UVA-DARE (Digital Academic Repository)

Experimental investigation of potential topological and p-wave superconductors
Tran, V.B.

Link to publication

Citation for published version (APA):
Trn, V. B. (2014). Experimental investigation of potential topological and p-wave superconductors

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s) and/or copyright holder(s),
other than for strictly personal, individual use, unless the work is under an open content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please let the Library know, stating
your reasons. In case of a legitimate complaint, the Library will make the material inaccessible and/or remove it from the website. Please Ask
the Library: http://uba.uva.nl/en/contact, or a letter to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam,

The Netherlands. You will be contacted as soon as possible.

Download date: 23 Jul 2018



E% EJu vS o JVA o
% }S VY 0 S} %o} oorRave o
*U% E }v U S}HE:

DiIs 0 A{dPo Pwas & yads{°%s ){ A{A dAs VA[ O SA Nn[D %

sv E 1t oere uv/veY3Sus
hv]A E<]3C }( u*s8 E u
/" EW 560r58r0TAGrionmo : Tran Van Bay

Amsterdam 1110




Experimental investigation of
potential topological angb-wave
superconductors

TraaV nBY






Experimental investigatiof
potential topological angh-wave
superconduaodrs

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus
prof. dr. D. C. van den Boom
ten overstaan van een door het college voor promoties
ingestelde commissie, in het openbaar te verdedigen
in de Agnietenkapel
op dirsdag 09 september 2014, teQBtuur.

door

7TU«Q 9 Q %8\

geboren te Bih Dinh, Vietnam



Promotiecommissie

Promotor: Prof. dr. M. S. Golden

Co-promotor: Dr. A. de Visser

Overige Leden:  Prof. d. J.T. M. Walraven
Prof. d. C. J. M. Schoutens
Prof. dr C. Felser
Dr. A. McCollam

Faculteit der Natuurwetenschapp#®viskunde en Informatica

The research reported in tHhD dissertatiorwas carriedout at
the Van der WaalZeeman Institutdor Experimental Physics,
University of Amsterdam. The workvas partly financed by the
Ministry of Education and TrainingMOET), Vietnam It was
also part of the research program of the Stichtingor
Fundamenteel Onderzoek der Materi@OM), which is
financially supportedby the Nederlandse Organisatie voor
Wetenghappelijk Onderzoek (NWO).

© 2014 Tran Van Bagtvanbay@gmail.coin
ISBN: 978-94-6259285-8
Printed in the Netherlands by Ipskamp Drukkerg.

Cover: The TiNiSi structure of UCoGe (main object, chaptertl@, reduced upper critical
field B(T) (front face, chapterd and 5), thd-r phase diagram (top face, chapter 3) and the

magnetoresistancéB) (right face, chapter 6).

An electronic version of this dissertation can be downloaded from

http://www.scienc e.uva.nl/research/cmp/devisser/index.html



“Seek and ye shall find. Unsought goes undetected
(Sophocles)

“Use your smile to change the world; don't let the world change your smile.”

(Anonymou$

To myparents,
My sisters and brothers,

My nieces and nephews.



Contents

Abbreviations
Chapter L INTrOAUCTION .......e et e e e e e e e e e e e e 1
1.1 General INrOUCHIQN........cciiiiii e e 2
1.20utling Of the thESIS.......ciiii e 3.
RETEIENES. ... e et e eeeee e 6
Chapter 2 Experimental background and techniques...............cccovviiiiiieiiiiiee, 9
2.1 Sample PreparatiQnl............oooueuuueiie e e 10
2.2 Sample charaCterization...............oor oo e 10
2.3 CryogenicC tECHNIQUES..........ooiiiiii it 10
2.4 Calibration of Ru@thermometers in high magnetic field....................c.c..ce.. 12
2.5 Experimental teChNIQUES.........ooi i e 13
2.5.1 Electrial resistivity eXpPeriment......... ..o e 13
2.5.2 AC-susceptibilityeXperimenL...........uuuuuiir i 14
2.5.3 High pressure exXperiment...........coo oo e e eeeee e 14
2.5.4 FER @XPEIMENT. ... ciiiiiiiiiit et e e e e 16
2.6 Data acquisition and analySiS.............uoiiiiooiiiriiiiii e 16
RETEIENCES ...t e e e e e e e e eeees 17
Chapter 3 TheoretiCal ASPECES. .......uuvuuuit i e 19
3.1 Ferromagnetic SUPErCONUUCTALS . .......uuuuuuu e iieiieiiiit e e e e eeeeiiiie e eeeeeeeeeees 20
3.1.1 QUANTUM CIILICAIILY. . ...t eeeeeeeie e e e 20
3.1.2 FerromagnetiC SUPErCONAUCIOLS. .......ccoiuuiieiiieee e e e eee i e ee e eeeeeeas 22
3.2 Topological insulators and supercoNUCIOLS..........ccovuveriiiiiieeeeeeeeeiieieann 25
3.2.1 Topological INSUIALOLS.........ovuiiiiiie e e 25
3.2.2 Topol@ical SUPErCONUUCTOLS .......uuuiiieeeeiieeeiiie e e e e eeeeeees 31
3.2.2.1 Odd andvenpairing SUPercONAUCIOLS...........ccerurrrrniii e eeeeeeeeeennns 31
3.2.2.2TopologicalsuperCoNUCIOLS ... .....cuvuuuut e eeeeeeeeii e 32

3.3 Upper critiCal fIeldBcg.......ccvvuuiieeeiei e e 33



3.3.1 Slope othe upper critical fieldBea(T)......ccvvrrrmmiriiireeee e 34
3.3.2 Temperature variation thfe upper critical fieldBe(T) .....coevvvvvvviiiiiiieeeee. 35

R (1 (=] (o ST R 37

Chapter 4 Possiblep-wave superconductivity in the dopd topological insulator

CUXBI 2SS .. e 43
v N 1 o o L8 o 1o o PO TSR UPPPPPTTSPRTR 44
4.2 SamMPIE PrEPATALION. ... ...ttt nn e ee 45
4.3 AC-SUSCEPLIDIITY.....ceeeieieiiii e e e e e e 46
4.4 EleCtriCal FESISTIVILY......eveuuet e et e e e e e e e e e e e 47
4.5 Upper critical fieldBe at ambient Prefire. ... ... 48
4.6 Superconduittg transition UNAEr BSSUIE...........oviveeeiiiieeiiiaee e e e e e 50
4.7 Upper critical fieldBe UNder PreSSULE.......coooviiiiiii et 52
4.8 DISCUSSION . ...ttt ettt ettt e e et e ettt e e et et e e eaae s e e e e et eeebbeb e e aeeeeeeeeees 57
4.9 CONCIUSION. ...ttt e et e et e e e e e e e e e annnee s 58
RETBIENCES ... et e 59

Chapter 5 Unconventional superconductivity h the noncentrosymmetric Half Heusler

1= 61

S L INEFOTUCTION. ... e e e e e ettt e e e e e e e e neenneas 62
5.2 Sample preparatiosind characterization................cocoeeeeeieriiiiiiiiii e 63
5.3 LOWHIEld @XPEIMENES. ... .cciiiiiiiiiiieii et e 64
5.3.1 Sample characCterization...............coooo i 64
5.3.2 Lowtfield magneization andAC-susceptibility............ccooeviviiiiiiiiiiiiinnnnns 65
5.33 Muon spin relaxation and rotation.............coeeveuuiiiiiinireeee e 68
5.3.4 DISCUSSION ...ttt ettt ettt e e e e e e e e bbb e e e e e e 70
5.4 High pressure eXperimeSiL...........cooooeiiiiieiiee et ee e 71
5.4, L RESISTIVITY. ... e eee ettt ettt e e e e e e e e aneenea 71
5.4.2 Upper Critical fielBep...........ieeieiiieiii e 73
5.5 CONCIUSION.....coiiiiieiii e e et e e e e e eeeeee e 77
RETBIENCES ... et et e e 79

Chapter 6 Angular variation of the magnetoresistance of thesuperconducing
ferromagnetUCOGE. .........ouiiii i e 81
6.1 INETOTUCTIONL. ...t et e e e e e e e e e e e e eeeeeea 82
6.2 SAMPIE PrePArAIN........evei et e e e e e 83



6.3 MAGNELOIESIRNCE ... i iiiiiie ittt et e e e e e enenan e 84

6.4 Upper CritiCal fIeltBeg. ... . ccvvueieieeiei e e e 86
(SRS B 1Yo U 1] o] o W 88
(ST 3O 0] a1 [V = (o] o T 90
R L] (] (=] A (011N 92
SUIMIMABIY ...ttt ettt e et e e e e e ettt e e e e ebnn e e e e e man e e e e e e eeenanns 95
SAMENVALLING ...ttt ettt e et e e e e e e e e b tan s ae e e e e e e eeeennnnn s 98
LiSt Of PUBICALIONS.......ciii it naaeee s 101

ACKNOWIEAGEMENTS.. ...ttt ettt e e et e e e e e e e e e eeeeeenees 103



Abbreviations

SCs
BCS
FMSCs
FM QCP
QHE
Tls
TSCs
PR
QPTs
IQHE
SOC
TRS
TRI
TRB
WHH
ESP
ZBCPs
ZF

superconductors
BardeenCooperSchrieffer
ferromagnetic superconductors
ferromagnetic quantum critical point
quantum Hll effect

topological insulators
topological superconductors
muon spin relaxation/rotation
quantum phase transitions
integer quantum &l effect

spin orbit coupling

time reversal symmetry

time reversal invariant

time reversal braking
WerthamerHelfandHohenberg
equal spin pairing

zero bias conduction peaks

zero field



Abbreviations




Chapter 1 introduction



2 Chapter 1

1.1 General introduction

Superconductivity discovered by the Dutch physitlstke Kameringh Onnesn Leiden in

1911 has provided one ofetlmost fascinatingesearch fieldgl]. Not only is it a very special

state of matter compared to the walbwn states, conducting, semiconducting and
insulating, but als the understandingf this novel ground stat® some materials systems
appears to be a great theoretichbllenge. As regards its understanding, the microscopic
theory which explains superconductivity in most materials was proposed by Bardeen, Cooper
and Schrieffer (BCS) in 1957, and is based on the attractive ratherethdsive effective
interaction betwen two electrons with anpiarallel spins of a Cooper pair via lattice
vibrations[2]. However, more and more materials have been discovered which cannot be
explained by BCS theory, the -salled unconventional superconductors (SCs).
Unconventional superconductivity has been found in numesgsiens over the last forty
years, e.g. the prime exampléHe[3,4], later on heavy fermion compoundsee for
instancg5-13]), cuprate$14,15] and ironpnictideg[16,17]

Frequently, superconductivity emerges in theapsgneticphaseof a metalas a
consequence of phononediated pairing. Therefore, the coexistence of ferromagnetism and
superconductivity in the same material, which is aated ferromagnetic superconductor
(FMSC), has become mesmerizing research ltie The first example discovered in 2000 is
UGe, [10]. Later, three other uraniubbased FMSCs were fountddRhGe[11], Ulr [18] and
UCoGe[19]. The emergence of this robust class of superconducting compounds requires
novel theoretical insights rather than the standard BCS formalisear@tical predictios of
p-wave SCin itinerant ferromagnef20] were made long before the first FMSGvas
experimentally realizedin the® first models the exchange of longitudinal spin fluctuations
near the ferromagnetic quantum critical point (FM Q@83 proposed ake pairing mechanism
for triplet Cooper pairs. However, thisimple modellacks an explanation forthe nonzero
supercondcting transition temperaturg; at the QCHRn UCoGe Later on,more sophisticated
theoretical models based on spin fluctuategproacheshave appearg@1-24]. In these
models, superconductivity and ferromagnetism coexist on the microscopic scale.
Superconductivity is closely related to a magnetstaility near the FMQCP, and the same
electrons are responsible foand ferromagnetism and superconductif2y].

