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Pseudogap in cuprateshermodynamic evidence for nematic phageansition
Y. Matsuda

Department of Physics, Kyoto University, Kyoto&B@&2, Japan

A longstanding controversial issue in the quest to understand the superconductivity in
cuprates is the nature of the enigmatic pseudogap region of the phase diagrameci&kp
important is whether the pseudogap state is a distinct thermodynamic phase characterized by
broken symmetries below the onset temperaturfg,.

Here we report torquemagnetometry measurements of anisotropic susceptibility [1]
within the ab planesn orthorhombic YBCO with exceptionally high precision. Thaane
anisotropy along [100] direction (€>-Cu direction) displays a significant increase with a
distinct kink aftTpg, Showing a remarkable scaling behavior with respedi/gin a wide dopng
range. The analysis reveals that the rotational symmetry breaking (nematicity) setggimat
the limit where the effect of orthorhombicity is eliminated [2].

We also performed the same measurements on simple tetragonal Hg1201 with single
CuQ layer. Twofold susceptibility anisotropy emerges spontaneouslylgt, providing direct
evidence of the broken rotational symmetry. These firmly establish that the nematic phase
transition is universal in higic cuprates. Surprisingly, unlike YBCO, the dafj;mematicity
along [110] direction develops in Hg1201. Furthermore, the development of the diagonal
nematicity is suppressed below the CDW order, implying that the nematicity competes with
CDW [3].

In collaboration with Y. Sato, S. Kasahara, H. MurayamKasahara (Kyoto Univ.), T. Shibauchi

(Univ. of Tokyo), E.G. Moon (KAIST), T. Nishizaki (Kyushu Sangyo Univ.), T. Loew, J. Porra , B.
Keimer (Max Planck), Y. Uchiyama (JASRI), A. Yamamoto (RIKEN), J. Cai, J. Freyermuth, and M.
Greven (Univ. of Minnesa).
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[1] S. Kasaharet a. Nature486, 382 (2012).
[2] Y. Satet al. Nature Physl3, 1074 (2017).
[3] H. Murayamaet al. arXiv:1805.00276.



Hightemperature superconductivity in iron chalcogenides

Dunghai Lee
University of CaliforniaBerkeley, USA

Raising the superconducting transition temperature to a point wregsplications are practical

iIs one of the most important challenges stience. In 1986 a family of superconducting
materials, namely the coppexide superconductors, was dvered. To date, the highest
transition temperature is ~140K. However, despite unprecedented research efforts, the precise
cause of the high transition temperature is still controversial. In 2006 -hased
superconductors were discovered. To date, thgheist superconducting transition temperature

is found in FeSbased compounds. These systems are made of entirely different materials,
however, they share many common features with the coppeide superconductors. In
particular, in 2012, a new interfacaditemperature superconducting system was discovered

in FeSe/SrTiIn this talk, | shall explain the mechanism for strong Cooper pairing in this system
and what it teaches us about finding even higher temperature superconductors.



What Makes Cuprate Syperconductors so Amazing?

|l van Bbgovil

Brookhaven National Laboratory, Upton NY 11973, USA
2Applied Physics Department, Yale University, New Haven, CT 06520, USA

When superconductivity was discovered, it presented a major puzzle that took folesdacdd
many a failed attempuntil it was finally solved by the BCS trio. Their theory then reigned
unchallenged until the discovery bigh-temperature superconductivitS) in cuprates. Ever
since, it has been debated whetbgsentialljthe same BCS igture applies to cuprates as welt
some galitatively new physics is involved

With this motivation, we have undertakarvery comprehensive experiment in which over 2,000
singlecrystal LSCO films were grown hyolecular beam epitaxand studied over the course of
12 years. The key parameters of the normal and superconducting 8&tates R,
magnetoresistancéy, /, x 8 have been measurqueciselyas a function of temperature
(down to 300 mK), magnetic field (up to 90 T), dopingand inplane azimuth anglé. [1-3]

The key findings are as follows. (i) The superconducting phase stiffness is extremely low,
comparable tdl.. (i) The superfluid densit\Ns(T) decreases linearly with, up toTe. (iii) Te¢
scales withNso linearly but wth an offset, except very close to the dome edges where it scales as
aNg. (iv) The superconducting state develops from an electronic nematic state that bréaks the
symmetry of theunderlyingcrystal lattice. (v) The electron fluid behaves &ai$ Were comprised

of two components, one Fentijuid (FL) like and the other showinglinear in T and B; with
increased doping the later component diminishes and disappegetier with the nematicity,

NsO, anch.

