted. (D) Mag-
netic field dependence of FFT amplitude of Ayy and Ayy. (E) Angular
dependence of effective susceptibility in the normal state.

effective magnetization vs angle is plotted in Fig. 3.30(A). As shown, the shape of the

curve is quite different from Fig. 3.26(B). This is due to the out-of-plane contribution

of Ayy. However, the FFT plot shown in 3.30(C) reveals that there are still both of

Ay, and Ay, components with no Ag, contribution. Furthermore, the magnetic field

dependence of Ay, component decays more rapidly than A,y component, as similar to

Fig. 3.27 (C). Thus, with an angle misalignment, indeed the nematic feature is still

detectable. Given the anisotropy of upper critical field of layered superconductors

could be sometimes very large, the misalignment can be also the issue for other
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methods. Thus, this disadvantage could be ignored. Another disadvantage is that,
since the hysteresis loop vanishes along with a certain direction, upper critical field H.,
cannot be easily detected in a certain direction. Thus, torque magnetometry is not an
ideal tool to evaluate the anisotropy of H.,. Also, while the anisotropy of specific heat
or Knight shift can be related to the superconducting gap symmetry or the pairing,
torque magnetometry cannot investigate the details of the superconducting nature
except for the upper critical fields. Thus, another experimental method is needed to
further probe the superconducting nature of the system.

Next, we discuss the origin of the nematic feature in the superconducting state
of Nb,BisSes. First, since the torque magnetometry is a thermodynamic probe, the
measurement setup itself does not induce the symmetry breaking. On the other hand,
for thermal or electrical transport, thermal or electric field gradient could break the
symmetry. As mentioned in the previous chapter, the nematic order has been observed
by NMR, specific heat, transport H. or magnetization, confirming that the nematic
order is intrinsic. The next possibility is that the rotational symmetry breaking
is induced by the structural transition. Since no sign of structural transition has
been observed so far, the lattice constant change should be tiny if it exists. As
mentioned below, measuring the change of lattice constant is highly desired. Another
possibility is that the nematic order is accompanied by the distortion of Fermi surface
as proposed by Venderbos, Kozii and Fu [77]. In this case, the distortion of Fermi
surface could be induced by the in-plane tensor strain. If this is the case, the nematic
order indeed exists in the normal state. If this is the case, since NMR and specific
heat measurement [58, 59] as well as our study did not show the sign of rotational
symmetry breaking in the normal state, it is important to study why the nematic
order is pronounced in the superconducting state.

To think of the nematic order, it is noteworthy that the nematic axis stays the

same direction in the different thermal cycle. Fig. 3.31 shows the polar plot of
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hysteresis loop amplitude of torque for different cooldowns. While the shape of the

polar plot is slightly different due to the small angle misalignment, the nematic axis
stays close within 10 degrees uncertainty (around 120 degrees). In doped BisSes, the
nematic axis is mostly fixed. This fact helps to understand the nature of nematic
order in this system.

There are several questions to be answered. First, if the nematic order is induced
by the Fermi surface distortion, what is the critical temperature 7.7 This question is

important to understand the origin of the nematic order. It is also important to check
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if there is a lattice constant change at T, and what kind of physical properties shows
the critical behavior around T,.. Second, why is there no domain effect observed,
but the mm-size sample behaves like single-domain? In iron-based superconductors,
the nematic order is accompanied by the structural transition. Below the transition
temperature, the system consists of two equivalent domains which size is um order.
Thus, it is surprising that the doped BisSes does not form three equivalent domains.
This question is also related to what determines the direction of the nematic axis.
Third, what is the driving force of the nematic order? Since doped BisSes is consid-
ered to be more or less non-magnetic and non-correlated, the driving force could be
related to the topological nature. Finally, is nematicity related to the emergence of
superconductivity? Since the nematic order has been observed in high 7, or heavy
Fermion superconductors, it is important to figure out if the nematicity is universal

in unconventional superconductors.

3.2.6 Summary

In summary, we have observed the nematic order in the superconducting state of
Nb-BiySes by in-plane torque magnetometry which is a thermodynamic probe. Either
hysteresis loop or magnetic susceptibility show nematicity in the superconducting
state, while in the normal state the angular dependence of susceptibility is a function
of sin 6¢, indicating that the rotational symmetry is preserved. Furthermore, we
revealed that the in-plane quantum oscillation frequency shows two-fold symmetry
rather than six-fold. This is consistent with the theoretical prediction that the origin
of nematicity is an in-plane strain. Further in-plane Fermiology study will nail down

what is the driving force of strain.
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CHAPTER IV

Unconventional superconductivity in transition

metal dichalcogenide WTe, thin films

4.1 Background

4.1.1 Transition metal dichalcogenides

As described in Chapter I, the inversion symmetry breaking is a key ingredient for
Weyl semimetals. Particularly, a family of transition metal dichalcogenides (TMD)s
has been recently focused on due to its non-centrosymmetric (i.e. inversion symmetry
breaking) crystal structure in monolayers. One of the exotic features TMDs show is
Ising superconductivity, where the upper critical field H., violates the paramagnetic
Pauli limit by a factor of 5-10 . This feature was recently observed in monolayer of
MoS, and NbSe, [81, 82, 83, 84, 85, 86].

MoS,; and NbSe; have the 2H-type crystal structure as shown in Fig. 4.1. The
bulk single crystal consists of the stacked monolayers of triangular MoS,; and NbSes
lattices, resulting in a honeycomb-like structure. Adjacent monolayers have the op-
posite direction to each other. If the even number of the monolayer is stacked, there
is an inversion center in between the layers, resulting in the centrosymmetric struc-
ture. However, if the odd number of the monolayer is stacked, in particular in the

monolayer case, in-plane inversion symmetry is broken, generating in-plane electric

73



Figure 4.1: Crystal structure of 2H-MoS,; and NbSe,;. Adapted from [81] (left)
and [84] (right).

field E. Thus, in the studies mentioned above, mono-layer systems have been mainly
focused on. Importantly, TMDs also have very strong spin-orbit coupling (SOC)s,
which makes the systems topologically nontrivial. When the system becomes a thin
film, due to the strong anisotropy around the interface, the additional spin-orbit cou-
pling (called Rashba SOC) emerges, Also, when the inversion symmetry is broken,
there is additional SOC that is proportional to £ x E - o, which pins the spin direc-
tion to out-of-plane. This is called the Ising SOC, with the comparison to in-plane
type Rashba SOC. In this case, the Cooper pair in the superconducting state is also
strongly pinned to the out-of-plane as well, preventing the magnetic field from break-
ing the pairs and enhancing the in-plane H.. This type of superconductors is called
Ising superconductors.

The first evidence of Ising superconductivity was reported by two groups mearing
the gated monolayer MoS, device [81, 82]. The two-dimensional superconducting
features are shown in Fig. 4.2. The critical temperature T, is 7.4 K (Fig. 4.2(A)).
The angular dependence of the upper critical field H.o (Fig. 4.2(B)(C)(D)) shows the

cusp at 0 degrees from in-plane, indicating two-dimensional system. Furthermore,
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in the V vs I plot around 7, the power law dependence was observed, indicating

the BKT transition (Fig. 4.2(E)(F)). This confirms the two-dimensionality in this

system.
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Figure 4.2: Two-dimensional features in gated monolayer MoS,. (A) Tem-
perature dependence of resistivity of gated monolayer MoSs with out-of-
plane magnetic fields. (B) Temperature dependence of resistivity of gated
monolayer MoSs with in-plane magnetic fields. (C) Magnetoresistivity at
different angles. (D) Angular dependence of H.. Solid lines indicate the
two-dimensional (red) and three dimensional (blue) fitting. (E) V vs I plot
around the superconducting transition in a logarithmic scale. (F) Tem-
perature dependence of the exponent of the power-law scale. Adapted
from [81].

The violation of paramagnetic Pauli limit /), is shown in Fig. 4.3. The magnetic

field is applied in-plane. Above the magnetic field of Pauli limit H,, which is given by
H

» = 1.84 T, the Zeeman energy exceeds the superconducting condensation energy,

resulting in the breaking of superconductivity. In Ising superconductors, however, the

Ising SOC pins the spin direction to out-of-plane, suppressing the Zeeman energy and
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enhancing the effective Pauli limit. The magnetic field and temperature dependence
of resistivity of monolayer MoS, is shown in Fig. 4.3 (A) and (B), respectively. While
T, is around 8 K, H. is much higher than its Pauli limit of around 14 T. The H.,
vs T' diagram is plotted in Fig. 4.3 (C)(D), clearly showing the violation of Pauli

limit. Thus, this indicates the existence of Ising superconductivity mechanism in this

system.
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4.1.2 Type II Weyl semimetal WTe,
4.1.2.1 Type II Weyl semimetal

More recently TMD compound WTe, and MoTe; show even more exotic features
due to its unique T, crystal structure. The T, has no inversion symmetry in bulk.