In addition, theoretical predictions followed by the experimental realizativavery
recently led to a completely new research field: topological insulators[ZBl®7] These
novel materials have a close connectioth® quantum Hall effec{ QHE), oneof thecentral

discoveriedn the field of condensed matter physinghe 1980sIn the QHE electronsthat
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are confined to two dimensions aacesubjected to a strong magnetic field, exhibit a special,
topological, type of mler. A few years ago, it was realized that topological order eamerge
quite generally in specific twond three dimensional materials. These materials are now
calledTIs [26,27] Not onlydo TIs possess intriguing properti@ghich require novel insights
and physicsput also tese new materials have sparkeidle researchinterest, because they
offer new playgroundfor the realization of novel states of quantum ma#&y29] In 3D Tls
the bulk is insulating, but the 2D surface stat@sotected by a nontrivial ;Zopology- are
conducting. Mat interestingly, he concept of Tls can also be applied to superconductors
(SCs), due to the direchalogy between topological band theory and superconductivity: the
Bogoliubovde Gennes Hamiltonian for the quasiparticles of a SC has a close similarity to the
Hamiltonian of a band insulator, where the SC gap corresponds to the gap of the band
insulator[30,31] Consequently, this analogy leads to another novel concept in condensed
matter physics which is the ®alled topological superconductqiTSC) Topological
superconductivity can be adopted as a state that consists of a full superconducting gap in the
bulk, but is topologicabnd protected by symmetries at theundaries of the systernihe
remarkable point is that the topological surface states can presumably harb@mnilajates.
A Majoranazero modeis a particle that is ®htical to its own antipartiel Majoranazero
mode states are expected to be a key elemenfufiare topologicalquantum computation
schemesExperimentally, the most well known candidate for TSC is superiidé (phase
B) [32-34] described by the topological invariaft Yet another promising test case for 2D
chiral superconductivity is the triplet superconducteRBO [35], but experimental evidence
remains under debate, for instance, as regards the existetheegapless surface staj2s].
Otherpromising candidate topological superconductors can be found among the doped 3D TI
CuBi,Se; (chapter 4]36,37] the haliHeusler platinum bismuthide familiesvith 111
stoichiometryLaPtBi, YPtBi Chapter 5)and LuPtBi[38-43], the doped semiconductor
SnixIn Te [44] andtherecentnew comer ErPdB[45].

In this dissertationwe present the results of artensive experimental study on some
of these exemplary (candidate) unconventional superconductorsBi¢Se;, YPtBi and
UCoGe. We employ magnetic and transport measurements as well as thespinon
relaxation (USR) techniquéo further unravel the supeomducting natureof these novel

materials
1.2 Ouitline of the thesis

This dissertatiorwonsists ox chapters. The content Ghapters 26 is laid out as follows
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Chapter 2
This chapter summarizes a number of experimental techniques that have leeen us
throughout this work in th¥an der WaalZeemaninstitute (VZI). Transport measurements
were performed using severlogenicaparatusesa Maglab Exaa *He refrigeratoreferred
to as theHeliox anda dilution refrigeratorreferred toas theKelvinox in the following.All
three instruments are made Oyfords InstrumentHigh pressureneasurementat pressure
up to 2.5 GPa havearried outusing a hybrid pistoeylinder pressure cell. Additionally, the
MSR technique used for experiments carriedatuhe Paul Scherrer Institure (PSI) is briefly
discussedn this chapter

Chapter 3
The theoretical aspects of the research topics presented in this thesis are given in this chapter.
The aim isto provide a general picture and links to the experiatembrk presented later on.
We introduce a brief overview of superconductivity, quantum criticality and quantum phase
transitions. The recent discovery of FMSC as a novel class of unconventional SCs is
discussed; in particular, we focus on the intriguimgperties of the latest membef the
family, UCoGe. Furthermore, a concise discussion is presented of the recent discovery as well
as of the intriguing properties of topological insulators angossible topological
superconductors.Subsequently we discuss superconductivity in a magnetic field
Particularly, we consider the temperature variation dhe upper critical fieldfor both
conventional BCSs-wave and unconventional superconductdrse analysis of the upper
critical field is further investigated in details in Chapters 4 and 5 to unravel the

superconducting nature of teidiedmaterials.

Chapter 4
Transport measurements were made at both ambient and high pressure on the doped second
generation 3D TI CiBi,Se. It is demonstrated that the temgieire variation of the upper
critical field Be(T) strongly deviatesfrom the spinsinglet Cooperpair state in the
conventional BCS formalism. The data rather point to an unconventional polave
superconducting phase. Our study strongly supportsetiea proposals that this material is
a prime candidate for TSC.

Chapter 5
One of thelll compounds in the Half Heusler family, YPtBi, is studied by means of
transport magnetic measurements and pUSRC-gusceptibility andDC-magnetization data

showunanbiguous proof for bulk superconductivityhe zercfield Kubo-Toyabe relaxation
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rateextracted fromuSR data allove thedetermimation ofan upper boundbr the spontaneous
field associated with oddarity superconducting pairinglransport measurements wnd
pressure are used to establish tdmperature dependence thé upper critical field Bex(T),
which tells us the superconducting statetsvariancewith the expectation of simpkewave
spinsinglet pairing The B,(T) dataare consistent withthe pesence of an odparity Cooper
pairing component in the superconducting order parameter, in agreementhesdetical

predictions for noncentrosymmetric and topological superconductors

Chapter 6

We present a magnetotransport study on the ferromagoggrconductor UCoGe. The data,
taken on high quality single crystalline samples, identify a significant structure near
B* =8.5T when the applied magnetic field is parallel to the spontaneous moment. We show
that this feature has a uniaxial anisotropy. Mdaver, it is very pronounced for transverse
measurement geometry and rather weak for longitudinal geariéeyuniaxial nature ahe

B* featureand its largeenhancementinder pressur@rovide strong indicationshat it is
closely related to an unusualpolarizability of the U and Co moments. Transport
measurements around the superconducting itramsn fixed magnetic fieldswith B || b
corroboratethat our sanples exhibitan extraordinary ShapedBg-curve when properly
oriented in the magnetic field@his field reinforced SC appears to be connected to crijuil

fluctuations associatedith a field-induced quantum critical point
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Experimental
Chapter 2 background and

techniques

In this chapter, wepresent a concise description of the experimental techniques used
throughout this thesis: sample preparation and characterization, cryogenic techniques and
measurement equigent. In addition, we report the calibration of the Ruermometer in

high magnetic fieldas well as of the hybrid piston cylinder pressure cell.
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2.1 Sample preparation

All samples used in this thesis were fabricated at the WADibyr. K. Huang except some

of the YPtBi batches that were synthesizedbyT. Orvis at Stony Brook University. Single
crystalline CyBi,Se; samples were prepared by a melting method. A flux technique was
applied to synthesize YPtBi single crystals. For UCo®#;qoystals were synthesized first in

a homebuilt moncarc furnace. Next, single crystals were grown using the Czochralski
method in a triarc furnace. The details of the sample preparation processes are given in each

experimental chapter.
2.2 Samplecharacterization

Sample characterization is essential prior to making further investigations. This can be
accomplished by using various facilities at the WZI. In this work, for instancay owder
diffraction, X-ray backscattering Laue diffraction andlectron Probe Micro Analysis
(EPMA) have been used to investigate in particular sample homogeneity, stoichiometry as
well as to identify crystal structures and crystal orientation. In addition, depending on the
experimental needs the samples were cuttirtdesied shapes and dimensioasinga spark

erosion machine.
2.3 Cryogenictechniques

A majority of this PhD work has been done using several low temperature facilities at the
WZI. Each system is briefly described in the following paragraphs:

A home-made “He bath cryostausing liquid helium and liquid nitrogen can be
operated in the temperature range-300 K. The base temperature can be reached rapidly by
directly reducing the vapour pressure of ligliite using a rotary pump. This equipment is
suitable for initial transport and magnetic measurements such as fast checking of
superconductivity and magnetic transitions.

A Maglab Exa cryostaiOxford Instruments) is used in the temperature range
1.2-400K. It is equipped with & T superconductig magnet This cryostat can be used for
electrical and acand demagnetization measurements.

A *He refrigerator, Heliox VL (Oxford Instrument)], is operated in the temperature
range 0.2320 K and is equipped with a 14 T superconducting magnebalig principle of
operation is based on the property’sie as follows. LiquifHe can be collected in tHele

pot by condensing th#He gas with help of the 1 K plate which is cooled by the 1 K pot. The
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vapour of the®He is reduced by a sorb pump opedas 4.2 K. Consequently the base
temperature (230 mK) is achieved at fhe pot. A multipurpose sample holder is located
20cm below the’He pot in the center of the magnetic fiedthd is in good thermal contact
with the®He pot. The thermal link is pviled by a low eddy current sample holder made of a
stainless steel rod that contains sintered copper Heliox has a cooling power 40 W at

300 mK. The temperature is controlled by a RutBermometer and a heater made of two
100 Yresistorsin series Both the thermometer and the heater are connectetetoperature
controller (ITC 503, Oxford Instruments). An additional calibrated thermometer was mounted
on the sample platform and read out byGiRPX resistance bridge (Barras Provence). The
Heliox is a multipurpose cryostat for measurements of resistivity, magnetoresistivity, ac
susceptibility, thermal expansion and magnetostriction.