Therelated results of other groups shthatthe above appeats betypical of HTS cuprates and
independent on the details of the Fermi surface, the number of @ai@sin the unit cell the

presence or absence of CuO chains, the density and the nature of dopants, the superconducting
gap sizeetc.

We conclude thaHTS in cupratesnvolves some new physics, beyond the standarBEB
description. ltseems to entail strong pairing, strong electron correlations, strong thermal phase
fluctuations, and probably strong paireaking, intrinsic bul- and dopingdependent. Impurities

and disorder are probably not essential, at least in the first cut.

These are just some broad conceptual constraints; much tighter ones are imposed by the
particularsurfaces in theT(x,Bf) space depicted by, R4, Ns, etc.,which encodea wealth of

incisive information about the physicof HTS, andnay provide a new impetus to the theéry

which in turn may lead to now discoveries.

References

[1]1.. 2 O2XMed EWandA. T. BollingerNature 536, 309 (2016).
RIWP 2dzz | & ¢ . 2ff ANGBIBME 432 @01T).S YR L . 2020490
[3] P. GirardeGalloet al., Science360(2018)in press



Superconducting Qubits Enable Quantum Control of Surface Wave Phonons

Andrew N. Cleland
Institute for Molecular Engineerirand Argonne National Laboratory, University of Chicago, 5640 S Ellis
Ave, Chicago IL 60637 USA

| report on a recent experiment using
superconducting qubit to both quantwwoontrol and
measure the 4 GHz fundamental mode of a scef
acoustic wave (SAW) resonator. This experiment bu
on prior work coupling superconducting qubits to SAW
devices , here achieving full quantum control over the
SAW mode and exceeding the control achieved oyer
earlier bulk acoustic resonataubit expeaiments . The
surface acoustic wave resonator was fabricated PRy 1 [iNbQ chip with SAW resonato
bulk LiINbO3, a strong piezoelectric, combining| @lack), flipchip coupled to 6mm by
few-finger transducer with a pair of Bragg SAW mirrorémm qubit chip (silver), wire bonde
The structure was designed to have a single SAW mjot & qubit mount

centered at 4 GHz, with higher @ modes outside

the stop band of the mirror. A superconducting qubit (modified from the UC Santa Barbara

gmon ) was fabricated on a separate sapphire substrate, and the LINbO3 chip with its SAW
resonator was flipchip bonded to the sapphire substrate,galing the SAW transducer element
to wiring on the qubit chip (Fig. 1). The qubit was
inductively coupled to the SAW transducer
0KNRdzaK GKS n G2 ¢ >Y 3L
using a fluxcontrolled Josephson junction to

provide variable coupling: The gubcould be

completely isolated from the resonator, or

Fig. 2.Wigner tomogram of the SAW resonatgot coupled with up .'[O about 6 M_HZ co_upllng

phonon state, experiment (left) and theory (righ{ Strength. The qubit was characterized with the

Horizpntal axes are resonator phase space quadrat] coupler off, showing good qubit T_1 and T_
33522:;"2@”52%?%3:%3‘%;(b(c(’:?n:‘eor;'zf(’)mac';”d With the variable coupler on, measurements of

(edge). the qubit T_1 as a fumtion of qubit frequency
were used to measure the SAW electrical
impedance, revealing the expected detailed structure of the transducer response. We then used
the qubit to measure the SAW thermal phonon population, which was less than 0.02, as
expected at he operating temperature of 7 mK; swap a single 4 GHz phonon in the SAW
resonator and measure the phonon T_1 lifetime (148 ns); and swap+l|@phonon state into

GKS NBaz2ylra2N) FyR dzaS Al G2 YSIadaNBE G§KS LK2y
Wigner tomography to map the Wigner function of the phono)j0&and |0&+|1 G states over

the resonator phase space, showing good agreement with theoretical Wigner tomograms (Fig.