As the inversion symmetry is broken, the Weyl physics can be expected in these
systems. Moreover, in 2015 Soluyanov et al. predicted that these materials belong
to a new Weyl system, called type IIT Weyl semimetal [87]. The conceptual band
structure of type-1I Weyl semimetal is shown in Fig. 4.4. In ordinary Weyl semimetals
(i.e., type-I), the linear dispersion around the Weyl point is symmetric, as shown in
Fig. 4.4 (a). This also means that the Fermi surface is point-like around the Weyl
point. However, in type-II Weyl semimetals, the Weyl point is "tilted” | thus the Fermi
surface can be different from the simple type-I Weyl physics. This case was overlooked
by Weyl since it breaks the Lorentz invariance. However, in condensed matter physics,
Lorentz invariance could be unpreserved, realizing the new type of Weyl fermion.
Thus, there is no counterpart of Type-II Weyl fermion in the elementary particle
physics, which makes this system more interesting. The theoretical calculation also
predicts that WTey and MoTe, have type-II Weyl points.

Soon after the theoretical discovery and prediction of type-II Weyl semimetals, the
existence of type-II Weyl points are experimentally confirmed by ARPES in WTe,,
MoTe; and related maretirals [88, 89, 90, 91, 92, 93, 94].

To study WTey and MoTe,, it is very important to understand the crystal struc-
ture of them. The bulk MoTe,; may have three different structures, which are a hexag-
onal 2H phase (which is mentioned above), monoclinic 1T’ phase and orthorhombic
T, phase. The crystal structures of 1T and T, are almost the same, except for
the layer stacking angle as shown in Fig. 4.5 (¢)(d). For Ty phase, each layer is

stacked vertically (4.5 (d)), while for 1T’ phase the stacking angle is 94 degrees (Fig.
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Figure 4.4: Band structure of type-II Weyl semimetal. (a) Type-I Weyl
semimetal. (b) Type-II Weyl semimetal. Adapted from [87].
4.5 (¢)). Notably, while the 1T’ phase is centrosymmetric, the T, phase is non-
centrosymmetric. Thus, to study the Weyl physics in these systems, it is important
to make sure that the sample is in the T, phase. It is know that, for MoTe,, there
is a structural phase transition from the high-temperature 1T’ phase to the low-
temperature T, phase at around 7" = 250 K (Fig. 4.5 (i)). On the other hand, the
bulk WTe, has the Ty structure from the room temperature down to the dilution

fridge temperature.

4.1.2.2 Large, non-saturating magnetoresistance in WTe,

Prior to the discovery of Type-II Weyl nature, WTe, has already attracted huge
interest due to giant, non-saturating magnetoresistance [95]. The magnetoresistance
at a different temperature is shown in Fig. 4.6. The MR reaches 450,000 % at 4.5
K and 14.7 T, and 13 million % at 0.5 K and 60 T. Remarkably, the MR is not
saturating and parabolic up to 60 T.

It is explained by the electron and hole carrier model. In this model, the conduc-
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Figure 4.5: Crystal structure of MoTe,. (a)(b) Band structure of Type-I and II
Weyl semimetals, respectively. (c)(d) The crystal structure of 1T ans Ty
phase, respectively. (e) The crystal structure seen in-plane. (f) Brillouin
zone. (g) X-ray diffraction at room temperature. (h) Raman spectrum
at room temperature (i) Temperature dependence of resistivity showing
the first order phase transition. (j) Electron diffraction pattern at the low
temperature phase. (k) STM image at 4.2 K. Adapted from [93].

tivity tensor is given by

Ny Php
4.1
1+z’,unB+1—z'upB (4.1)

where n, p, p, and p, are the carrier density and mobility of electrons and holed,

respectively. The resistivity is therefore given by

_ U B + i — 1) B (4.2)
e[npin + pptp +i(p — 1) pnpt Bl

which has maxima at n = p. Thus, the large MR indicates that the electron and hole

are perfectly compensated in this system.
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Figure 4.6: Large, non-saturating magnetoresistance of WTe,. (a) MR curves
with H || a at different temperatures. (b) MR curves at 4.5 K and different
angle from c-axis. The current is applied parallel to a-axis. (c¢) High-field
MR data at 0.53 K. Adapted from [95].

4.1.2.3 Superconductivity

While WTe, is metallic down to the dilution fridge temperature, the pressure-
induced superconductivity was reported [96, 97|. In Fig. 4.7, the pressure depen-
dence of resistivity and susceptibility at low temperature is shown. The resistivity
drop was observed at 2.5 GPa, and the zero resistivity was achieved at 11 GPa, as
shown in Fig. 4.7. T, increases as the applied pressure increases, and at becomes
maximum of 7 K at 16.8 GPa, above which T, start decreasing (Fig. 4.7(b)). The
susceptibility measurement in Fig. 4.7 (c) also shows the Meissner effect, confirming
the superconductivity. However, the upper critical field Hoo of WTey under pressure

is much lower than the Pauli limit.
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Figure 4.7: Pressure-induced superconductivity in WTe,. (a) Resistivity vs
temperature at different pressures. (b) Higher pressure resistivity vs tem-
perature plot. (¢) MR curves at ambient pressure and 2.5 GPa. (d) THe
a.c. susceptibility measurement under pressure. Adapted from [96].

From X-ray diffraction analysis, it is pointed out that the superconductivity is

induced by the structural transition from T, to 1T’ under pressure[98]. Fig. 4.8 (a)

shows the simulated X-ray diffraction peaks of Ty (blue) and 1T’ (green) phases as

well as experimental results at 10 GPa. Since two structures are very similar, the

X-ray diffraction pattern is also similar to each other. The significant difference is

shown in (011) and (113) peaks, which split into (011) and (011) or (113) and (113) in

the 1T’ phase due to lower symmetry. From experimental results, at 10 GPa clearly

those peaks split into two, indicating that the sample is in 1T’ phase. The evolution

of the peak splitting by the applied pressure is shown in Fig. 4.8 (b). At 1.3 GPa, the
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Figure 4.8: X-ray diffraction peaks of WTe, under pressure. (a) Simulated X-
ray diffraction peaks of T; and 1T phases and experimental result at 10
GPa. (b) X-ray diffraction patterns at different pressures Adapted from
[98].
peak is still merged, but above 4 Gpa, the split of diffraction peaks is observed. As
the pressure increases, the peak separation increases as well. Thus, the high-pressure
studies of superconducting properties reflect the centrosymmetric crystal structure,
which does not possess Weyl points.
On the other hand, MoTe, becomes a superconductor at T, = 0.1 K [99]. When
the pressure is applied to the sample, T, increases dramatically to 5 K at 0.8 GPa with

a rapid drop of the structural transition temperature. At higher pressure, T, keeps

increasing while the crystal structure becomes 1T all the way to the base temperature.
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This behavior is consistent with that of WTey. The difference of pressure dependence
of crystal structure and superconducting temperature between WTey and MoTe, has
to be considered when one desires to study superconducting properties in Type-II

Weyl systems.

4.2 Results

4.2.1 Sample characterization

Thin WTe, films were grown on sapphire c-Al,O3 substrates by a Veeco Genxplor
MBE growth system. We measured the films with four different thickness of 5.5, 7, 10
and 14 nm. The structural properties of thin films were measured by scanning probe
microscopy (SPM), cross-sectional transmission electron microscopy (TEM), XPS,
and EDX. According to the SPM result, the sample surface is very smooth, with a
roughness of 0.22 nm as shown in Fig. 4.9 (a). X-ray photoelectron spectroscopy
(XPS) measurement was performed right after growth, showing that the core level
peaks of W (4d orbit) and Te (3d orbit) are consistent with the previous studies on
WTe, Bulk crystals (Fig. 4.9(b)). Also, the peaks from oxidized W and Te were
not observed. The uniform and continuous film growth on a sapphire was observed
by TEM without any pinholes as shown in Fig. 4.9 (c¢). The expansion of (c¢) on
WTe, layers in (d) shows that the interplanar spacing is 0.667 nm, which is slightly
smaller than that of Bluk crystals (0.7035 nm). Thus, the tensor strain is present due
to the lattice mismatch between W'Tes; and sapphire. The energy dispersive X-ray
spectroscopy (EDX) measurement along the blue line in (c¢) is shown in (e). The W
and T intensities are almost constant at the regions of WTe, films, indicating the
uniform growth. X-ray diffraction pattern in (f) shows the strong peaks from (024)
and (122), which supports the T, structure of the films.