A °HefHe dilution refrigerator, Kelvinox MX100 (Oxford Instrument§], is
operated in the temperature range20l® K and magnetic field range up to I8 The
cooling mechanism of the Kelvinox basically relies on the temperatneentration phase
diagram of &He/"He mixture When the mixture is coolei below 900mK, it separates into
two phases. The lighteconcentrated phase’ with almost pure ligthte is floating on top of
the heavier ‘dilute phase’ of superfluide with about 6%He. By pumpingonthe®He in the
dilute phase®He atomsevaporate’from thepure phase into the dilute phases a result of
the osmoticpressure.A base temperature as low as 20 mK is achievable in the mixing
chamber. For continuous coolingver a period of even monthse*He gas is circulated and
condensed again at ~ 1.2 K in the 1 K pbhe SC magnet is equipped with ld
compensation coil which resulis a field smaller than 100 Gauss at the level of the mixing
chamber. This prevents eddy current heating of the mixing chamber during field sweeps, and
in addition allows for calibration of thermometers in field (selowp The sample holder
configuration is like in the Heliox. Moreover, the Kelvinox is equipped with a plastic Swedish
rotator with angles tunable frori50qgto 150gwith a resolution 00.2 g controlled by an
Oxford Instruments Stepper Motor Control Unitodel (SMC4).The Kelvinoxs cooling
power is100 pW at 100 mKThis is a multipurpose cryostat like the Heliox, but angular
dependence measurements can be performed as well.

In addition, low temperature facilities, including a SQUID at the Néel unstiin
Grenoble, France, and a dilution refrigerator at the Paul Scherrer IngRtifein Villigen,
Switzerland, have been used. More details about these experimenips s&=tn be found in
Refs.3,4,5
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2.4 Calibration of RuO, thermometers in high maynetic field

Normally the calibration of commercial Ru@hermometers is made in zero magnetic field.
However, many experiments are carried out in high magnetic fields. Therefore, it is essential
to take into account the effect of the magnetic field enttiermometers, and their calibration

in field is desirable. This is especially required for the experiments in the Kelvinox. We have
done the calibration as followg/e record a resistance val&eof an uncalibrated Ru(at the

field positionand temperatre T of a reference thermometer which is kept in the zero field
region at a given set point of temperature and magnetic field when their thermal equilibrium is
established. Repeating the same measurement for different temperatures in a magrgtic field
ore gets a data set Bf T and hence a functioh = f(R). If we redo the sequence for different
magnetic fields, we obtail = f(R,B). The functions best fitted to the data are listed in the

table below. Finally, we establish an average funciierf(R,B) for the calibration

‘f4m 1:4(m l)‘_ i .
X @4(m hn lamy n——p ' m 1,2,3,4;n 0,1,2,: (2.1)

whereB is magnetic field, andl is a function taken from the table at a corresponding field.
Thus, he equation (2.1pllows us to calculate the temperature of the thermometer in a

magnetic field.

Magnetic

field (T) Truoz (K); X =Rruoz (K Y)

fo Yo aié (X %)/t) azé (X %)/ %) a g(x W'Y

B=0 y, 0.006822972x,  6.086899996
0.205591216a, 0.590778143;  0.373789
t, 4.904928233t, 1.4440012Q; = 0.588363298

f4 Yo alé (X %)/t) 32é (x %)/ t) a g(x W'Y

B=4 y, 0.027410552x,  6.294999999
a, 0.2086686a, 0.532550464;  0.237164
t 7.125517874t, 1401282508,  0.589069

f8 Yo aié (X %)/t) 32é (x %)/ %) a g(x W'Y

B=g y, 0.005391654x, 6.26
0.194515895a,  0.538869588;  0.223472
t, 0.532865485t, 1271982504; 514674991
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flz Yo alé (x %)/t) azé (x %)/ t) a p(x 0’y

B =12 y, 0.013366598x, 6.231
a, 0.54399839p, 0.22316486%  0.196428
t, 1270137f, 5568462962,  0.525599692

le Yo alé (X %)/t) azé (X %)/ %) a p(x W'Y

B=16 | Yo 0.011451097x,  6.206
a, 0.236606137a, 0.235842934;  0.466734
t, 2.856972464t, 2388818387  0.7024931

2.5 Experimental techniques
25.1 Electrical resistivity experiment

All resistivity measurementpresentedin this thesiswere performed at theNZI using a
standard four point contaotethod (Fig 2.1)The current (outer) and voltage (inner) leads are
thin copper wires (diameter ~ 30 um), which are solderedsidatedcopperheatsinkon the
copper sample holder on one end and are mounted satigle by conductive silver paste on
the other end. The value of the contact resistance (a¥ievg normally small enough to
prevent Joule heating at the lowest temperature.

For the ac resistivity measurements, the typical value of the frequencyétatien
current used in thtaglab Exa cryostais f ~16 Hz ande ~ 1-5 mA, respectively. For the
measurements in the Heliox and Kelvinox we used a Linear Research AC Resistance Bridge
model LR 700 withf ~ 13 Hz andex.~ 30-300 pA or an EG&G 7265 BP lockin amplifier
with f ~13-13000 Hz andex. ~ 20-300 pA.

Figure 21 A schematic drawing of four point contact resistivity method. In general, the distance L

of the voltage contacts is ~6lmm and the cross section A varies around £.mm
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2.5.2 AC-susceptibility experiment

Figure 22 A Schematic diagram of the mutdialductance transformer used for-acsceptibility

measurements (picture taken from R&f.

Fig 2.2showsthe schematicef the mutualinductance transformersedfor acsusceptibility
measurements. The bundle of copper wires ensures a good thermal contact between the
thermometer at the copper plate (not drawn) and the sample. The basic principle of operation
is the following: An ac current is applied to the primawil, which generates a small
magnetic field, the driving field. The induced voltage is measured by two secondarygjpick

coils. With an empty transformer, the signal is in principle zero since the two secondary coils
are wound in opposite direction. \&#h a sample is present in one of the coils, the magnetic
field induces a magnetization, and therefore the-pjlcoil signal is proportional to the-ac
susceptibility. The asusceptibility measurements have been done using the Linear Research

bridge LR700with an excitation frequency of 16 Hz and a driving field = T0
2.5.3 High pressureexperiment

The hybrid piston cylinder pressure cell used for transport arsdisteptibility experiments
up to 2.5 GPa is illustrated in Fig 2.3. It is made of NiCaAd CuBe alloys which are strong
enough and nonmagneti@]. The inner and outer diameters are 6 mm and 25 mm,
respectively. The total length of the cell varies slightly with pressure, but at the maximum
pressure it is- 70mm. The sample space is 4.7 nnmdiameter and is 8 mm long

A hand press LCP 20 was used to pressurize the cell via a piston, which in turn
pressurizes the sample via the pressure transmitting medium. A hydrostatic pressure is

ascertaird by using Daphne oil 7373 inside a Teflon cglien.
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Figure 23 A schematic drawing of the pressure cell and a zooof the heart of the cell (a and b,

taken from ref. 7). A sample and a Sn manomaieported by a paper constructiam a plug (c).

A complete cell at thénal stage mounted in the insert of the Heliox VL (d).

4.0 T T T T T 30 T T T T
Sn ® Exp.data
36 kA
o 20 1
3.2¢ 5
— 9]
< {15 -
2.8t &
s 10 1
x
241 5 ]
20 1 1 1 1 1 O L L L L
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Nominal pressure (kbar) Norminal pressure
Figure 24 Superconducting transition  Figure 25 Real pressure as a function of
temperature of Sn extracted from nominal pressure. The linear fit to the data

acsusceptibility measuremends a function (solid line) determines the pressure cell
of pressure (dots) and a linear fit to the data efficiency.
(dashed

literature data from Ref. 8.

line). The sdi line presents

Pressure aibration of the cell is done in situ by measuring guperconducting
transition of a Sn sample B\C-susceptibility. Fig 2.4 presents the experimental data and a

comparison to the literature to extract the actual pressure. In Fig 2.5 we shmsuhieg
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calibration curve. Consequently, the aefliciencyis 85% which is slightly larger than in a

previous calibration (82%) [9].
2.5.4 MuonSR experiment

SR stands for Muon Spin Rotation, Relaxation or Resonange technique was first
developed inthe late 198s as a microscopic probe usindV KH SRVLWLWYHM PXRQ
implaning a spinpolarized muon, anat a timeinto the bulk ofa sample, the informan
obtainedby detecting theresulting decay positron contains various spinrelated physical
properties of the investigatexhmple.To date ithas become powerful tooffor research in
condensed matter physics, such as the study of the magnetic ancdsdpeting properties
of heavyfermion compounds [10, 11].

The SR experiments have been performesing the SR-dedicated beam line on
the PSI600MeV proton accelerator at the Swiss Muon Source of the PSI in Villigen,
Switzerland We carried outmeasurementat theGeneral Purposep&ctrometer GPS in the
temperatve range above 1.5 K [4]. To attain lower temperatures {D.DX), experiments
have been performed using an Oxford Instrumentdaaging*He/*He dilution refrigerator at
theLow Temperature Faciyt(LTF) [5]. Samples used in thes8R experiments werglued

to a silver holder using General Electric (GE) varnish.
2.6 Data acquisition and analysis

In the different cryogenic apparaassiescribed aboveh¢ data obtained by various leirk
amplifiers (for example EG&G 7265 DSP), the Linear ResearclgdridR700 and other
devices were read by the data acquisition computers via an IEEE interfac©ORMé
resistance bridge (Barras Provence) was connected to the serial port of the computers via the
RS232 protocol. ® control the Heliox and Kelvinox insert®xford Instruments providke
standardLabview programsin order toperform more tailormademeasurements we have
improved thesoftware,and other Labview programs halveenwritten for data acquisitian
Data files obtained from SR experiments were prockd by the Bl Bulk- 65 W-LPH
differential data acquisition programmth extension ".bin" and 512 bytes/records and IEEE
realdata format

Several software packages have been used for data analysis in this work such as:
Origin Pro, Mathematic@/\Volfram Research), NovelLoo&nd Wimda.
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Chapter 3 Theoretical aspects

This daptersummariegheoreticalaspectf the research themes presented throughout the
PhD work. Westart with a generaldescriptionof quantum criticality and quantum phase
transitions. Then the focus is directed towasdperconductivity, especialty the novel class

of ferromagnetic superconductomsith the case study UCoGe. Next, a braaferviewis
presentedof a new research field in condensed matter physicpological insulators and
topological superconductor§ubsequent/ywe discusssuperconductity in a magnetic field.

In particular, we considerthe upper critical field for both conventional BCSvave and
unconventional superconductorBhese theoretical aspects will Appliedin the case studies

of the doped topological insulator (Ri,Se and the noncentrosymmetric superconductor
YPtBI.
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3.1 Ferromagnetic superconductors
3.1.1 Quantum criticality

Phase transitions are not only simply ubiquitous in nature but also play a crucial role in
shaping the world. Macroscopically, phase $aons in the universe form galaxies, stars and
planets. Phase transitions in our daily life are the transformation of for instance water between
ice, liquid and vapor. These phase transitions are called thermal or classical and are controlled
by thermalfluctuations. Therefore, in the classical world, matter in equilibrium freezes at
absolute zero temperature in order to minimize the potential energy.