2).

Iz/I.V. Gustafsson et alScienc&46, 207211,2014; R. Manenti atl., Nature Comm., 8, 975 (2017); B.A.

Moores et al., arXiv: 1711.05913 (2017) A. D. 06 Co MNatweeldd4, 687703 @010);,Y. Chu et al.,

Science358, 199202 (2017) Y. Chen et alPhys.Rev.Lett. 113, 22052 (2014); M.R. Geller et d@hys.
Rev. A92, 012320 (2015); C. Neill et aNature Phys12, 10371041(2016)
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Cooperative Interactions as a Route to Higlemperature Superconductivity
ZhiXun Shen
Stanford University, USA
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Scattering from highkemperature superconductors: new insights and

perspectives

B. Keimer

Max Planck Institute for Solid State Research, 70569 Stuttgart, Germany

We will summarize recent results and perspectives from neutron and resorayt scatterimy
experiments on cuprate superconductors, with a focus on the model compoundiBe:
Two sets of developments will be highlighted:

1. Charge density wave correlatiorad their interplay with superconductivity, including the
response to biaxial and uniaxial strain, heterostructuring with other transition metal oxides (see
the figure), and light illumination.

2. Spin correlationgnd their evolution over a wide range dbping levels, as well as
high-precision measurements of their temperatudependent lifetimes and their relationship
to transport phenomena.

FM = o0 FM
z ENE >
A SC
P P
0.00 T T T T
10 20 30 40
Distance across YBCO layer (nm)
Fig. 1:This schematic

shows electronic ordering phenomena in a layer of the -tegiperature superconductor
YBaCuO; (YBCO) between two ferromagnetic manganresile layers as a function of
temperature (T) and distance across the layer. FM = ferromagnetism, SC = superconductivity, AFI
= antiferromagnetic insulator, SDW = spin density wave, CONdrge density wave. The graph
below shows the density of mobile charge carriers, p, as a function of distance. (reproduced from
A. Frano et al., Nature Materials 15, 831 (2016)).
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Discovery and Exploration of the Cuprate Pair Density Wave State

J.C. SéanwuDavis
Physics Dept., Cornell University, NY, USA
CMPMS Dept., Brookhaven Nat. Lab, NY, USA

Cooperpairs, if they have finite centesf-mass momentun@Qp, can form a remarkable state
in which the density of pairs modulates periodically in spatewavevector Qp. Intense
theoretical interest has recently emergéddy’ ¢ KS (i KSNJ adzOK | WLI ANJ RSy
could, due to strong local electreglectron interactions, be another principal state in the phase
diagram of underdoped cuprates. The m@®mmon model invoked is an eight waiell (&)
periodic modulation of the electropair condensate.

To search for a cuprate PDW at zero field, we developed a nanowreelution scanned
Josephson tunneling microscopy (SJTM) to image Cqmpertunnding from a dwave
superconducting STM tip at millikelvin temperatures to the Coqgmr condensate of
underdoped BiSpCaCuOs. The resulting images of the Coogmir condensate show clear
pair-density modulations oriented along the @u bond directions wavevectors
QFondHpZnOIBNZndHPOLH ™ K|

Application of high magnetic fields in cuprates generates an exceptional electronic phase
supporting exceptional quantum oscillations and an unidentified density wave state which may
also be a PDW. To searchr fevidence of such a state at high fields, we visualize the
modulations in the density of electronic states N(r) within the halo surrounding vortex cores.
This revealed multiple signatures of a fiehdiuced PDW, including two sets of N(r) modulations
occuring at wavevectorr and 2Q- both having predominantly-symmetry form factors, the
amplitude of the latter decaying twice as rapidly as the former. This is in detailed agreement
with theory for a fieldinduced primary PDW that generates secondary CNtsn the vortex
halo [2].