The resistivity vs temperature curves down to 0.3 K for 10 and 5.5 nm WTe,
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Figure 4.9: Characterization of WTe, thin films. (a) SPM image of the surface
of a WTey thin film. (b) XPS spectra. (c¢) Cross sectional TEM image
of the thin film. (d) Expansion of (c¢). (e) EDX spectra along the blue
arrow shown in (c¢). (f) X-ray diffraction pattern. (g)(h) Resistivity vs
temperature showing the superconducting transition at around 1 K for
samples with thickness 10 nm and 5.5 nm, respectively.

films are shown in Fig. 4.9 (g) and (h), respectively. From room temperature, the

resistivity keeps decreasing down to 50 K, below which the resistivity becomes T

independent until the superconducting critical temperature T,. T, is around 1 K for

all the samples. Since the resistivity is almost constant near T, in the normal state,
we define T, as R(T,) = 0.5 R(T = 4K).

To further confirm the superconductivity, we measured the mutual inductance of
the WTe, thin film. Shown in Fig. 4.10 is the temperature dependence of mutual
inductance signal normalized by the value at T'= 4 K with and without 1 T magnetic
field applied. The magnetic field is applied perpendicular to the film surface so that
1 T is high enough to completely suppress the superconductivity as discussed later.
Below 2 K, the Meissner effect was observed at 0 T, while under magnetic fields the
signal is temperature independent. The observation of both Meissner effect and zero

resistivity confirms the superconducting transition in WTe, thin films.

We also carried out the control experiments to confirm that the superconductiv-
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Figure 4.10: Control experiments of the 10 nm W thin film. The temperature
dependence of resistivity from the 10 nm W thin film confirms that the
superconductivity originates from the W'Te, phase of the samples.

ity originates from the WTey thin films and not from the superconducting phase of

tungsten [100]. The W thin film with 10 nm thickness was grown in the same condi-

tion as WTey sample growth. The temperature dependence of resistivity from the W

film is shown in Fig. 4.11. No superconducting transition was observed down to 25

mK. Also, the metallic behavior is different from what we observed from WTe, films,

indicating that the contribution from the W phase is ignorable if it exists. Thus, it is
confirmed that the observed superconductivity is intrinsic and originates from WTe,

phase.

4.2.2 Low field enhancement of T,

Fig. 4.12 shows the resistivity data from 5.5 nm thickness samples. First, the
resistivity vs temperature under different in-plane magnetic fields are shown in (a)
and (b). As shown in (a), the critical temperature 7. initially increases with applying

magnetic fields up to 2 T. This behavior is different from the usual superconductors
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Figure 4.11: Control experiments of the 10 nm W thin film. The temperature
dependence of resistivity from the 10 nm W thin film confirms that the
superconductivity originates from the WTe, phase of the samples.

where the magnetic fields suppress superconductivity. Above 2 T, T, starts to decrease

as shown in (b). The T, enhancement is 10 mK at 2 T. This means that when the
magnetic field is increasing, the MR is negative at low fields. Indeed, we observe this
behavior as shown in Fig. 4.12(c). The similar but even larger negative MR behavior
was observed in sample 2 (Fig. 4.12(d)), confirming the enhancement of 7, by low

magnetic fields. Since the MR becomes almost constant at high fields, similar to T,

we define the upper critical field He as R(He) = 0.5 Reonst- The phase diagram of

normalized upper critical field H.o/H,, vs critical temperature T, /T is plotted in Fig.

4.12(e), where Pauli limit H, = 1.84 T.. Sample 1 shows clear enhancement of 7,

by magnetic fields. Even larger enhancement of 1.6% at 3 T was observed in sample

2. Since there is a 10% error in evaluating the thickness of WTey thin films, the

difference between sample 1 and 2 could be due to the potential thickness difference.

In general, the upper critical field H,, is limited by two factors, Pauli paramagnetic

limit H, and orbital limit H,,;,. Above the magnetic field of Pauli limit H,, the Zeeman
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Figure 4.12: Fig. Resistivity from 5.5 nm samples under in-plane magnetic
fields. (a)(b) Temperature dependence of resistivity under magnetic
fields (a) up to 2 T and (b) above 2 T. (c)(d) Magnetoresistance at
different temperatures from sample 1 and sample 2, respectively. (e)
Phase diagram of H.o/H, vs T./T..

energy exceeds the superconducting condensation energy, resulting in the breaking of
superconductivity. At the orbital limit H,,;, two vortex cores overlap with each other,
also destroying the superconducting state. Generally, however, the orbital limit does
not exist in two dimensional systems with a magnetic field applied in-plane because
of no orbital degrees of freedom. Thus, in-plane H., is dominantly limited by the
Pauli limit. The violation of Pauli limit indicates that the superconducting pairing
is more governed by a spin triplet rather than a spin singlet.

The in-plane MR from thicker samples are also measured. Fig. 4.13 shows the MR
curves from 7, 10 and 14 nm films. At high temperatures close to T,., 7Tnm sample
shows the negative MR indicating the enhancement of 7. by low magnetic fields
(Fig.4.13(b)). However, the thicker samples did not show the field enhancement of 7.

()Fig. 4.13(d)(f)). All of the samples show the violation of Pauli limit.
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Figure 4.13: In-plane magnetoresistnace from 7, 10 and 14 nm samples.
(a)(b) Magnetoresistance from the 7nm sample at low temperatures (a)
and high temperatures (b), respectively. (c¢)(d) From the 10 nm sample.
(e)(f) From the 14 nm sample.

Contrary to the in-plane MR, the out-of-plane H.; is limited by the orbital limit

for all the samples as shown in Fig. 4.14. This is also seen in the H., vs T, phase

diagram shown later.

4.2.3 High field enhancement of T,

The unconventional feature in the upper critical field was also observed in low
temperature, high field region, as shown in Fig. 4.15. We measured the same 5.5 nm
samples as measured in Fig. 4.12. For sample 2, H at 90 mK is 0.11 T higher than

that of 20 and 63 mK, then H., decreases as temperature increases (Fig. 4.15(a)(b)).
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Figure 4.14: Out-of-plane magnetoresistnace from 5.5, 7, 10 and 14 nm sam-
ples. (a)(b)(c)(d) MR from 5.5, 7, 10 and 14 nm films, respectively
This behavior is more apparent in sample 1. H. is at 96 and 160 mK is 0.29 T higher
than that of the base temperature of 40 mK, as shown in Fig. 4.15(c). This non-
monotonic behavior can be also treated as the T, enhanced by the high magnetic field.
The resistance vs temperature at fixed fields are shown in Fig. 4.15(d). At H = 13.7
T, while the resistivity at the base temperature of 20 mK is finite, it becomes zero at
a higher temperature between 100 and 200 mK. The resistivity drop with increasing
T is also observed in higher magnetic fields. The H., vs T, phase diagram at high
fields and low temperatures is shown in Fig. 4.15 (e). As the temperature decreases,
the critical fields flatten out, then slightly drops close to zero temperature. The H
enhancement for sample 1 is 0.8% at 90m K compared to 20 mK. For sample 2, the
enhancement is 2 % at 96 and 160 mK compared to 40 mK. Thus, the re-entrant

superconductivity behavior was confirmed by two samples.
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Figure 4.15: High-field superconductivity enhancement at the base temper-
ature. (a)(b) Magnetic field dependence of resistivity at low tempera-
tures from sample 2. (¢) Magnetic field dependence of resistivity at low
temperatures from sample 1. (d) Temperature dependence of resistivity
at different fields. The data shown in (c) is used to construct the figure.
(e) Phase diagram of H./H, vs T/T,.

4.2.4 Thickness dependence of T, and H.

The summary of H., and T, is shown in Fig. 4.16. Fig. 4.16 (a) is the phase
diagram of normalized H., vs T, for all the thickness (5.5, 7, 10 and 14 nm) with
H |lab and H |lc. For in-plane configuration, the 5.5 and 7nm samples show very
large Pauli violation of more than 10 times H,. As far as we know, this is the highest
value among all the non-centrosymmetric superconductors. Also, the enhancement
of T, with applied magnetic field around 7, is observed only in 5.5 and 7 nm samples.
On the other hand, H. vs T curves with H ||c overlap with each other, confirming
that the H. is limited by H,. in this configuration. The thickness dependence of
T. and H is shown in Fig. 4.16 (b). The T, of the 10 nm film shows highest T, of

about 1.55 K. The H,, is almost the same between 5.5, 7 and 10 nm samples.
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Figure 4.16: Summary of H. and 7. from WTe, films. (a) Phase diagram of
H. vs T,. (b) Thickness dependence of T, (top) and H.o (bottom).