Quantum mechanics, however, allows fluctuations even at zero temperature. Once
such quantum fluctuatienare sufficiently strong, the system undergoes a quantum phase
transition as illustrated in Fig. 3[1]. Quantum phase transitions (QPTs) are driven by a non
thermal parametar, such as pressure, magnetic field, chemical doping or electron density. By
changingthe control parameters one is able to tune the system to a transition point, the
quantum critical point (QCP).

A continuous phase transition can usually be described by an order parameter, a
concept first introduced by Landau. This parameter is a tidynamic quantity that depends

on the stat®f the system. Its thermodynamic average is equal to zero in the disoptased

Figure 3.1 Global phase diagram of continuous phase transitiotespicts the nothermal control
parameter, and is the temperature. The solid line separates ordered and disordered regions, and

ends at the QCP. The shadowed region close to this boundary implies the critical state is classical.
The area bounded by the dashed lines givenkpy v|r rc|vzindicates the quantum critical

region. On the right of this region is the quantum disordered phase. The system can be tuned to the
QCP by means of either changing Y atT =0 (a) or drivingT : O atr =r. (b) (picture taken
from[1]).
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and to noreero in tle ordered phase.g.the ordered momem! for ferromagnetism or the
energy gap of a superconductor. Furthermdre, dorrelation length of the system, that
expresses the spatial range of correlation of the order parameter, turns out to-ria@edeng
when approaching the phase transition or the critical phiotably, dose to the QCP, the
correlation length diverges, as a pouav
[vt? (3.1)

where ( is the correlation length critical exponent, andepresents some dimensionless
distance from the critical point. It can be definedtby |T-T/T. for the classical phase
transitons at norzero temperaturé&; or byt = |r-r¢|/rc for QPTs.

Analogous to the length scale, the correlations of the order parameter fluctuations in

time can be defined a§l, which is the typical time scale for the decay offthetuations due

to aperturbation
Wwv *[vt , (3.2)
where z is the dynamical criticakponent. In addition, a critical frequendy is defined by

1 2 At theclassical critical point & : RU WKH W\SLFDO HQzrt, dhduitsD OH EHFF
is called critical slowing down
Z(toO)v1l/ po O (3.3)

It is worth to notice thator the classical case, the kinetic and potential energy operators do
not commute. This implies the dynamics and statistics are decoupikd wicontrast, for
the quantum phase transition they eoeipled[1].

In order to clarify the importance of quantum fluctuations at very dmudlhorzero
T, one should take into account two typical energy scate&:and ksT. The quatum

fluctuations remain dominant down to very Iowas long as=Z Kk,T. As depicted by

arrows in Fig. 3.1, quantum criticality can be studied both theoretically and experimentally by
not only varying the control parameteatT = O bu also by lowering the temperatufetre..

Heavy fermion systems are model systems in which to investigate QPTs. In these
systems, the Kondo effect, that quenches the local moment bktbetrons by conduction
electron screening, competes with thedBRrmarKittel-KasuyaYosida (RKKY) interaction,
which favours longange magnetic order. This competition results in an unmatched tunability
of magnetic phase transitiofs-5]. Changing the nethemal control parameter, such as
the magnetic field6—-10], presure[11-14] or chemical dopinfl5-20], suppresses the
magnetic ordering and concurrently tunes the system to the QPT at the=QGP
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3.1.2 Ferromagnetic superconductors

Superconductivityvas discovered in a remarkable experiment carried out in 1911 by Heike
Kamerlingh Onnes in Leidg21]. More than 40 years latethe microscopic theory by
Bardeen, Cooper and Schrieffer (BCS) successfully explained the origin of this fascinating
phenomenon in most superconducting mateff#$ The fingerprint of this theory is the
existence of Cooper pairs. A Cooper pair is a bound state of two electrons which is formed
near the Fermi level by an attractive interaction mediated by lattice vibrations. Thetsymme
of the Cooper pairs can be classified by the total S@ind the total angular momentumin
general, a tweelectron system can have s@@+ 0 or 1, andL = 0, 1, 2, 3,... Since the
electrons are fermions, the total wave function of the Cooper jaddr, sthich consists of a
product of spatial and spin components, must besgntimetric under the exchange of
particles due to the Pauli exclusion principle. This results in even spatial and odd spin
functions or vice versa. Therefore, one can distingsigierconductors with the spémglet

state §=0)

1
Iy ﬁ‘ng ‘ p>1 (3.4)

e.g.swave 6= 0,L = 0) andd-wave &= 0,L = 2), and with the spitriplet state $=1)

in
I g@ﬁ‘ng ‘ p>1 (3.5)

PP
e.g.p-wave 6= 1,L = 1) andf-wave S=1,L = 3). Herefe n r)and‘ p ;>are called the equal

spin pairing (ESP) states.

The superconducting state wi+ 0,L = 0 (swave) is fully explained by the standard
BCS theory, and thereforellsal conventional. However, with the experimental discovery of
certain classes of superconductors which go beyond the understanding of the standard BCS
scenario, the field of unconventional superconductivity begun. These materials with
condensates made wp lower symmetry Cooper pairs-(vave, p-wave,...) are nors-wave
superconductors. Unconventional superconductivity has been found in numerous materials
over the last forty years. The prime exampl@Hgs [23,24] and later on heavy fermion SCs
(see for instancE25-33]) and high temperature superconductors (cupi@#85] and iron
pnictides[36,37]) were discovered.

According to the BCS theory, SC is incompatible with ferromagnetic order, while

under special conditions it may coexist with antiferromagnetism. Henvewound 1980, it
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was theoretically predicted that SC with ESP states could exist in itinerant ferromagnets (
wave SC)38] close to a FM QCP. Here the exchange of longitudinal spin fluctuations is
proposed to mediate superconductivity. Twenty years later, the first ferromagnetic
superconductor UGe was discoverefB80,39] Subsequently, three more FMSCs
URhGe[31,40] Ulr [41-43] and UCoGd44-46] were found. To date, a comprehensive,
quantitative theory to fully resolve the superconducting pairing issue in FMSCs is not at hand.
In order to offer agualtative interpretation for the coexistence of FM and &ra
FM QCP, spin fluctuation modelsave beerused38]. Within these modelsthe magnetic

statecan beunderstood in terms ain exchange interaction and a Stoner enhancement

factor S (1 T)*. For the critical valuel 1, a secongrder quantum pdse transition

emerges, and the system transforms from the paramagnetic phas@ to the ferromagnetic
(1 1) phasgFig. 3.29). Notably, in the ferromagnetic regimewave SC with ESP states is
possible wih differentTc's for the spin up|(nn) and spin down|( p) states. This implies

two superconducting phases can be prg88u7,48] However, the emergence of these two
superconducting phases depends sensitively on the details of the band structure. A pictorial of
the coexistence of SC and magnetism in the-Bpatuation model is given in Fig. 3.289].

In contrast to the model prediction, SC was not oleskiin the PM phase in the cases of
UGe, and Ulr. A possible explanation is that ferromagnetic spin waves (magnons) couple to
the longitudinal magnetic susceptibility which results in an enhancemery iof the FM
phasg49,50] A comprehensive treatment has been made by Roussev disd30il where

SC coexists with FM, leading to a superconducting dome and noifizexbthe QCP, as
illustrated in Fig. 3.2c.

In UCoGe, muon spin rotation/relaxation (ugB}], nuclear magnetic resonance
(NMR) and nuclear quadrupole resonance (NR)53] measurements provide
unambiguous evidence that SC is driven by ferromagneticflisigituations and that SC and
FM coexist microscopically. The pairing mechanism gevave SC understood in terms of
spin fluctuations is qualitatively illustrated in Fig. 3.3 (1¢8%], where 1 is energetically
favorable for two electrons to share the same polarization cloud. Approachir@Cihe
however, theexperimental phase diagrga6] of UCoGe deviates from the theory by Fay and
Appel[38]. Upon increasing the exteanpressure, FM is depressed and disappeaps, at
while, most surprisingly, SC is enhanced, and even exists in the PM, pindike in other
FMSCs. Atp > p. SC is depressed. In fact, the unconventional superconducting state in the
ferromagnetic phase d#CoGe can be considered as analogueof the superfluid non

unitary phase A of ®He in a magnetic field55]. A symmetry group analig for triplet
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superconducting order parameters using two band5667] explains the experimental

temperatureT)- pressuref) phase diagim of UCoGe, Fig. 3-Bight.

Figure 3.2 (a): Generic phase diagram of mwave SC. The superconductitigansition
temperaturdy as a function of the Stoner parameteiin the paramagnetic (PM) phase and the

ferromagnett (FM) phaseTy, is normalized by the Fermi temperate |nf and|pp in the

FM phaseindicate the ESP component&@dapted fronj38]). (b): TemperatureT) - control
parameterr( phase diagram of BMSC according to the model given [88]. SC emerges in both
FM and PM phases centered around the QGP &to date, the SC dome in the PM phase has not
been experimentally observedd@pted fronf49]). (c): TemperatureT) - control parameterr)
phase diagram of BMSC, where superconduagjransition temperaturg, is finite at the QCRit

r, and superconductivity coexists with ferromagnetjadapted fronf50]).

Figure 33 Left: Cartoon of electron pairing due to magnetic fluctuations.-2wn average of the
magnetization (upper, dehorizontal lines in both frames) with a large fluctuating part. A local
polarization cloud is created surrounding the electrons. For paired electrons (lower frame), the
energy is lower than separate electrons (upper framaker( from[54]). Right Generic
temperature ) - pressure [f) phase diagram dhe FMSCUCo0Ge. SC is present in bothe
ferromagnetic (FS) and normal paramagneti¢ ffBase. N and F depict the normal and
ferromagnetic phas respectively. Ferromagnetic order is not observed for pregsorep*
(adapted froni56]).
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3.2 Topological insulators and superconductors
3.2.1 Topological insulators

TIs have emerged in condensed matter physics over théevagears as a completely new
paradigm for research into novel phases of matter. This research field was theoretically
predicted in 200%68] and the first Tl was confirmed by experiment two years [&&
Intriguing about TIs in contrast to ordinary bullsutators is the existence of topologically
norttrivial conducting surface states which are protected by time reversal symmetry (TRS).
This means these surface states asemsitive to scattering from nenagnetic impurities.

In order to explain what alexactly is, it is first useful to consider one of the basic
phenomena in condensed matter phygtes,integerquantum Hall effect (IQHE). Consider
two dimensioal systemof classical electronsvith chargee and massan subjected to a
perpendiculamagretic field B. In this case the charge carriers folleyclotron orbitswith

the energy gantizedin Landau levels E, =Z(n 1/2), (3.6)

where & = eB/m is the cyclotron frequencynd = is Planck’s constant. For a sufficiently
large magnetic field, each Landau level is highly degenerate and the free electrons of the
system occupy a few Landau levels only. This is thEEQIn this regime the current flows

along the edges of the sample, and the Hall conductivity is quantized

V., né/h (3.7)

Xy

Here the filling factomn is a positive integelandn turns out to bevhat is known as a Chern
numbe: a topological invariant. Therefore, an IQH system possesses gapless edge states
crossing the Fermi level while the bulk is insulating.