These data indicate that a PDW state exists in the superconducting andfi¢icgh
pseudogap regimes of cuprates. Its orgarameter exhibits approximately eight Cudnit-cell
periodicity and predominantly -dymmetry form fator. We review the implications from these
discoveries for the microscopic theory of the cuprate pseudogap phase.

References

[1] Nature 532,343(2016)
[2] arXiv:1802.0467& submittedSciencg2018)
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Quantum Ciriticality and Unconventional Superconductivity in Heavy Fermions

Frank Steglick?3
1Max Planck Institute for Chemical Physics of Solids, 01187 Dresden, Germany
2Center for Correlated Matter, Zhejiang University, Hangzhou, 310058 LJX S Q& wSLJdzof A O 2
oLyadAaiddziS 2F tKearodazx / KaySasS ! O RSye 2F { OASy

Unconventional superconductivity (SC) often occurs near quantum critical points (QCPS) in
antiferromagnetic (AF) heavgrmion (HF)metals. The nature of the pairing symmetry of the

first HF superconductor CeCu2Si2 [1], which is a prototype material for showing SC near a
three-dimensional spirdensitywave QCP, has been the subject of recent controversy. While for
many years this compmd was considered to be a (sindland) dwave superconductor [2],
state-of-the-art measurements of the specific heat to temperatures as low as 30 mK on a
high-quality Stype CeCu2Si2 single crystal revealed-baod SC with a fully developed gap at

the lowest temperatures [3]. This led to claims of CeCu2Si2 being abdawd swave
superconductor, with an either isotropic s+#, 5] or a loopnodal s+ [6, 7] state. To resolve

this issue, a fulhgapped, effective twéband dwave model was proposed [8lyhich was
developed originally to explain weird properties of-f@sed superconductors by an orbital

4SSt SOGADS LI ANARY3I YSOKEYyaY/ hBISNIK KR A NWRBA ¢ 2
fits to the temperature dependence of both the superfluicersity, derived from the
penetration depth [8], and the specific heat [3]. It also accounts for the sign change of the
superconducting order parameter concluded from inelastic neussoattering data which
occurs along the incommensurate nesting wave veagtside the dominating HF band [10]. Such

a pairing model may be well applicable to a wider range of -fidlyped unconventional
superconductors, including the case of a single CuO2 layer [11]. No SC has been detected down
to 10 mK near the fiekihduced Kondadestroying QCP in YbRh2Si2 [12]. However, recent
results of magnetic and calorimetric lefreld measurements on YbRh2Si2 reveal the onset of
KEBONAR !' C 2NRSNJ 6d! Ldérived Buclbar fRisYshghtly ab&ve 2 mkeas (i K S
well as of HF S& Tc = 2 mK [13]. The A phase was found to suppress the primary electronic AF
order, which forms at TN = 70 mK, and to allow HF SC to develop. These results demonstrate a
new way to approach the QCP in YbRh2Si2 and provide further support for uncone¢g©

near an AF QCP in a clean, stoichiometric HF metal being a robust phenomenon. Work
performed in collaboration with G. M. Pang, M. Smidman, L. Jiao, J. L. Zhang, H. Q. Yuan, O.
Stockert, H. S. Jeevan, P. Gegenwart, E. Schuberth, M. Tippmann, ke, SteiBrando, A.
Steppke, C. Krellner, E. M. Nica, R. Yu and Q. Si.

[1] F. Steglich et al., PhyRev. Lett. 43, 1892 (1979). [2] K. Fujiwara et al., J. Phys. Soc.
Jpn. 77,123711 (2008). [3] S. Kittaka et al., Phys. Rev. Lett. 112, 06 72QPR4).