4.2.5 Two dimensional features of WTe, thin films
4.2.5.1 Weak anti-localization

The normal state magnetoconductance curve from 10 nm film measured in Fig.4.9(g)
is shown in Fig. 4.17 (a). The magnetic field is applied in-plane. The conductance
shows a peak at zero magnetic field, suggesting a weak anti-localization (WAL). In
this case, the applied magnetic field suppresses the enhanced conductivity from the
destructive interference between time-reversed electron paths, resulting in the lower
conductivity. The observation of WAL indicates that the system is strongly spin-orbit

coupled and low-dimensional, as observed in typical TIs BiySes [101] or BisTes [102].
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The WAL contribution can be fit by Hikami-Larkin-Nagaoka (HLN) theory [103] as

Aoy, (H) = 0427ih {m <%) — (% + %)} (4.3)

1
2

where 9 is a digamma function, By = & and Ly is a dephasing length, and a =
for each conduction channel. We obtained o = 1.16 from 7' = 5 K fitting, which
is close to the contribution from top and bottom surfaces, then fixed this value for
fitting other temperature curves. The fitted curves are shown as dashed-lines in Fig.
4.17 (a). The observation of WAL is consistent with the flake WTey, measurements

[104]. Fig. 4.17 (b) shows the temperature dependence of B, and L.
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Figure 4.17: Weak anti-localization from the 10nm WTe, film. (a) Magneto-
conductance at different temperatures above T,.. Dashed lines are the

fitted curves using (4.3). (b) Temperature dependence of By and L.
(c) Hall effect at 2 K and 30 K.

Also, in the bulk single crystals of WTe,, very large, non-saturating MR was
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observed [95], and it is explained by the perfect compensation of electron and hole
pockets [105, 106]. We did not see such a large MR from all the WTe, films we
measured. This could be due to the large doping effect. Fig. 4.17 (c) shows the Hall
resistance at 2 K and 30 K up to 14 T. At both of temperatures, only one electron
contribution was resolved, indicating that our thin films are highly electron-doped.

The carrier density obtained from the Hall slope is about 3.3 x 10 cm™2.

4.2.5.2 Berezinskii—Kosterlitz—Thouless transition

Another feature indicating two-dimensionality is the Berezinskii-Kosterlitz—Thouless
(BKT) transition [107, 108]. The superconducting transition in a two-dimensional sys-
tem is a BKT transition, where the vortex-antivortex pairs unbind and the IV curve
shows power-low dependence V' oc I* rather than exponential behavior with v = 3
at the BKT transition temperature T [109, 110, 111]. The IV curves from our
samples are shown in Fig. 4.18 (a). The power-law behavior is observed at around the
superconducting transition temperature. The exponent « vs temperature is shown
in Fig. 4.18 (c), where o becomes 3 at Tk which is estimated to be 1.26 K. The

observation of the BK'T transition confirms that the system is two-dimensional.

4.2.5.3 Angular dependence

The angular dependence of H., also shows the two-dimensional feature. Shown in
Fig. 4.19 is the angular dependence of H. from the 10 nm WTe, thin film at different
magnetic field orientations and 7" = 0.3 K. The magnetic field was applied with the
tilt angle # from c-axis. The angular dependence of H., is well fit by the equation in

two-dimensions [11]

) g (2 )" (4.4

Hc2||c c2||ab
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Figure 4.18: Berezinskii—Kosterlitz—Thouless transition.

(a) Current depen-

dence of voltage from the WTe, thin film on a logarithmic scale. (b)
Temperature dependence of the critical current density I.. (c) Temper-
ature dependence of the exponent a.

There is a sharp cusp near § = 90° (Fig. 4.19 (inset)), which is a two-dimensional

feature. Because of this, we paid special attention to confirm that the magnetic field

orientation is controlled stable and precise.

4.2.6 Fitting of Ising superconductivity

The H. vs T, curve is fitted by the theoretical moedl of Ising superconductivity

as following [81]
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Figure 4.19: Angular dependence of the upper critical field H.. The data was
taken at T" = 0.3 and magnetic field with the tilt angle 6 from c-axis.
(inset) the expansion of the range near 90 degrees.

T, (gr + fso)’ — b?
In +W(p_)+ T + W (p_) — U =0
(72) + 0+ Wl 4 W) = ()] B o 2
(4.5)
where
_ |gr + fso +b| £ |gr + fso — b
+ = 5 (4.6)
7T,
with parameters
b = (upB,0,0),8r = (apkp, —arkr,0), fso = (0,0, Bs0) (4.7)
and
1 1+1p 1
N = _ — — . 4.
=g o (57) = v (3)] (1)

The fitted H.o vs T, curve is shown in Fig. 4.20. The high-temperature feature
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could be fit well by Eq. (4.5), though it does not explain the field enhancement of T..
On the other hand, the non-monotonic behavior of H., vs T around zero temperature

cannot be well fit by this model.

® 55nm WTe2

[ J
—— By, = 3.5 meV, ak_=0.35 meV .
| — By, =157 meV, ak, =0.08 meV o
0 1 1 1 1 1 1 1 1 1
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Figure 4.20: Ising superconductivity fitting of the upper critical field H., vs
T.. The fitting parameters are Sso = 3.5 meV, arkr = 0.35 meV (red)
and fso = 1.57 meV, askpr = 0.08 meV (green), respectively.

4.2.7 Discussion

First, we note that the enhancement of 7T, under magnetic fields is not artificial but
rather intrinsic. Near T' = T, the negative MR corresponds to the enhancement of
T,.. Since the magnetic field is applied in-plane, the classical parabolic MR should be
negligible. Also, since the bulk WTes is a Type IT Weyl semimetal, the chiral anomaly
effect is expected. However, the negative MR was observed even when the current is
perpendicular to the magnetic field, eliminating this possibility. The thermometer was
calibrated under magnetic fields, therefore the possibility of temperature misreading

is excluded as well. Also, the negative MR was only observed around T, above which
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the MR is always positive. Thus, we conclude that the negative MR originates from
the enhanced superconductivity by the magnetic field.

Second, the non-monotonic behavior of H. vs T near zero temperature is also
intrinsic rather than artificial. As shown in Fig. 4.19, the H., is very sensitive to the
angle. Thus, at each temperature, we adjusted the magnetic field angle within 0.05
degrees from the surface of the samples. Also, we swept several curves at the same
temperature to make sure that there is no angle misalignment induced during the field
sweep. Thus, there is negligible angle misalignment effect in the results. The sample
temperature was well controlled by the liquid He3/He4 surrounding the samples,
eliminating the possibility of temperature drifting effect during sweeping. These
results confirm that the non-monotonic behavior of H., vs T at the base temperature
is intrinsic.

We next discuss the crystal structure of our thin films. As mentioned above, X-ray
scattering result is consistent with the non-centrosymmetric Ty phase. If this is the
case, the large value of H.o/H, is attributed to the Ising superconductivity. However,
when the WTe, thin films are grown on Bi and MoS, substrates, the centrosymmetric
1T’ phase was observed [112]. If this is the case, high H.o/H, could be possibly
attributed to the p-wave superconducting pairing.

Unfortunately, it is difficult to determine the crystal structure of our samples since
the lattice mismatch between the WTe, and sapphire substrate is very large. There-
fore, even though the lattice constant relaxation is rapid, the error bar of the lattice
constant smears out the peak splitting of the 1T’ phase discussed in the previous
chapter.

Another difference of our films compared to the bulk WTe, is the negligible MR
above T,. The Hall signal indicates that our samples are highly electron-doped. As
mentioned, the origin of extremely large MR in bulk WTe, could originate from

the perfect compensation of electrons and holes. Thus, if the system is doped, it is
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reasonable that the MR becomes small. However, it is notable that in the pressure
studies the MR decreases as the pressure increases and the system becomes close to
the 1T’ phase. Thus, further experiments on this system is desired to clarify the

origin of our observation of unconventional superconductivity.