The main difference between an IQH system and an ordinary insulator is a matter of
topology. According to the band strucg point of view, the Bloch Hamiltonians of two given
systems are topologically equivalent as long as they can be deformed continuously into each
other,i.e. without closing the energy g4f0]. The Hamiltonian of an IQH insulator and that
of a classical insulator belong to different topology classes. A topdllagg is generally
defined by a topological invariant. For an IQH state, the topological invariant is the Chern
numbern, that remains unchanged as the Hamiltonian varies smoothly. The Chern number is
related to an important quantity, the Berry phase,eamngetric phase. ThBerry phase is a
phase differencén k-spaceof the wave function of a system when it is subjedted cyclic

adiabatic proced$1,62] The Berry phase is zero for ordinary insulators anht@ger times

E IR 60T,V
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Quantum spin Hall effec{QSHE) is another example of a topological phase.
contrast to IQHEjn the quantum spin Hall effect, no magnetic field is requifidee spin
orbit coupling of thebandstructue in the QSHE takes over thele of the magnetic field in
the charge Hall effectAgain, he system possesses robedgestates that have a quantize

spinHall conductancel/ 2(e/4 $. Here the charge conductance vanishes due to two equal

currents flowing in opposite directiongach conductivity channel contains its own

independent Chern numbenn orn, thereforethe total Cherninvariant for the Hall
conductivity n - n_ n, 0.In this case the Chern invariant cannot be used to classify the

QSH state. Instead, a differetapological invarianof the ],type ¢, which is 0 or 158],

takes a value of 1 for the QSHE indicative of the topological character. Because-offtspin
coupling the surfacer edgestates provide a net spin transport. The surface states have a
Dirac-like dispersion and are topologically protect&tis systen is an examplef a real 2D
TI [59,60], seeFig. 3.4for an illustration

Furthermore, identification whether a system is topologically trivial ortrieial is
based on Kramer’'s theorem. As consequence of TRS for all spin 1/2 systemsr’Kram
theorem states that the eigenstates of a TR invariant Hamiltonian are at least twofold

degenerate at time invariant pointskispace. In case of a 1D Brillouin zofte t 0), these

points arek, + { andk, + { S a. The way the time invariant points are connected

depends on the topology of the sysf{éf]. When the connection is pairwise (Fig. 3.8ft),
one can tune the system in such a way that none of these edge states crosses the Fermi level.
However, this is not the case for an odd number of states passifigE35 - right). As a
result, the former system is topologically trivial, witlQ 0, whereas the latter is
topologically nontrivial, with Q@ 1.

Another consequence of Kramer’'s theorem in the context ofuthyespin polarized
edge states of a Tl or QSHE system is the absence of backscatgengdor strong disorder.
Fig 3.6 shows schematically how an electron with spin 1/2 in a QSH edge state scatters from a
nonmagnetic impurityf63]. Due to the presence of the impuritg spin must reverse by
moving either clockwise (Fig3.6 - upper frame) or anticlockwise (Fig. 3-ower frame)
around the impurity. As a result, the phase difference of the spin wave functiGBAts@,
quantum mechanics tells us for spin 1/2 systems the wave function satisfies

)(T 29 X J. Thus, these two backscattering paths interfere destructively, which

allows perfectransmissionwith respecto such scatteringrém nonmagnetic impurities|f

the edge states possess an even number -ohdefing channels and an eveamberof right-
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moving channels, an electron can be scattered from thenteférs to the rightmovers

without reversing its spin. In this manner, the interference isdestructive and thus there

exists dissipation. TRS will bebroken and consequently the interferenseno longer
destructive if the impuritgarries a magnetic moment. Therefore, in QSH systems and in 2D
TlIs the elastic backscattering is forbidden, and the surface states are thus described as being
robust and topologically protected by TRS.

Hitherto, we have been discussing topological states protected by TRS, next we
discuss why a system could possesses such special surface states. Tls originate from the effect
of strong SOC, which can lead to what is known as band inversion. Fig. 3.7 shows an
example éband inversion in the 3D Tl B$e; [64]. Consider the atomic energy levels at the
Gamma point near the Fermi levgt. These are mainly dominated by theorbitals of Bi
(6526p3) and Se 4324p4). Three effects eventually take place. Firstly, the chemical bonding
between the Bi and Se atoms hybridizes their energy states. This process lowers the Se energy
levels and, in contrast, raises the states of Bi. Next, the efidthbplitting is addd. Thep,
levels of the Bi and Se are split off from the correspongirendpy orbitals, and are close to
Er, while thepy,y levels remain degenerate. In the last step, the effect of SOC is taken into
account. The SOC Hamiltonian describing the systegivisn byHsoc  L.S, whereL and
S DUH WKH RUELWDO DQG VSLQ DQJXODU PRPHQWXP RSHU
SDUDPHWHU 2QO\ ZKHQ LV VXIILFLHQWE urwwiutB Qe WKH W
inverted which thus alters the parity of the occupied valdenels (below B as a whole. For
TIs with an inversion centd60] this is sufficient to make the bulk band structure

topologically nontrivial.

Figure 34 Left panel: A comparison between an ordinary insulat@r Q) and the QSHE where

the edge states are topologically nonttiiaQ 1). Right panel: the energy dispersion of the
topologically nontrivial surface states (in the left panel) with up and down spins crossing the Ferm
energy[60].
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Figure 3.5The electronic dispersions at two Kramemints + and + [60]. Left frame: Even

number of states crossing the Ferevel results in topologically trivial states. Right frame:

Topologically nontrivial states due to an odd number of states crossing the Fermi level.

Figure 36 A scheme of a backscattering process taking place when an electron with spin 1/2 is
subjected to a nonmagnetic impurity. Upper frame: spin rotaté&lhywer frame: spin rotates by
- BAdapted fron{63].

Figure 37 Energy levels of th8D TI Bi,Se close to thér under the effects of chemical bonding
(), crystal field splitting (1) and SOC (lll). The rightmost rectangle indicates the SOC, which

leads to the band inversion. Picture taken ff64).
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Figure 3.8Band inversion of a number of Haffeusler compounds as a function of the lattice

constant and average nucleus chéZg}e There is a bulk bandgap betwdenial states when the

band inversion is absent (uppéght inset), and topologically nontrivial phasesist, providing
protected edge statatue to band inversion (loweleft inset) for the HaHHeusler systems.
Adapted fron{65].

Electronic structure calculations taking into account SOC and TRS show that several
Half-Heusler compounds with a 111 stoichiometry also exhibit topological band
inversion[65,66] Fig. 3.8 shows that many systems are predictdthve a ‘negative gap’

i.e. band inversion straddling aroug, and thus be topological materials. The great diversity
of the systems that can form H&leusler compounds yields a rich hunting ground for new
topological nortrivial phases. In the case tfe 111 system the band inversion takes place

between the twofoldlegenerate-like + and fourfolddegenerate-type + energy states in
these materials and depends strongly on both the lattice consthrth@ SOC strength

represented by an average chéﬁg)sof the nuclei. Consequently, the systems can be either
topologically nontrivial (with 4 & ; negative energy gap) or topologically trivial (with
+ ! ; positive energy gap). Amongst these Half Heusler compounds, four bismuth

based materials are also found to exhibit SC: YH&Bj68] (chapter 5), LaPtBi69,70]
LuPtBi[71] and ErPdB[72].
Having briefly discussed 2D (QSHE) and 3D Tls, we continue by introducing a

general picture of how to classify Tls and TSCs by their symmetdjgsn the presence or
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absence of timeeversal symmetry £), particlehole symmetry (; ) and sublattice or chiral
symmetry (3 4;), the topological classifications for TIs and TSCs whose
dimensionalities,d, are up to 8 arsummarizedin Fig. 3.9[60,73] Together these three
symmetries form ten symmetry classdepicted by the Altlardirnbauer (AZ) notation. The
symmetries can take a value of O or, #hich denotes the absence or presence of the
symmetries in the system, respectively. The =1 indicates the valug?ahd, >. The

topological classifications are denoted by]0and ],, where O indicates topological phases

are absent.] presents a corresponding topological invariant thatake any positive integer

value like the Chern number in the IQHE, ard indicates a corresponding topological

invariant that can take a valeé O or £1 as in the topological insulators. In this figure, one
can locate the systes discussed so far. For example, the 2D IQHE denotef Isygiven by

the entry in the first row and column 2 without any symmetry. The first Tl experimentally
realized is the HgTe/CdTe quantum wWéB], d = 2 and row 7. Systems presented in this PhD
work are CyBi,Se (d = 3, row 6) and YPtBi (d = 3, row 8) which will be extensively

discussed in the following chapters.

Figure 39 Classificatiors of Tls and TSCs. The ndtan of Altland and Zirnbauer (AZ) is used to
denote ten different symmetry classes. Depending on the presence or absence of the

symmetries4, ; and 3 (see text), Tls an@SCs are classified with regards to thdimension, AZ
symmetry, whereby the entries 0,, and], labelthe topological classe¥he entrieswith circles

are explained in the text as being relevant to particular material realizations. Taliedadap
from [60].
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3.2.2 Topological superconductors
3.2.2.10dd and evenparity superconductors

In general, the symmetry gro@”™ of the normal phase of a crystalline SC is given by
G¥" G, uG, ur wQ), (3.8)

whereGo, Gs, T, andU(1) presents orbital rotation, spin rotation, tinexersal symmetrgnd
gauge symmetry, respectivdf4]. Generally speaking, in conventional SC, ohlfl) is
broken when the syem undergoes SC, while in case of unconventional SC, at least one of the
other symmetries is broken as well. For instance, time reversal symmistiyroken in the
SC phase of the FMSC UCo@® ] and the correlated metal,BuO, [75,76]

The superconducting pair waviunction, which yields the energy gap function or
order parameter, isomprised of apatialpart (in momentum spad@ anda spin part,S. For
even parity (total spi®= 0), the wave functiors invariantunderinversion symmetrywhile,
in contrastthe wave functiorthangesignfor odd parity &= 1). Based on the gap symmetry
one can distinguisHifferentSCs. For conventiongwave SCsthesuperconductingap has
the highest symmetry ands nearly isotropic(although in practicehere may be some
anisotropy inthe k-dependence othe gap magnitudg. For unconventional S€ the gap
function hasa lower symmetry.In Fig 3.10 sketches are given of examples of various
unconventional superconducting states whose wave functions are classified by the

combinations ofS; (the z-spin component) and (the angular orbital momentum) in the

superfluid phase otHe[77-79]. They include the Aphase With|SZ 1,m J} the ABM
(AndersorBrinkmanMorel) ptase with [S, 1L, m 1) and |[S, 1,m 1) and the BW
(BalianWerthamer) phase with|]S, 1m 13}, |S, Oom O and |S, 1 m 1.