[4] T.Yamashita et al., Sci. Adv. 3, e1601667 (2017). [5] T. Takenaka et al., Phys. Rev.
Lett. 119, 077001 (2017). [6] H.lkeda et al., Phys. Rev. Lett. 114, 147003 (2015).

[7] Y. Lietal., PhyRev. Lett. 120, 217001 (2018). [8] G. M. Pang et al., Problatl.

Acad. Sci. USA 115, 5343 (2018). [9] E. M. Nica et al., npj Quantum Materials 2, 24
(2017). [10] O. Stockert et al., Nature Phys. 7, 119 (2011).[11] Y. Zhong et al., S&ull. 61,

1239 (2016). [12] S. Friedmann et al., Prod\atl. Acad. Sci. USA 107, 14547 (2010).

[13] E. Schuberth et al., Science 351, 485 (2016).
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Magic Angle Graphene: a New Platform for Strongly Correlated Physics
tFoft2 WHNAEEf2ml SNNEN2
MIT, USA

The understanding of stronghorrelatedquantum matter has challenged physicists for decades.
Such difficulties have stimulated new research paradigms, such ascaltteatom lattices for
simulating quantum materials. In this talk | will present a new platform to investigate strongly
correlatedphysics, based on graphene moiré superlattices. In particular, | will show that when
G2 3IANILIKSYS aKSSdia INB (GsAadSR o0& Fy Fy3atsS C
the resulting flat band structure near the Dirac point gives rise to angli-correlated
electronic system. These flat bands exhibit H#lihg insulating phases at zero magnetic field,
which we show to be a Motike insulator arising from electrons localized in the moiré
superlattice. Moreover, upon doping, we find electily tunable superconductivity in this
system, with many characteristics similar to higimperature cuprates superconductivity.
These unique properties of magangle twisted bilayer graphene open up a new playground for
exotic manybody quantum phasesiia 2D platform made of pure carbon and without magnetic
field. The easy accessibility of the flat bands, the electrical tunability, and the bandwidth
tunability though twist angle may pave the way towards more exotic correlated systems, such
as quantum s liquids.
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The Pseudogap Critical Point of Cuprate Superconductors
Louis Taillefet?

LUniversity of Sherbrooke, Sherbrooke, Canada
2Canadian Institute for Advanced Research

By suppressing superconductivity with a large magnetic field, we have investigated the metallic
ground state of several cuprate superconductors in Te 0 limit (YBCO, Bi2212, Bi2201, LSCO,
Nd-LSCO, ELSCO), via measurements of resistivity, Hall ande&bkecoefficients, thermal
conductivity and specific heat. We observe a sharp transition at a critical dppifrgd dot in

Fig. 1), into the enigmatic pseudogap phase. The key signature is a drop in carrier nlé&osity

n=1 +p abovep* to n=p below p* [1,2], signalling a major transformation of the Fermi surface.
At p*, we observe the classic signatures of quantum criticality : the electrical resistivity is linear
in T at low T, the electronic specific hedfel shows a sharp peak at*, where it vaies in
temperature asGe ~ ¢ T logT [3]. Understanding the mechanisms responsible for these various
signatures will help elucidate the nature of the pseudogap phase.

Fig. 1.Schematic temperaturdoping phase diagram of a
hole-doped cuprate superconductor, once
superconductivity has been removed by application of a
large magnetic field. The zefwld critical temperature I

is shown as a dotted line. The focus of this talk is the
pseudogap (PG) phase (in grey), which ends at a critical
doping p* (red dot). The phase of chardensitywave
(CDW) order (in burgundy) is peaked at @.X2 and it
ends before p*.
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Work done in collaboration with: S.A.A. Afshar, P. AduBanzier, S. Badoux, J. Beéard,