4.2.8 Summary

In summary, we have grown and measured thin films of WTey on sapphire sub-
strates. The in-plane H./H, is more than 10, which could be attributed to the Ising
superconductivity. Also, at around 7, the small in-plane magnetic field enhances T,
by 1.6 %. At high fields, the nonmonotonic H., vs T was observed, which could be
understood by the competition of Zeeman term and Ising type SOC, consistent with
the Ising superconductivity. X-ray result is consistent with the T, crystal structure,

but more experiments are desired to exactly determine the phase of this system.
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CHAPTER V

Unconventional ferromagnetism in LaNiOj3 thin

films on LaAlOj; (111) substrate

5.1 Background

5.1.1 Honeycomb lattice on (111) bilayer

Transition metal oxides (TMO) have been intensively studied to understand var-
ious quantum phenomena of strongly correlated materials, such as metal-insulator
transition, multiferroicity and high-temperature superconductivity [113, 114]. The
advances in ultra-thin film growth with atomic precision further provide a wide con-
trol of lattice constant and geometrical confinement. Most of the previous studies
on TMO thin films have been focused on systems grown along the (001) direction.
Recently, several theoretical studies have shown that the bilayer TMO grown along
(111) direction are promising candidates for realizing strongly correlated topological
phases due to the presence of buckled graphene-like honeycomb lattice [115].

Fig. 5.1 (b)(c) shows the idea of buckled honeycomb lattice. When the het-
erostructure of perovskite compounds ABO3 and A’B’Oj3 are grown along [111] di-
rection, each (111) bilayer atoms are located on a (bilayer) honeycomb lattice sites
like graphene. Thus, as explained in Chapter I, the Dirac point is expected in the

energy dispersion. While graphene is not correlated nor spin-orbit coupled, TMOs
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are moderately r correlated and could have strong spin-orbit coupling. Thus, the

topological features in TMOs is an interesting field.
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Figure 5.1: Buckled honeycomb lattice in a (111) bilayer cubic system. (a)
Perovskite crystal structure. (b) Buckled honeycomb lattice formed by a
(111) bilayer atoms. (c) The honeycomb lattice looked down from [111]
direction. Adapted from [115].

5.1.2 Rare earth Nickelates

Among TMOs, in particular, lanthanum nickelate LaNiO3 (LNO) has been the-
oretically studied intensively. LaNiOj3 belongs to rare earth nickelate family RNiOj
(RNO), but LNO is the only metallic compound at all temperatures with non-
magnetic ground state among RNiOj [116]. As shown in Fig. 5.2, Among R =
Pr, Nd, Sm, and La, only LaNiOj3 is metallic and paramagnetic down to the base
temperature.

The phase diagram of RNiOj as a function of ionic radius is shown in Fig. 5.3. As
shown in the inset, RNiO3 has a perovskite crystal structure. In general, the Ni-O-Ni
bond angle @ is distorted and smaller than 180 degrees, due to the too small ionic
radius of rare earth elements. As the ionic radius increases from Sm to La, also ¢
increases from 152.6° (Sm) to 165.2° (La), getting close to the cubic structure.

Since we are interested in the topological semimetal features, naturally we focus

on LaNiQOg, the only conducting nickelate.
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Figure 5.2: Metal-to-insulator transition in RNOj. (a)(b)(c) Temperature de-
pendence of resistance, volume of the unit cell the paramagnetic fraction
for RNOj, respectively. Adapted from [116].

5.1.3 LaNiO3;/LaAlO; heterostructure

Many LaNiO3/LaAlO; (LNO/LAO) heterostructures are grown along (001) di-
rection after the prediction of high 7. cuprate-like physics in this system [117, 118].
For (111) direction growth, recent theoretical calculations predict the possibility of
topologically nontrivial interacting ground states such as quantum anomalous Hall
effect and Dirac half semimetal, as well as multiferroicity (ferroelectricity and ferro-
magnetism) and metal-insulator transition [119, 120, 121, 122, 123].

For example, Doennig et al. showed that when (LaNiOj)ys/(LaAlOs)x het-
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Figure 5.3: Phase diagram of RNiO3 (R = Sm, Nd, Pr, La, Eu) as a function

of ionic radius. Adapted from [116].
erostructure grown along [111] direction may have topological, ferromagnetic or ferro-
electric features depending on M, N and the crystal symmetry. When M, N = (2,4),
and the crystal symmetry is P321, the calculated band structure is shown in Fig. 5.4
(a). The system has Dirac point at K and K’ points as similar to graphene. Also,
the system is expected to be ferromagnetic despite that both of LaNiO3 and LaAlO;
are paramagnetic. On the other hand, if the system has P3 symmetry, the band has
a gap at the K point and the system is multiferroic (ferroelectric and ferromagnetic)
(Fig. 5.4).

Despite the intriguing theoretical predictions, however, experimental studies on
(111) oriented RNO thin films have not been very successful due to the difficulty
of growth along the strongly polarized (111) interface [124]. The first report on
(LNO/LAO) superlattice shows insulating behavior rather than the expected Dirac

semimetals [125]. The temperature dependence of resistivity for superlattices of
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Figure 5.4: Phase diagram of RNO; (R = Sm, Nd, Pr, La, Eu, Y, Lu) as a
function of ionic radius. Adapted from [123].

LNO,/LAOy is shown in Fig. 5.5. For (M,N)=(1,1), (2,2), (2,3) and (2,4), all

the samples show completely insulating behavior. Moreover, the superlattices (3,3)

grown on LAO (001) also shows the insulating behavior. The activated gap E, of

(2,3) sample is obtained to be 95 meV by the fitting o o exp(—E,/2kpT).

More recently, LNO thin films grown on (111) LAO substrate have shown the
polar metallic feature indicating ferroelectricity [126]. However, so far no experimen-
tal sign of topological features has been reported in the LNO system. Furthermore,
while many theoretical calculations predict that the ferromagnetic phase is favored
in LNO/LAO thin films [121, 123] (and even LSDA + U calculations predict bulk
LNO ferromagnetism [127]), no ferromagnetic phase has been observed from LNO

heterostructures except for ferromagnetic LaMnOs [128] or CaMnOj3 [129] superlat-
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tice.

5.2 Results

In this section, we report the first observation of ferromagnetism from LaNiOj
thin films grown on nonmagnetic LaAlO3 (111) substrates. With the existence of a
ferroelectric metal state reported before [126], LNO/LAO thin films exhibit multifer-
roicity, shedding light on the application of multiferroic metals. Moreover, positive
linear magnetoresistance and the sign reversal of hysteresis loop have been observed.
These features are consistent with the presence of Dirac point. The anisotropic mag-
netoresistance and planar Hall effect measurement further confirm the preserved Cj

symmetry, which is consistent with the theoretical prediction of ferromagnetic massive
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Dirac state.

5.2.1 Hysteresis loop in magnetoresistance

Epitaxial LNO thin films were synthesized on LAO (111) and (001) substrates
by the pulsed laser deposition (PLD) method where the film thickness can be in
situ monitored during the PLD growth by a RHEED (Reflection High Energy Elec-
tron Diffraction) technique. The thickness of the as-grown LNO thin films is about
2.23 and 3.86 nm for the (111) and (001) samples, respectively. Since the unit-layer
thickness is 0.223 and 0.386 nm in the pseudocubic (111) and (001) orientations, re-
spectively, both LNO/LAO (111) and (001) thin films are 10-layer-thick. More details
of the sample fabrication can be found in the previous literature [126].

Fig. 5.6 summarizes the angular and temperature dependence of magnetoresis-
tance (MR) for the LNO/LAO(111) thin film. We have measured two samples and
the similar behavior was observed. Fig. 5.6 (a) shows an angular dependence of MR
measured at T' = 3K. A clear butterfly-like hysteresis loop was observed at each angle.
This is the first evidence of ferromagnetism in LNO/LAO(111). Focusing on the sign
of the loop, at around 0 degree MR is larger when sweeping the magnetic field from
zero, indicating that the resistivity is enhanced in the vicinity of the magnetization
reversal. This is typical for most of the ferromagnets, as carriers are usually scattered
by domain walls. However, at 30 degrees, there is a sign reversal of hysteresis loop at
low fields, whereas at high fields, the domain wall contribution is still positive. Above
30 degrees the conductivity is totally enhanced by the domain wall. The similar be-
havior has been observed in ferromagnetic topological insulators [130] and topological
Kondo insulators [131], and is attributed to chiral conducting modes mediated by the
Dirac point.