Consequently, the corresponding gap symmetries of gtages can be realized as shown in

Fig. 3.11. In addition, there are polar and planar states, which are equally weighted
superpositions of the two states wi, 1, m 1) andS, 1,m 1), and the Scharnberg
Klemm (SK) statg80], which possesses a similar gap symmetry as in the ABfel sta

In the following chapters, wivestigate superconducting phases of several materials

according tahese classifications.
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Figure 310 General scheme for the orbital and spin states in the superfluid phag&3M and
BW of ®He. Pictue adapted frori9].

Figure 311 Superconducting energy gap at the Fermi surface for different states. (a) The isotropic
gap of answave superconductor. (b) The axial or point node gap as in the ABM state (the
superfluid A phase oHe) where the gap terminates at two points (poles).He)pblar (as in the
planarB phase ofHe) state where the gap vanishes along a line on the Fermi surface. (d) Full gap

(BW or as in the B phase) state gi-aave superconductor.
3.2.2.2 Topological superconductors

Topological phases in superconductorsehattracted ample attention even long before the
birth of Tls. Topological superconductivity can be understood as a state that possesses a full
superconducting gap in the bulk, but possesses topological edge states. The most well known
candidate for TSCsi superfluid *He (phase BJ77,78,81] described by the topological
invariant 1. Yet another promising testge for 2D chiral superconductivity is the triplet
superconductor JRuOy [76], but experimental evidence remains under debate, for instance,
as regards the existence of the gapless surface [@ate<Other candidate topological
superconductors can be found amahg doped Tl CiBi,Se; [83,84] the hal-Heusler111
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platinum bismuthides LaPtBi, YPtBi, LuPtf7-71,85] and the doped semiconductor
Sni«In,Te [86].

There is a close analogy between TlIs and SCs in view of the Hamiltonian describing
the systems. In particular, the Bogoliubde Gennes (BdG) Hamiltonian for the
guasiparticles of a SC is similar to theoBh Hamiltonian for a band insulator, where the
superconducting gap corresponds to the band gap of the insulator. However, the Hamiltonian
for TSC obeys the particleole symmetry which is not the case for Tls.

A time reversal invariant TSC possesseslbsuperconducting energy gap in the bulk
but gapless surface states consisting single Majorana conevhich emerges for instance in

the case of théHe-B phase. This class of SC is denoted by theinvariant in 1D and

2D [75,8789] and by the integer] in 3D[75,88] Based on the analogy between the
Hamiltonians of a TRI superconductor and the QSHE, it has been argued thap spid
spindown electrons in the spiniplet pairing channel fornp, + ipy andpx - ipy Cooper pairs
for a 2D TRI superonductor;i.e. the edge states of the system consist of-gpimand spin
down states with opposithiralities[82]. As in the QSHE, these edge states are protected by
TRS, and thus should be gapless and without any backscattering (see 3.2.2.1). In a 3D TRI
superconductor, where both spin polai@ma and orbital angular momentum are vectors, the
system is analogous to the case of #He-B phase with a full pairing gap in the bulk. In
contrast to 3D TIs, the surface states of the TSC may possibly host Majorana zero modes.
Along with time revershinvariant (TRI) TSCs, time reversal breaking (TRB3Cs
also attract tremendous interest as they give rise tcAbefian statistic$90,91] and
topological quantum computation, an active field of rese@2h Theoretically, a criterion
for identification of topological phases in TRl and TREperconductorkas been proposed
detailsin Refs.[93-95].

3.3Upper critical field B,

In a magnetic field superconductivity is suppressed. For a standard BCS SC this is
predominantly due to two interactions of the magnetic field with the Cooper pairs
(Werthamer, Helfand, HohenbeYgHH model[96]):

(1 Interaction of the field with the orbital motion diet Cooper pairs (Lorentz force),
which results in the orbital limiB2°.
(i) Interaction of the field with the spins of the Cooper pairs (Zeeman effect), which

results in the spipair breaking, or sgalled paramagnetic limiB”.
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Overall, close toT. the orbital depairing mechanism prevails, while the -ggiin breaking
becomes domimd at lowtemperatureand in large fields.

According to the WHH approach, the orbital limiting upper critical field at 0 K
depends simply on botfi; and the slope d(T) atT.

BY’(0) JT, dB,/dT| , (3.9)
wherethe prefactor ] takes a value of 0.69 and 0.72 for the diitg.(the mean free path
| coherence lengtly) and clean limitite. | /), respectively96].

The spinpair breaking or Pauli limiting upper catl field is determined by a simple
equation97]

B"(0) 1.86uT,. (3.10)

In the presence of a magnetic field, the free energy of &la@ges. In particular,
upon increasing the magnetic fielthe free energy afhe superconducting state increases,
while in contrastthe free energy of the normal state deases. When these free energies
become equal, theesultinguppekcritical field can be defined
NS

here Dis a parameter thameasure the relative strength of the orbital and-gpin breaking

B,,(0) (3.11)

effect. It is called the Maki parame{88]
D /2B (0)/B" (0). (3.12)
Therefore, within the WHH formalism, the resultigj>(0) depends sensitivelgpn the

magnitude of D namely an increase ddwvould suppresBg(0).
3.3.1 Slope othe upper critical field Be(T)

In the section above we have discussed the suppression of a SC in a magnetic field and
showed a simple method to calculate the uppéicatifield B, for T o 0. Furthermore, by
studying the temperature dependence of the upper criticaBig[#), which can be obtained

by measuring the temperature dependence of the resistivity around the superconducting
transition in fixed magnetic fids, we are able to obtain important information about the
superconducting nature. In particular, thieroscopic parameters of teaperconductingtate

(i.e.the coherecelength ) and the normal stated. the mean free patk can beetrievedby

employing the initial slope of the upperitical field dBcz/dT atT¢. This method is based on

the GinzburgLandau theory for typ# superconductors undéne assumption of a spherical
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Fermi surface This analysishas been applied to A15 compourf@d] and heavy fermion
systemg100]. The slope oB¢(T) can be expressed by

\'Bcz - 5ch
BE = R(I)E.lSuld S

TC

4480 (3.13

whereS; is the part of the Fermi surfaeéhere Cooper pairs are formed; the parametey R(
varies betweemlR = 1 andR = 1.17 in the dirty and in the clean limit, respectivelys the

Sommeréld term in the electronispecific heafper unit volume)Note that all parameters are

in Sl units. In the cleatimit ( {/small, |  [) the first termdominates.¢, whereas in the

dirty limit ( ylarge,|  [) B.gis mainly determined by the second term. Subsequently, the

microscopic parameters€. ¢ ) can be extracted

[ b2, (314
g

S C

where the quantities andb are given by 1.538 10° and 6.61x 102° J/K, respectively.
3.32 Temperature variation of the upper critical field B¢(T)

Strictly speaking, the classification of unconventiosaperconductivity based on the total
spin S and orbital angular momentuimis not applicable in case of a material which has
strong spirorbit coupling such as a heavy fermion sysi&61]. Instead of a classification in
singlet §=0) and triplet § = 1) states, the total angulamomentumJ should be considered.
However it is not expected thahe superconductingroperties of such strong orgibupling
systems aresignificanty different from the ones studd by using rather simple models
ignoring spin-orbit coupling.To this purpose, two theoretical models have been chaken
WHH [96] and polar state modgi0], which can be considered represgne for all
possiblepairing states

The WHH model describeswave pairing in the clean and dirty limit of

supercaductors and is expressed by the following equd86r.02]
- § t

@m
In— nfqrzn]il @/ﬁ

nn P

J(D)

(3.15)

s

(D)

.o

f

where J(D) 23 Bxp( Qtan* ( P, (3.16)

0
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2
Ty 2eB, e oL ogsapm; (317)
l2n 4t O T, a9, * 29, W

[ Cc [

and D,

here,t is a reduced temperature with the zerefield SC transition temperature ahdis a
reduced magnetic fieldlhe reduced mean collision frequencys related to the coherence
length [and the mean free path and takes the value zero in the clean limjt (1) and
infinity in the dirty limit (/ 1). Note that thén(t) curve for the clean limit is aboveetlone
for the dirty limit case. In order to get an equal slopd at 1 for all h(t) curves the

normalization frequently used is

B h
h* (¢ e . 3.18
(94 dB,/dT| dhv dt| | (3.18)
The slopeadh/dt varies as a function ot [103,104]
dh/dt| 302 5/@ 1/2 1/2 O W29, (319

where | is the digmma function, which takes values from 1.426 @r0Oto 1.216C for
large C[102].
In the second modgb-waveSC, using the normal state Green’s function for a SC in a

magnetic field and taking into account merely pudar statej.e. the equal spin pairing state

(ESP ‘ n |>and‘ p ;>), thetemperature dependence of the upgrércal field is given by80]

n If a 1 [ ( )
Int (4) o— 3.20
0 &9
. t f W2
with (2) 2g-fdue’ HL (D)@’ u( BY. (G21
Jh T . .
———, thereduced temperatute — with T, a zerefield SC transition temperature
% tn 1 T
2
and a reduced magnetic field 2eB, 3Ve
@9,

The solutions of equations (3.15) and (3.20) have been applied to the two candidates
for TSCs CuBi,Se;[84] and YPtBIi[67] presented in detail in the chapters 4 and 5,

respectively.



Theoretical aspects 37

References

[1]

[2]
3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

[18]
[19]

H. V. Lohneysen, A. Rosch, M. Vojta, and P. Wdlfle, Rev. Mod. Pfgs.1015
(2007).

W. Young, Phys. B1B, 213 (1977).

M. A. Continentino, G. M. Japiassu, and A. Trgpehys. Rev. B. Condens. Masgo,

9734 (1989).

M. A. Ruderman and C. Kittel, Phys. R&&, 99 (1954).

J. Kondo, Prog. Theor. Phy&2, 37 (1964).

H. Lohneysen, T. Pietrus, G. Portisch, H. Schlager, A. Schréder, M. Sieck, and T.
Trappmann, Pys.Rev. Lett.72, 3262 (1994).

P. Gegenwart, F. Kromer, M. Lang, G. Sparn, C. Geibel, and F. Steglich, Phys. Rev.
Lett. 82, 1293 (1999).

O. Trovarelli, C. Geibel, S. Mederle, C. Langhammer, F. M. Grosche, P. Gegenwart,
M. Lang, G. Sparn, and F.€gflich, Phys. Rev. Let85, 626 (2000).

J. Custers, P. Gegenwart, H. Wilhelm, K. Neumaier, Y. Tokiwa, O. Trovarelli, C.
Geibel, F. Steglich, C. Pépin, and P. Coleman, NatR4e524 (2003).

S. A. Grigera, R. S. Perry, A. J. Schofield, M. Chi8oR. Julian, G. G. Lonzarich, S.

I. Ikeda, Y. Maeno, A. J. Millis, and A. P. Mackenzie, Scieb@4 329 (2001).

C. Pfleiderer, G. J. McMullan, S. R. Julian, and G. G. Lonzarich, FRgsg. B 55,

8330 (1997).