S. Benhabib, D.A. Bonn, P.uByeoisHope, C. Collignon, O. &yhoiniére, H. A. Dabkowska,

D. Destraz, M. Dion, N. Doirdeyraud, M. Dragomir, P. Fournier, B.D. Gaulin, C. Girod,
D® DNARAaazyylryoOKST 2odbd | | NR&x Wb Yl degloNB N1 =
S.Y. Li, Z.Z. Li, R. Liang, S. Licciardello, Q. Ma, C. Marcenat, B. Michon, N. Momono,
C. ProustS. Pyon, H. Raffy, W. Tabis, H. Takagi, T. Takayama, S. Verret, B. Vignolle, D. Vignolles,
S. Wiedmann, K. Yamadad JS. Zhou.
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Progress on superconducting materials for higbld application inChina

Pingxiang ZHANG
INorthwest institute for nofF SNNR dza Y SGlFt NB&SFNOK 6bLbuX
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Abstract: Practical superconducting material is currently one oé tmost important novel
materials, and higffield superconducting magnet, like as fusion reactor, f@gkrgy particle
accelerator and nuclear magnetic resonance (NMR), is especially significant to practical
application of superconducting materials. In tipigper, we introduce the recent progress on a
few of highfield superconducting materials at NIN and WST, including #&2 B, NRSn, and

NsAIl strands. The result suggests that2BiL2 is benefit of developing the superconducting
magnets with a field upo 20 T~30 T, and N®Bn could be used to make the superconducting
magnets with a field of below 21.5 T. Because of outstanding sste#ss tolerance properties,
NzAl is a strong competitor for superconducting magnets application with a field at 10T[~15
comparing to NESn superconductor.

Keywords:Bi2212; NBSn; NBAI; highfield application
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Progress on Quantum Critical Metals
Erez Berg,

Univ. of Chicago, USA

Metallic quantum critical phenomena are believed to play a key role in many stroogblated
materials, including high temperature superconductors. Theoretically, the problem of quantum
criticality in the presence of a Fermi surface has proven to be highly challenging. However, it has
recently been realized that many models used to disc such systems are amenable to
numerically exact solution by quantum Monte Carlo (QMC) techniques, without suffering from
the fermion sign problem. | will review the status of the understanding of metallic quantum
criticality, and the recent progress m@ by QMC simulations, focusing on the cases of spin
density wave and Ising nematic criticality. The results obtained so far will be described, as well
as their implications for superconductivity, némermi liquid behavior, and transport in the
vicinity of metallic quantum critical points. Some of the outstanding puzzles and future
directions are highlighted.
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Tunable Superconductivity and Phase Transitions by Field Effect Transistor
Xianhui Chen

Key Laboratory of Strongboupled Quantum Matter PhysidgShinese Academy of Sciences, and
Hefei National Laboratory for Physical Sciences at Microscale, and Department of Physics,
University of Science and Technology of China, Hefei, Anhui 230026, China

Electric field is adopted to control physical performanga tuning the carrier density. Such
controllability through an electrostatic doping greatly promotes the development of research
and industry for semiconductors. However, conventional matalilatorsemiconductor (MIS)

FET can only sustain very limitegtreer density. Consequently, researchers attempt to seek for
FET with new gate dielectric, such as the electric double layer FEFEEDPbased on liquid ions.

In this talk, we report high temperature superconductivity with an onset temperature above 40

K can be achieved in FeSe thin flake with Tc less than 10 K by tuning carrier with {RESTEDL
technique [1]. We developed a novel FET device using solid ion conductor (SIC) as a gate
dielectric. Based on this SRET technique, we achieved an optimabTd7 K in FeSe thin flakes.

A superconductivitynsulating state transition is observed. Two new metastable structures of
LiFeSe are obtained due to the Li intercalation driven by electrical field [2]. A discrete
superconducting phase diagram is obshin LiFeSe system [3]. Li ions can be driven in and
out of the crystal based on the FET device using solid Li ion conductor as a gate dielectric, and
many novel metastable structures can be obtained, and consequently a series of phase
transitions take face in (Li,Fe)OHFeSe and MoOur works pave a way to access the
metastable phase and control structural phase transformations as well as physical properties by
the electric field.
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Fig. 1:Phase diagram tuned by electric field with-BET degk in (Li,Fe)OHFeSe.
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Collapse osuperconductivity in cuprates via ultrafast quenching of phase

coherence

Andrea Damascell?