The weird behavior of MR can be also observed in the temperature dependence,

as shown in Fig. 5.6 (b) (H| c¢) and (c¢) (H || ab). In both orientation, while
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between 3 K and 10 K the MR shows positive and sub-linear behavior at high fields,
the MR becomes almost linear between 25 K and 50 K. Particularly, in H || ab
configuration, the linear behavior continues down to zero fields, whereas in H ||
¢ configuration MR becomes rounded at zero fields. The angular dependence of
linearity in ferromagnet is usually related to anisotropic magnetoresistance (AMR).
When the magnetic field is applied parallel to the hard axis, MR is rounded near
zero field due to slow magnetization saturation [132]. When the field is applied along
the easy axis, AMR effect decreases and magnon suppression mechanism becomes
dominant, resulting in linear MR. Thus, ab-plane is expected to be an easy axis (easy
plane). However, in ferromagnetic materials, magnon suppression usually makes MR
negatively linear, not positively.

Recently, it has been reported that ferromagnetic topological insulator
Cro.15(Big.1Sbog)1.85 Tes shows positive linear MR when the gate voltage is tuned so
that the Fermi level lies near the Dirac point, while MR becomes negative when the
Fermi level lies way below or above the Dirac point [133]. The strong connection
between the Dirac point and positive linear MR in time-reversal-symmetry-broken
materials is also indicated in one of the Dirac material candidate Biplr,O7 [134],
which shows both hysteresis loop and positive linear MR.

We note the difference between LaNiOj thin films grown on LaAlOj (111) sub-
strate and LaAlOjz (001) substrate. The temperature dependence of resistance for
both configurations is shown in Fig. 5.6 (d). LNO (001) thin film not only shows
much smaller resistivity than LNO (111) thin films, it also shows the metallic temper-
ature dependence down to T' = 20 mK. This is consistent with the previous reports
[135] and also similar to the bulk LaNiOs, a paramagnetic metal. On the other hand,
LNO/LAO(111) shows metal-insulator transition (MIT) at around 100 K. This kind
of MIT has been observed in other RNiO3 families, and indeed LaNiOj is the only
metallic compound. Especially, in NdNiOg (NNO) thin film, MIT can be controlled
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by the lattice mismatch between NNO and the substrate, and resistivity versus tem-
perature curve shows small upturn on the boundary of metal and insulator phase
[136]. We also note that the gapped behavior at low 7' is consistent with the pre-
dicted gapped Dirac semimetal. The MR behavior is also quite different between
LNO/LAO (111) and LNO/LAO (001). In LNO/LAO(001), MR is one order of mag-
nitude smaller than that from LNO/LAO (111) shown in Fig. 5.6 (e), and shows no

linear behavior. This behavior is almost the same as bulk and thin film studies grown
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on LaAlOj substrates reported previously [135], while negative MR, was reported in
LaAlOj3 thin films grown on SrTiO3 substrates [137].

5.2.2 Anomalous Hall effect

Another strong evidence of ferromagnetism is anomalous Hall effect (AHE). In a

ferromagnetic material, p,, is expressed as

where Ry and R, are ordinary and anomalous Hall coefficients. We display the
angular dependence of the AHE at 7' = 3K in Fig. 5.7 (a). Clear large hysteresis
loops are observed when the magnetic field is applied parallel to c-axis, while the
anomalous Hall coefficient is quickly saturated at low fields when the magnetic field
gets close to the plane. This is consistent with the easy-plane picture.

Temperature dependence of the AHE is shown in Fig. 5.7 (b). At T' = 25K, the
hysteresis loop becomes very small and at 7" = 50K no anomalous Hall component
was observed, indicating that 77 is around 50 K. Above 50 K, p,, is almost linear and
the calculated carrier density is similar to one from the bulk LaNiO3 or thin LaNiOg
film grown on (001) LaAlOs (Fig. 5.7 (c)). This fact indicates that the doping effect
by the lattice strain is relatively small, but rather the magnetism is affected by the
symmetry of thin films, e.g., strain orientation. From the hysteresis loop and AHE,
it is inferred that the system is ferromagnetic. However, the hysteresis loop, AHE,
and positive MR could be also observed in antiferromagnetic or even nonmagnetic
systems [138]. Thus, these possibilities cannot be ruled out.

The symmetry of the system could be reduced from undistorted Ps9; to P3 or even
fully distorted P; due to the strain, and it is predicted that the symmetry plays a key
role on whether the system is Dirac material or multiferroic [123]. When the lattice

is undistorted and in Pj3s; symmetry, the system is predicted to be ferromagnetic
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Dirac half-semimetal. With broken inversion symmetry due to the lattice strain, the
symmetry is reduced to P3 and the system becomes multiferroic (ferroelectric and
ferromagnetic) with Dirac point gapped (massive Dirac). When the lattice symmetry
is fully broken and becomes P1, the system is still multiferroic and gapped, but Dirac
point no longer exists. Thus, it is important to check if the symmetry of the system

(especially C}) is broken or not.

5.2.3 Anisotropic magnetoresistance and planar Hall effect

To solve this issue, we have measured in-plane AMR and planar Hall effect (PHE).
In poly crystals, the angular dependence of AMR and PHE depends on the angle
between the current and magnetic field and is dominated by two-fold components.
However, in crystalline system, AMR only depends on 6 and ¢, where 6 (¢) is the
angle between magnetic field (current) and certain crystal axis ([110] for our case).
The angular dependence of AMR Ap,.(0, ¢) reflects the crystal symmetry. For a

hexagonal system [139], Ap,.(6, ¢) is given by

Apr(0,0) = Cycos(20 — 2¢) + Cy cos(46 + 2¢) + Cg cos(60). (5.2)

where 5y, Cy and Cg are AMR coefficients for two-, four- and six-fold components.

Similarly, the angular dependence of PHE in a hexagonal system is given by

Apy(0, ) = Cysin(20 — 2¢) — Cysin(46 + 2¢). (5.3)

Note that the six-fold component vanishes in PHE.

The angular dependence of p,, and py, with H = 14T at different temperatures
are shown in Fig. 5.8 (a)-(f). At temperatures lower than 7" = 25K, the angle
sweep-up and sweep-down show different behavior, indicating that the magnetization

is not fully polarized. At higher T, both of AMR and PHE are fit well by Eq. 5.2

109



(a) 1.4[ LNOLLAO (111) T2 ] (b) 0.4[ norao (111) 1 (©) 10 Lnorao (001)
1.0¢ 1 0.8}
0.3}
ool ///; 1 06l
0.8} 1 02}
ﬁ 45 |:| ~ 0.4
0.7} ]
~ = 01} L
C osef 1C 02
S~ 30 ~ G
Q§‘0.5» g X 0.0} 1~ 00
04+ 1Q — 5K Q§
0.2 —5K |
< 0.3F 15 ‘< 0.1+ —10 ‘< 10
0.2} 1 ool —25 | 04 ——25 ]
0.1+ . ' 50 06} 50 |
0.0 0 degree (H//c] 0.3 ——100 | nal ——100 |
o1l ] 0.8
0.2 T=3K] 0.4+ H//c 10}
15-10 -5 0 5 10 15 15-10 -5 0 5 10 15 1510 5 0 5 10 15

Figure 5.7: Anomalous Hall effect from LaNiO3/LaAlO3 (111) and (001) thin films.
(a) Angular dependence of AHE with applied magnetic field tilted from
0 to 75 degrees, taken at T = 3K. Curves are displaced by 0.2 {2/square
for clarity .(b) Hysteresis loops of p,, at selected T. The magnetic field
is applied perpendicular to the film plane. (c) p,, at selected T from
LNO/LAO (001).
and 5.3. Particularly, below 7" = 50K the six- (four-) fold component was clearly
observed in AMR (PHE), while above 7" = 60K the signal is dominated by two-fold
component, indicating that the critical temperature is around 7" = 60K, consistent
with AHE measurements. This is more clearly seen in fast Fourier transform (FFT)
plots (Fig. 5.8 (g)(h)). Furthermore, the six-fold component shown in AMR but
not in PHE indicates the presence of C3 symmetry. This is consistent with P321
or P3 symmetry, with which the theory predicts the existence of Dirac point [123].
However, it contradicts with the monoclinic symmetry with three equivalent domains
determined by the optical second-harmonic generation measurement [126]. Another

possibility is that the angular dependence of AMR and PHE results from a domain

distribution.
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Figure 5.8: Anisotropic magnetoresistance and planar Hall effect at selected T. (a)-
(c¢) Angular dependence of anisotropic magnetoresistance at 7' = 25, 40
and 60 K, respectively. The current is applied to [110] direction. The
magnetic field is applied in-plane with angle 6 from the [110] axis. Red
dashed lines are fitting curves using Eq. 5.2. Fitting parameter of ¢ is
around 4 degrees, indicating the misalignment between the current and
the [110] axis. (d)-(f) Angular dependence of Planar Hall effect with the
same condition as AMR. Red dashed lines are fitting curves using Eq.
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symmetrized to eliminate the contribution from ordinary and anomalous
Hall effect. (g)(h) Fast Fournier Transformation (FFT) plot of the data
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5.2.4 Discussion

The positive linear MR observed in H || ab orientation is striking, since it excludes
the most of the possibilities related to quantum interference. It is known that the two-
dimensional disorder-induced quantum interference has a In B dependence of magnetic
field. Thus, the combination of In B and parabolic MR from classical orbital effect
could result in the linear behavior of MR. However, since the magnetic field is applied
in-plane, classical MR contribution cannot be large. Also, weak localization and weak
anti-localization can be ruled out, as they are considered to be orbital effect and highly
affected by perpendicular component of H. Nevertheless, the in-plane MR is even
larger than that from out-of-plane in our case. Furthermore, given that LNO/LAO
(001) shows one order of magnitude smaller MR with no linear behavior, it is hard
to think that the disorder effect is dominant in LNO/LAO(111). Thus, we can rule
out this possibility.