M. Uhlarz, C. Pfleiderer, and S. Hign, Phys. Rev. Let®3, 256404 (2004).

P. Niklowitz, F. Beckers, G. Lonzarich, G. Knebel, B. Salce, J. Thomasson, N.
Bernhoeft, D. Braithwaite, and J. Flouquet, Phys. Rex2,024424 (2005).

S. Drotziger, C. Pfleiderer, M. Uhlarz, H. Lohneys®. Souptel, W. Loser, and G.
Behr, PhysRev. B73, 214413 (2006).

H. V. Lohneysen, A. Schroder, T. Trappmann, and M. Welsch, J. Magn. Mizger.

108 45 (1992).

M. Nicklas, M. Brando, G. Knebel, F. Mayr, W. Trinkl, and A. Loidl, Phys. Reit.

82, 4268 (1999).

A. de Visser, M. J. Graf, P. Estrela, A. Amato, C. Baines, D. Andreica, F. N. Gygax,
and A. Schenck, PhyRev. Lett.85, 3005 (2000).

D. Sokolov, M. Aronson, W. Gannon, and Z. Fisk, Phys. Rev. 261116404 (2006).

R. Kichler, P. Gegenwart, J. Custers, O. Stockert, N. G&anales, C. Geibel, J. G.
Sereni, and F. Steglich, Phys. Rev. L@6.256403 (2006).



38

Chapter3

[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]
[37]
[38]
[39]

J. Sereni, T. Westerkamp, R. Kuchler, N. CarGemales, P. Gegenwart, and C.
Geibel, PhysRev. B75, 024432 (2007).

H. K. Onnes, Leiden Comm20b, 122H124c(1911).

J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. ®B&/1175 (1957).

D. D. Osheroff, R. C. Richardson, and D. M. Lee, PRgs:. Lett.28, 885 (1972).

A. J. Legett, Rev. ModPhys.47, 331 (1975).

F. Steglich, J. Aarts, C. D. Bredl, W. Lieke, D. Meschede, W. Franz, and H. Schafer,
Phys.Rev. Lett.43, 1892 (1979).

A. de Visser, J. J. M. Franse, A. Menovsky, and T. T. M. Palstra, J. Phyiet. Phys.

14, L191 (1984).

W. Schlabitz, J. Baumann, B. Pollit, U. Rauchschwalbe, H. M. Mayer, U. Ahlheim, and
C. D. Bredl, Z. Phys. B2, 171 (1986).

R. Movshovich, T. Graf, D. Mandrus, J. D. Thompson, J. L. Smith, and Z. Fisk, Phys.
Rev. B. Condens. Matb3, 8241 (1996).

N. D. Mathur, F. M. Grosche, S. R. Julian, I. R. Walker, D. M. Freye, R. K. W.
Haselwimmer, and G. G. Lonzarich, Nat®@&, 39 (1998).

S. S. Saxena, P. Agarwal, K. Ahilan, F. M. Grosche, R. K. W. Haselwimmer, M. J.
Steiner, EPugh, I. R. Walker, S. R. Julian, P. Monthoux, G. G. Lonzarich, A. Huxley,
I. Sheikin, D. Braithwaite, and J. Flouquet, Nat@& 587 (2000).

D. Aoki, A. Huxley, E. Ressouche, D. Braithwaite, J. Flouquet, J. P. Brison, E. Lhotel,
and C. Paulsen, Nate413 613 (2001).

J. D. Thompson, R. Movshovich, Z. Fisk, F. Bouquet, N. J. Curro, R. A. Fisher, P. C.
Hammel, H. Hegger, M. F. Hundley, M. Jaime, P. G. Pagliuso, C. Petrovic, N. E.
Phillips, and J. L. Sarrao, J. Magn. Magn. Ma2&6-230, 5 (200).

E. Bauer, G. Hilscher, H. Michor, C. Paul, E. Scheidt, A. Gribanov, Y. Seropegin, H.
Noél, M. Sigrist, and P. Rogl, Phys. Rev. Lé&, 027003 (2004).

H. Kamimura, H. Ushio, S. Matsuno, and T. Hamadbheory of Copper Oxide
SuperconductoréSpringerVerlag, Berlin, 2005).

J. G. Bednorz and K. A. Miiller, Z. Phys.1B3, 189 (1986).

H. Hosono, J. Phys. Soc. JfiT, 1 (2008).

J. A. Wilson, J. Phys. Condens. M&2, 203201 (2010).

D. Fay and J. Appel, Phys. Rev2B, 3173 (980).

A. Huxley, I. Sheikin, E. Ressouche, N. Kernavanois, D. Braithwaite, R. Calemczuk,
and J. Flouquet, Phys. Rev6B, 144519 (2001).



Theoretical aspects 39

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]
[48]
[49]
[50]
[51]

[52]

[53]

[54]
[55]

[56]
[57]
[58]
[59]

[60]

F. Hardy, A. Huxley, J. Flouquet, B. Salce, G. Knebel, D. Braithwaite, D. Aoki, M.
Uhlarz, and C. PfleiderePhys. B Condens. Ma859-361, 1111 (2005).

T. Akazawa, H. Hidaka, T. Fujiwara, T. C. Kobayashi, E. Yamamoto, Y. Haga, R.
Settai, and Y. Onuki, J. Phys. Condens. MEit.L29 (2004).

A. Dommann, F. Hulliger, T. Siegrist, and P. FischeMdgn. Magn. Mater67, 323
(1987).

S. Sakarya, W. Knafo, N. H. van Dijk, Y. Huang, K. Prokes, C.Meingast, and H. v.
Léhneysen, J. Phys. Soc. J@8, 014702 (2010).

N. T. Huy, A. Gasparini, D. E. de Nijs, Y. Huang, J. C. P. Klaasse, T. Gorteamuld
A. de Visser, A. Hamann, T. Goérlach, and H. v. Lohneysen, FRgs. Lett. 99,
067006 (2007).

N. T. Huy, D. E. de Nijs, Y. Huang, and A. de Visser, Phys. Rev. 18@. 077002
(2008).

E. Slooten, T. Naka, A. Gasparini, Y. Huang, and A. des&fi, Phys. Rev. Lett03
097003 (2009).

V. P. Mineev and T. Champel, PhyRev. B69, 144521 (2004).

D. Belitz and T. Kirkpatrick, Phys. Rev. @), 184502 (2004).

T. Kirkpatrick and D. Belitz, Phys. Rev. &, 024515 (2003).

R. Roussv and A. Millis, Phys. Rev. B3, 140504 (R) (2001).

A. de Visser, N. T. Huy, A. Gasparini, D. E. de Nijs, D. Andreica, C. Baines, and A.
Amato, Phys. Rev. Letl.02 167003 (2009).

T. Ohta, Y. Nakai, Y. Ihara, K. Ishida, K. Deguchi, N. K. Sanod |. Satoh, J. Phys.
Soc. Jpn77, 023707 (2008).

T. Ohta, T. Hattori, K. Ishida, Y. Nakai, E. Osaki, K. Deguchi, N. K. Sato, and I. Satoh,
J. Phys. Soc. Jpii9, 023707 (2010).

S. Julian, Physics, 17 (2012).

V. P. Mineev and K. V. Sankdin, Introduction to Unconventional Superconductivity
(Gordon and Breach Science Publishers, Amsterdam, 1999).

V. P. Mineev, inAdv. TheorPhys. Landau Meml. Con2009), p. 68.

V. P. Mineev, Phys. Rev. 86, 134504 (2002).

C. L. Kane ancE. J. Mele, Phys. Rev. Lefi5, 226801 (2005).

M. Konig, S. Wiedmann, C. Briine, A. Roth, H. Buhmann, L. W. Molenkam,. X.
Qi, and S:C. Zhang, Sciencgl8 766 (2007).

M. Z. Hasan and C. L. Kane, Rev. Mod. PH82&.3045 (2010).



40 Chapter3

[61] D. V. Giiffiths, Introduction to Quantum Mechani¢Brentice Hall, Inc., 1995), p. 333.

[62] D. Hsieh, Y. Xia, L. Wray, D. Qian, A. Pal, J. . H. Dil, J. Osterwalder, F. Meier, G.
Bihlmayer, C. . L. Kane, Y. S. Hor, R. J. Cava, and M. Z. Hasan, Scii8e19
(2009).

[63] X.-L. Qiand S:C. Zhang, Phys. Tod&3, 33 (2010).

[64] H. Zhang, GX. Liu, X.-L. Qi, X. Dai, Z. Fang, and &. Zhang, Nat. Phys, 438
(2009).

[65] S. Chadov, X. Qi, J. Kiubler, G. H. Fecher, C. Felser, and S. C. Zhang, Nat. 8/ater.
541 (D10).

[66] H. Lin, L. A. Wray, Y. Xia, S. Xu, S. Jia, R. J. Cava, A. Bansil, and M. Z. Hasan, Nat.
Mater.9, 546 (2010).

[67] T.V.Bay, T. Naka, Y. K. Huang, and A. de Visser, PiRasv. B86, 064515 (2012).

[68] T. V. Bay, M. Jackson, C. Paulsen, C. BanA. Amato, T. Orvis, M. C. Aronson, Y.
K. Huang, and A. de Visser, Solid State Comnii88 13 (2014).

[69] G. Goll, M. Marz, A. Hamann, T. Tomanic, K. Grube, T. Yoshino, and T. Takabatake,
Phys. B Condens. Ma#t03 1065 (2008).

[70] A. P. Schnyder, PM. R. Brydon, and C. Timm, Phys. Rev8B, 024522 (2012).

[71] F. F. Tafti, T. Fujii, A. Juneatrecteau, S. René de Cotret, N. Doitgyraud, A.
Asamitsu, and L. Taillefer, PhyRev. B87, 184504 (2013).

[72] Y. Pan, A. M. Nikitin, T. V. Bay, Y. K. Hang, C. Paulsen, B. H. Yan, and A. de
Visser, EurophysLett. 104, 27001 (2013).

[73] A. Altland and M. R. Zirnbauer, Phys. Rev5B, 1142 (1997).

[74] M. Sigrist and K. Ueda, Rev. Sci. Instru68 239 (1991).

[75] A. Kitaev, AIP Conf. Procl134 22 (2®9).

[76] A. P. Mackenzie and Y. Maeno, Rev. Mod. PH&.657 (2003).

[77] P.W. Anderson and P. Morel, Phys. R&23, 1911 (1961).

[78] R. Balian and N. R. Werthamer, Phys. RE¥1, 1553 (1963).

[79] T. Tsuneto,Superconductivity and Superfluidif€anmbridge University Press, New
York, 2005).

[80] K. Scharnberg and R. Klemm, Phys. Rex2B 5233 (1980).

[81] S-Q. Shen,Topological InsulatorDirac Equation in Condensed Matte(Springer,

[82]

Berlin, 2012).
X.-L. Qi and S:C. Zhang, Rev. Mod?hys.83, 1057 (2011).



Theoretical aspects 41

[83] Y. S. Hor, A. J. Williams, J. G. Checkelsky, P. Roushan, J. Seo, Q. Xu, H. W.
Zandbergen, A. Yazdani, N. P. Ong, and R. J. Cava, Phys. Rev.104tt057001
(2010).

[84] T. V. Bay, T. Naka, Y. K. Huang, H. Luigjes, M. S. Golden, andl@ Visser, Phys.
Rev. Lett.108 057001 (2012).

[85] N. P. Butch, P. Syers, K. Kirshenbaum, A. P. Hope, and J. Paglione, Phys. &v. B
220504 (R) (2011).

[86] S. Sasaki, Z. Ren, A. A. Taskin, K. Segawa, L. Fu, and Y. Ando, Phys. ReV1Q@tt.
217004(2012).

[87] R. Roy, ArXiv:0803.2868v1 (2008).

[88] A. Schnyder, S. Ryu, A. Furusaki, and A. Ludwig, Phys. ReX8,B.95125 (2008).

[89] X.-L.Qi, T. Hughes, S. Raghu, and@&. Zhang, Phys. Rev. Left02 187001 (2009).

[90] N. Read and D. Green, Phy&ev. B61, 10267 (2000).

[91] D. A.Ivanov, Phys. Rev. Let86, 268 (2001).

[92] C. Nayak, A. Stern, M. Freedman, and S. Das Sarma, Rev. Mod. &hys083
(2008).

[93] M. Sato, Phys. Rev. B1, 220504(R) (2010).

[94] M. Sato, Phys. Rev. B9, 214526 (B09).

[95] L. Fuand E. Berg, Phys. Rev. Let05 097001 (2010).

[96] N. R. Werthamer, E. Helfand, and P. C. Hohenberg, Phys.1R&v295 (1966).

[97] A. M. Clogston, PhysRev. Lett.9, 266 (1962).

[98] K. Maki, Phys.Rev.148 362 (1966).

[99] T. P.Orlando, E. J. J. McNiff, S. Foner, and M. R. Beasley, Phys. Re\d, B545
(1979).

[100] A. de Visser, PhD Thesis, University of Amsterdam, 1986.

[101] U. Rauchschwalbe, Phys47B1 (1987).

[102] E. Helfand and N. R. Werthamer, Phys. R4z, 288 (1966.

[103] L. P. Gor’kov and Z. Eksperim, Sov. Phys. JESTR364 (1959).

[104] L. P. Gor’kov and Z. Eksperim, Sokhys. JETHR0, 998 (1960).



42

Chapter3




Possible p-wave

superconductivity in

Chapter 4
the doped topological

Insulator CuyxBi>Ses

In this chapter, weeport magnetic and transport measuremecdsried out on the candidate
topological superconductor (TS@QuBi,Se. The study mainly focuses time response of
superconductivityo a magnetic field antdigh pressureupto 2.3 GPa. Upon increasing the
pressure superconductivitys smoothly depressed and vanishescat .3 GPa. At the same
time, the metallic behaviour is gradually logthese features are explainbg a simple model
for a low electron carrierdensitysyperconductor. Theanalysis ofthe upper critical field
shows that the Be,(T) data collapse onto a universal curve, which clearly differs from the
standard curvdor a weak coupling, orbital liméd, spirsinglet SC Althoughan anisotropic
spin-singlet stde cannot be discarded completelhe absence of Pauli limiting and the
similarity of B.x(T) to a polarstate furtion point to spirtriplet SC This observation is in

accordance with theoretical predictions for TSCs.

(Part of this chapter has been psivbd as T. V. Bagt al., Phys. Rev. Lettl08 057001
(2012))
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4.1 Introduction

Topological insulators (TIshave sparked wide research interlestause they offer a new
playground for the realization of novel states of quantum n{at@} In 3D Tls the bulk is
insulating, but the 2D surface stategrotected by a nontrivialAopology - are conducting

due to their topological nature. More interestinghg toncept of Tls can also be applied to
superconductors (SCs), due to the direct analogy between topological band theory and
superconductivity3,4]. Topological SCs in 1D, 2land 3D argredicted to be nontrivial SCs

with mixed even and odgarity Cooper pair statgs,6]. Of major interest irthe field of
topological SCs is the realization of Majorazero mode$l,2], thatare predicted to exist as
protected boundtates on the edge of the 1D, Db3Dsuperconductor. Majorarzero modes

are of great potential interest for topological quantum computHtj@h Recently, signatures

of Majorana states have been observed for the first time experimentally in a semiconducting
nanowire coupled to an ordinasywave superconduct§r]. This opens up the possibility to
explore and fabricate a new type of quantum computation devices. Topological SCs are rather
scarce. The B phase GHe has recently been identified as an -padty timereversal
invariant topological superfluif8], whereas the correlated meta}fu0O, is a timereversal
symmetry breaking chiral 2[p-wave S(3]. Other candidate topological superconductors
can be found among the hadleusler equiatomic platinum bismuthides LaPtBi, YPtBi,
LuPtBi[9-12] and the doped semiconductor.gnsTe [13].

In 2010, Hor and cavorkers initiated anew route to fabricate topological
superconductors, namely, by reacting the 3D T}S&iand BpTe; with Cu or Pd14,15] By
intercalating CU' into the van der Waals gaps beam the BiSe; quintuple layers, SC occurs
with a transition temperaturé. = 3.8 K inCuBi,Se for 0.12 " [ ~ +RZHYHU WKH
reported SC shielding fractions were rather small and the resistance never attained a zero
value belowT,, which casted some doubt on the bulk nature of SC. As reGaxB&Se, this
concern was taken away by Krieneragt [16,17] who showed that BSe; single crystals
electrochemically intercalated by Cu have a SC volume fraction of about 60%=f0r29)
as evidenced by tr&gnificantjump in the electronic specific heatTat SC was found to be
robust and present for 0?1 ” SKRWRHPLVVLRQ H[SHULPHQWY FRQGXFW
and surface electron dynamics reveal that the topological character is preserveiiSe&u
[18] as demonstrated in Fig. 4.1. Based on the topological invariants of the Fermi surface,
CuBi,Se; is expected to be a tinreversal invariantfully gapped odd parity topological SC
[5,6]. A recent study of the Cooper pairing symmetry within a-twwital model led to the

proposal that such a state can be favored by stspngorbit coupling19]. Indeed several
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experiments have revealed properties in line with topological SC. The magnetization in the
SC state has an unusual field variation and shows curious relaxation phenomena, tpaanting
spin triplet vortex phas@0]. Point contact measurements reveal a -bés conductance

peak in the spectra, which possibly provides evidence for Maja@mamodef21]. These
signatures of topological SC make the experimental determination of the basic SC behavior of

CuBi>Se; highly relevant.

Figure 41 Topological surface state @u,Bi,Se; from ARPESmeasurementat 4 K The Dirac
point is located at ~0.38 eV. The data are kindly provided by Dr. E. van Heumen (QEM group,

private communication).
4.2 Sample preparation

A series of single crystalline samples,BuSe; was prepared at the WZI 3. Y.K. Huang
with x ranging from 0.12 to 0.3. The high purity elements Cu, Bi, and Se were molten
together at 850¢ in quartz tubes sealed under high vacuum. Subsequently, thewabes
slowly cooled till 500600 ¢ in order to grow the crystals. Afterayth the crystals were
annealed for 6A00 hours.

More than thirty samples were measured in a standard bath cryostat to check for SC.
All samples showed metallic behavior. Many samples revealed s@tesof SC below
2-3 K. However, only very few samgd showed zero resistance below the superconducting
transition temperaturé; = 3.8 K. ltappears, thereforéhat SC is very fragile and sensitively
depends on the sample preparation process. It was also tried to synthesize the material with
the electrechemical method, by which ideally Euacts as a ahor, but in contrast to

Refs.[16,17]a full SC transitionR = 0) was never obtained by this route the remainder of
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this chapter we focus on the best samples fabricated by the melting method with a nominal Cu
content x ~ 0.3, a nomah Bi content ~ 2.1, and rapguenched after annealing.

CwBi,Se; belongs to thespace groupr3m and possesses a layered crystal structure
with lattice parametera = 4.138 A andc = 28.736 A as shown in Fig. 4.2. The pristine
compound BiSe is constructed from double layers of BiSetahedra resulting in a $82-
SeBi-Se five layer sandwich. The dopant Cu atoms either substitute at Bi sites or intercalate
at the octahedrally coordinated (0, 0, 1/2) sites (Wyckoff notation 3bisitdje Van der
Waals gaps between the,Be quintuple layersSC is associatedith intercalationrather
than substitutiofl4].

Figure 4.2 Layered structure of CiBi,Se. The small pinkish dots depict copper atoms
intercalated in the Vaned Waals gaps between the quintuple layers. Picture fekarRef.[14].

4.3 Ac-susceptibility

In order to determine the superconducting shielding fraction of our sarapkassceptibility

( £.) measurements have been performed at the Institute Né@Irb€. Paulsen in a

dedicatedSQUID magnetometer. Fig. 4shows the lowtemperaturesusceptibilitydata of
two Cuw 3Bi,1Se samples (sampl8 ¢ m = 0.5 g, sampl& A, m = 0.25 g). The SC shiehd)
fractions amount to 1% and 16%, respectively. The data have been corrected for
demagnetization effects. In both samples the SC transition setsTinnak = 3.1 K. The
signals are rather sluggiskipon lowering temperaturédeing indicative of sample

inhomogeneities.
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These SC volume fractions are lower than those (up to 60 %) reported hSRex.

samples prepared by electthemical intercalation.

Cu,Bi, Se-sample S & .- 4 OF  Cu,.Bi,Se,sample S A  pmme——1
’
L i 41 i
- B B E\C: '8 r B T
tL
L g -12+ 1
L .-'// . -16}+ 7
0 1 2 3 4 0 1 2 3 4
T(K TK)

Figure 43 Temperature dependence thie real partof the aesusceptibilityof two platelike

Cuw Bi, :Se crystals. Left panel: sample &with the driving field in theab-plane. Right panel:
sample SAwith thedriving field perpendicular téhe ab-plane The driving frequency is 2.1 Hz.

The amplitude of the driving field is 0.25 Oe and 0.5 Oe, respectively. The driving fields are well
belowH.; =5 Oe, Ref22.

4.4 Electrical resistivity

03 Cu,.Bi, Se,- sample #1

0.2
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Figure 4.4 Temperature depelence of the resistivity of GuBi,:Se (sample #1) at ambient

pressure Inset:superconducting transition.

Many batches of GBi.Se; were initially tested after growth using a He bath cryostat in
which the temperature can be lowered down to 1.5 K ibgcilly decreasing the vapour

pressure of liquid helium. Fig.4shows a representative resistivity curve in the temperature






















































































































































