Linear positive MR has been also reported in thin ferromagnetic films [140]. In
this case, linear MR originates from disorder, and it should be isotropic. Again,
this contradicts with our angular dependence of MR. Therefore this possibility can
be ruled out as well, and we conclude that the positive linear MR comes from the
intrinsic effect.

From the theoretical prediction, the LNO/LAO (111) system with P3 symmetry
becomes multiferroic with gapped Dirac point. All our observations are consistent
with this picture: sign reversal of hysteresis loop, positive linear MR, ferromagnetic
and ferroelectric features, the gapped behavior of temperature dependence of resis-
tivity at low T" and C3 symmetry observed in in-plane AMR. Surprisingly, however,
in NdNiO3/LaAlO; (111) and LaNiO3/LaAlO3 (111)thin films, the rotational sym-
metry as well as inversion symmetry is found to be broken [126]. There are a few
explanations. First, it is possible that the AMR and PHE could not tell the difference

between P3 and P, (monoclinic) with three equivalent domain variants with the angle
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of 120 degrees between each domain. Since the origin of AMR is the spin-dependent
scattering of conducting electrons lead by spin-orbit coupling, its length scale could
be longer than the domain size. In this case, the theory predicts that the system
is still multiferroic, but the Dirac point no longer exists. Also, it is possible that
the system is partially detwinned by the magnetic field, similar to that observed in
iron-based superconductors [141, 142]. If this is the case, the calculation predicts that
gap opening happens at the K point.

Finally, it is worth pointing out the electron-driven parity-breaking phase as a
possible origin of multiferroicity in LNO/LAO (111). A similar ferroelectric metal
phase has been reported in the bulk LiOsO3 [143], accompanied by the structural
transition at 140 K where the inversion symmetry disappears. This effect is argued
to originate from the inversion symmetry breaking induced by the electron correla-
tion in spin-orbit-coupled correlated metals [144]. In the theory, the p-wave spin-spin
interaction leads to spin-split Fermi surfaces and gives rise to a polarization of elec-
trons. Similarly, in LNO/LAO (111), despite the C5 symmetry of LAO substrate, the
inversion symmetry is broken up to room temperature, which leads to ferroelectricity
[126]. The transition is accompanied by the Fermi surface spin splitting, which lays
the foundation for the magnetic ordering.

In summary, we first observed the ferromagnetic state of LaNiOg thin film grown
on LaAlOjz (111) substrate as predicted by many groups. This result is important
not only because it gives further guidance to improve the theoretical calculation, but
also, with the ferroelectric feature reported before, it sheds light on the application
to the spintronics. Moreover, our results are consistent with the existence of gapped
Dirac point predicted by the theory. These results would be a significant step forward
in the realization of strongly correlated topological phase by geometrical engineering

of buckled honeycomb lattice.
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CHAPTER VI

Conclusion

In this study, we investigated the three materials, Nb,BisSes, WTe, thin films on
sapphire substrates and LaAlOs thin films grown on LaAlOj (111) substrates. They
are expected to belong to three different classes of topological materials: topological
superconductors, Weyl semimetals and Dirac semimetals.

In Nb-doped BisSes, we have observed the nematic order in the superconduct-
ing state of Nb-BiySes by in-plane torque magnetometry which is a thermodynamic
probe. Either hysteresis loop or magnetic susceptibility show nematicity in the super-
conducting state, while in the normal state the angular dependence of susceptibility
is a function of sin 6¢, indicating that the rotational symmetry is preserved. Fur-
thermore, we revealed that the in-plane quantum oscillation frequency shows two-fold
symmetry rather than six-fold. This is consistent with the theoretical prediction that
the origin of nematicity is an in-plane strain. Further in-plane Fermiology study will
nail down what is the driving force of strain.

In the thin films of WTey grown on sapphire substrates, I observed that the in-
plane upper critical field H.y is more than 10 times larger than the Pauli limit H,,
indicating the Ising superconductivity in this system. Also, at around T, the small
in-plane magnetic field enhances T, by 1.6 %. At high fields, the nonmonotonic H. vs

T was observed, which could be understood by the competition of Zeeman term and
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Ising type SOC, consistent with the Ising superconductivity. X-ray result is consistent
with the T, crystal structure, but more experiments are desired to exactly determine
the phase of this system.

In LaNiOj3 thin films grown on LaAlO3 (111), we first observed the ferromagnetic
state as predicted by many groups. This result is significant not only because it gives
further guidance to improve the theoretical calculation, but also, with the ferroelectric
feature reported before, it sheds light on the application to the spintronics. Moreover,
our results are consistent with the existence of gapped Dirac point predicted by the
theory. These results would be a significant step forward in the realization of strongly
correlated topological phase by geometrical engineering of buckled honeycomb lattice.

These results will help further understand the exotic features of topological mate-
rials. In particular, the combination of topology and correlation or superconductivity
is quite a new field. The observation of nematic superconductivity, field-enhanced T,

and magnetic Dirac physics would be a hallmark for this field.
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APPENDIX A

Pauli susceptibility in spin liquid herbertsmithite

In this appendix, I describe our torque magnetometry results on the spin liquid
material herbertsmithite.

A.1 Background

When the strong geometric frustration exists in the antiferromagnetic system,
the ground state may have no magnetic ordering. This phase is called the quantum
spin liquid state. The most promising playground for the spin liquid is the S = 1/2
Heisenberg antiferromagnet in the kagome lattice because of the strong frustration
(145, 146, 147]. In particular, herbertsmithite ZnCus(OH)sCly consists of Kagome
planes of spin S = 1/2 Cu?" atoms separated by non-magnetic Zn atoms, making it
ideal to study the spin liquid state [148]. Despite the large superexchange interac-
tion of J = 17 meV, no magnetic ordering was observed down to 50 mK[149, 150].
Furthermore, recent neutron scattering measurement shows that the spin excitations
form a continuum, indicating the fractional spinon excitation in this system [151].

In this appendix, I show that the susceptibility in the high field gapless ground
state of herbertsmithite exhibit the Pauli susceptibility, indicating the spin liquid
state.

A.2 Sample preperation Single crystals of herbertsmithite were grown from
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Figure A.1: Torque curves on herbertsmithite. (a) The schematic of torque
magnetometry setup. (b) Temperature dependence of torque at § = 20

powder samples. As described in Ref. [152], the powder samples were grown by
sealing the parent compounds in a quartz tube, then they were transported in a
three-zone furnace under a temperature gradient. In this study, two samples (sample
A, B) were measured. The sample volumes are 0.3 x 0.3 x 0.4 mm? 0.1 x 0.1 x 0.2
mm?, respectively. The X-ray diffraction indicates that, while about 15% of interlayer
Zn atoms are replaced by Cu atoms in sample A, and 25% in sample B, no Zn atom
sits in the Cu site, resulting in the perfect Cu kagome plane. In the results below, we
mainly focused on sample A unless mentioned otherwise.

A.3 Temperature dependence of torque at low fields

The torque magnetometry setup is shown in Fig. A.1 (a). The single crystal of
herbertsmithite was mounted on the cantilever with ab plane facing up. The magnetic
field is applied with tilt angle 6 from c-axis. Fig. A.1 (b) shows the example torque
curves at different temperatures with 6 = 20°. At low temperatures, the Currie-

like impurity contribution is dominant at low fields, while at high fields it is fully
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Figure A.2: Derivative of torque as a function of magnetitic field. (a) An-
gular dependence (b) Temperature dependence

saturated and the contribution from the intrinsic kagome plane becomes dominant.
The impurity contribution decreases as the temperature increases and at around 7" =
15 K the torque sign changes. This is consistent with the previous study[? 153]. At
30 K., the curve is almost parabolic, indicating the whole system is paramagnetic.

A.4 Anomalies in low field torque

As shown in Fig. A.1 (b), there is a non-monotonic behavior of torque at low
temperatures. These field-driven anomalies are observed at low temperatures and
low fields, around the region where the impurity contribution saturates. Fig. A.2 (a)
shows the derivative of torque as a function of the magnetic field to emphasize the
anomalies, at different angles and 7' = 0.3 K. As indicated by the blue and red arrows,
two pairs of anomalies were observed between H = 7 T and 15 T. Furthermore, the
positions of the peaks are almost angular dependent, which is consistent with the

isotropic Heisenberg model.

119



b) —————

14— -

w
o

(a)
e
C
>
£ )
5 5
< £
o S
IO \m
\1—/ 3
AN 'o
T A
3‘ ~
S s
1]
$I\
or 10
o) ST Ly o v 1 L | L | L
0 5 10 15 0 10 20 30
pH (T) HoH (T)

Figure A.3: Field dependence of effective magnetization. (a) Data taken up to
18 T. (b) Measured up to 31 T.

The temperature dependence of anomalies from 0.3 K to 10 K at # = 20 ° is shown
in Fig. A.2 (b). The locations of anomalies are also temperature dependent up to 7'
= 0.9 K, above which the anomalies disappear. This trend is also observed in sample
B.

A.5 Pauli susceptibility in herbertsmithite

As the torque 7 is given by 7 = VM X ugH, the effective transverse magnetization
M is given by My = m The temperature dependence of M up to 17 T is shown
in Fig. A.3 (a). At higher fields above 10 T, the slope of M7 becomes almost
linear with fields, indicating that the impurity magnetic moment is saturated and the
contribution from kagome plane is dominant. The similar behavior is also observed
from sample B. Shown in Fig. A.3 (b) is the M7 vs magnetic fields plot up to 31
T at 0.3, 1, 5 and 10 K form sample B. The high field slope is almost independent
of temperature, indicating the Pauli susceptibility. To further illustrate this, the

effective magnetic susceptibility x.rr = dMr/duoH as a function of the magnetic
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Figure A.4: Phase diagram of herbertsmithite.

field is shown in Fig. A.4 (a), using the data in Fig. A.3 (b). At T =0.3, 1 and 5 K,
Xefs becomes constant and field-independent above 15 T.
The high field x.ss vs temperature plot is sown in Fig. A.4 (b). It is almost

constant between 0.02 K and 10 K, suggesting the Pauli susceptibility from spinon

Fermi surface.

A.6 Phase diagram of herbertsmithite by torque magnetometry
Finally, the phase diagram of herbertsmithite is shown in Fig. A.4 (c¢). Between 8

and 16 T, we observed the anomalies in the torque between 20 mK and 1.6 K. Above
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16 T and low temperatures, the impurity magnetic moment is fully saturated, and

the signal originates from the intrinsic kagome contribution.
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APPENDIX B

Quantum oscillations in a pyrochlore

superconductor Cd;Re;O

B.1 Background

CdyRey07 is the first pyrochlore superconductor with 7, = 1 K [154]. When the
sample is cooled down from room temperature, there is a crystal structural transition
from cubic F'd3m phase to non-centrosymmetric tetragonal 74m2 phase at Ty; = 200
K. After that, there is another structural transition to tetragonal 1422 phase at T,
= 120 K. Surprisingly, while the electronic properties dramatically change below T,
the lattice constant change is less than 0.01 % across Ty [155] (Fig. B.1), indicating
that the phase transition is driven by the electron correlation. Recently, this behav-
ior was explained by Fu as the spin-orbit-coupling-driven phase transition into the
multipolar order [144]. The multipolar behavior was recently confirmed by Harter et
al. using optical second harmonic generation techniques [156]. Another important
consequence of the multipolar order is the Fermi-surface splitting by the spin-orbit
coupling. However, no Fermiology studies have been made on this compound so far.
In this appendix, I provide the evidence of the spin-split Fermi surface by dHvA and
SdH quantum oscillations.

B.2 dHvVA oscillations at low fields
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Figure B.1: Temperature dependence of resistivity from Cd;Re;O;. (inset)
The first order phase transition at around 120 K. Adapted from [155].

In this section, I describe the torque response up to 18 T, relatively low field
features. The similar setup as described in Chap. III was used to observe the dHvA
effect. Since only (111) surface is the well-defined surface obtained from CdsRe;O7,
we applied the magnetic field in (110) plane so as to cover three high-symmetry axes,
[110], [001] and [111]. The typical torque curve is shown in Fig. B.2. At low fields, the
superconducting hysteresis loop was observed, consistent with the previous studies.
The clear quantum oscillations were observed above 4-5 T.

The angular dependence of torque is shown in Fig. B.3 (a). The FFT plot of
Fig. B.3 (a) after background subtraction is shown in Fig. B.3 (b). The dominant

frequencies are below 100 T. Higher branches of 300-500 T is also apparent for most
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Figure B.2: Example torque curve up to 18 T.

of the frequencies, and even higher frequencies of 1.5-2.5 kT were also observed in
certain angles.

In addition, we observed a hysteresis loop at around 2 T, way above the upper crit-
ical fields, as shown in The origin of this hysteresis is not clear. If the hysteresis loop
is intrinsic, then it indicates that there is a first-order phase transition. Thus, further
study is desired to determine if this phase transition is indeed a crystal structural
transition or not.

B.3 dHVA oscillations at high fields

To further nail down the high-frequency behavior, we applied up to 45 T in the
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Figure B.3: Low field torque and FFT plots. (a) Torque curves. (b) FET plots.
The used data range is between 15 T and 45 T. The magnetic field was
applied within the (110) plane.
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Figure B.4: Additional hysteresis loop at 2 T.

hybrid magnet in National High Magnetic Field, Tallahassee. The angular dependence
of torque after background subtraction and the FFT data are shown in Fig. B.5 (a)
and (b). Due to the higher fields, the higher frequencies are clearly resolved around
800 T, 1.5 kT and above 2 kT. In particular, when 6 = 58 degrees, which is close to
[111] axis, there are multiple frequencies observed between 2 kT and 2.5 kT. At low
temperatures, the crystal structure becomes tetragonal and there are three equivalent
domains. However, when the magnetic field is applied parallel to [111] axis (in the
cubic state), the quantum oscillations from three domains become identical. Multiple
frequencies are consistent with this picture, and also they indicate the existence of
the spin-split Fermi surface.

We also measured the temperature dependence of FFT amplitude of quantum
oscillation to evaluate the effective mass of each pocket as shown in Fig. B.6.

B.4 SdH oscillations at pulse fields

Since the magnetization measurement picks up all the signals from the sample,
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Figure B.5: High field torque and FFT plots. (a) Torque curves. (b) FFT plots.
The used data range is between 35 T and 65 T. The magnetic field was
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sometimes the dHvA oscillations arise from the impurity phase of the sample. Thus, it
is important to observe the SdH oscillations to confirm that the oscillations originate
from the target sample, since the SAH effect is not sensitive to the impurity phase.

To observe the SAH oscillations, we used PDO technique [157] in the pulse fields in
National High Magnetic Field Lab, Los Alamos. The pulse magnetic fields of up to 65
T were applied. Since CdsRe;O7 is metallic and its resistivity is small, it is difficult
to directly measure the resistivity of the sample by standard 4-wire measurement.
Instead, PDO can be used to measure the relative change of conductivity of the
sample. Thus, the quantum oscillations observed by PDO originate from the SdH
effect.

Firstly, we show the validity of our data taken in the pulse fields. Fig. B.7 shows
the two PDO data taken at almost the same condition at T = 0.77 K (black) and
T = 0.78 K (red). They reasonably overlap to each other. Moreover, the FFT plot
in Fig. B.7 (b) shows that the signal is reproducible, hence these oscillation peaks
are intrinsic. Furthermore, two peaks observed around 2.4 kT are consistent with the
spin-split Fermi surface.

The temperature dependence of FFT data is shown in Fig. B.8. The gradually
vanishing peaks confirm that the peaks are intrinsic and not noise.

The angular dependence of FFT data taken by PDO is shown in Fig. B.9. In
this measurement, due to the sample space limitation, the magnetic field was applied
within the (112) plane. This result confirms that all the branches around 500 T, 1.5

kT and 2.5 kT are intrinsic.
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