Dept. of Physics & Astronomy, University of British Columbia, Vancouver, BC, Canada
2Quantum Matter Institute, University of British Columbia, Vancouver, B@d&an

The possibility of driving phase transitions in idensity condensates through the loss of phase
coherence alone has faeaching implications for the study of quantum phases of matter. This
has inspired the development of tools to control and expldhe collective properties of
condensate phases via phase fluctuations. Electrically gated oxide interfaces, ultracold Fermi
atoms and cuprate superconductors, which are characterized by an intrinsically small phase
stiffness, are paradigmatic examples evl these tools are having a dramatic impact. Here we
use light pulses shorter than the internal thermalization time to drive and probe the phase
FNFIAEAGE 2 F GKS AH{NH/ I/ dmhybt OdzLINJ G S
superconducting condensate \wibut affecting the pairing strength [1]. The resulting ultrafast
dynamics of phase fluctuations and charge excitations are captured and disentangled by
time-resolved photoemission spectroscopy. This work demonstrates the dominant role of phase
coherence inthe superconductoto-normal state phase transition and offers a benchmark for
non-equilibrium spectroscopic investigations of the cuprate phase diagram.
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10 meV andkx is aligned along thegY direction. The dashed black and red lines in the right

panel define the nodal and effodal cuts investigated in the present wobbk Offnodal EDC &t

=kF ¢ = 36° normalized to momentwimtegrated nodal EDC (= 459 at different pumgprobe

delays,F < FC fluence i F wmp #).>EDGN haer been deconvoluted from the energy
resolution broadening
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The attraction between antiferromagnetic quantum vortices as origin of

superconductivity in holedoped cuprates

P.A. Marchettt

Dipartimento di Fisica e Astronomia, Universita di Padova, INFN,

Padova,435131

We propose as key of superconductivity in hdtged cuprates novel excitations of magnetic
origin, characteristic of twalimensions and of purely quantum nature: the antiferromagnetic
spin vortices. The CuO planes of the cuprates are described in teratsJahodel whose empty
sites correspond to Zhargice singlets. In this approach the charge pairing arises from a
KosterlitzThoulesdike attraction between antiferromagnetic spin vortices centered on empty
sites in different Néeel sublattices. This apamairing induces also the spin pairing through the
action of a gauge force generated by the-¢hmuble occupation constraint imposed in thel t
model. Superconductivity arises from coherence of pairs of excitations describing-Rltang
singlets and it isnot of standard BCS type. We show that many experimental features of
hole-doped cuprates can find a natural explanation in this formalism.
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Unusual superconducting gap in the cuprates: The Raman study on Bi2223
S. Tajimi G. Vincii M. Nakajim4, S. Miyasaka M. Nakajima,
S. AdacRi N. Sasakj T. Watanabg S. Idetd, K. Tanaka

Dept. of Physics, Osaka University, Osaka(BBIB, Japan
2Graduate School of Science & Technology, Hirosaki University, Aom8E&IB&lapan
3Institute of Molecular Science, Okazaki @585, Japan

The superconducting gap of the cuprates in the psegdpped state is unusual. The maximum

gap amplitude seems to increase with decreasing the doping fevelspite of the decrease of

the superconducting transition temperaturg. This unusual behavior has been established in
many mone and bilayercuprates, although its origin has not been well understood. Here we
have extended our Raman study to the triple layer curpateSElaCwO, (Bi2223) to
investigate its gap energy size as well as its doping dependence[l]. Using four crystals with
different doping levels, we found a double pdireaking peak in the BRaman spectrum which
corresponds to the paibreaking peak in the inner (FRjnd outer (ORCuQ plane. This implies

that the doping levels of IP and OP are different, as was previouslyteepby NMR[2] and
ARPES[3]. We first examined the doping dependence of the gap in each layer, and found that all
the Biggap energies can be plotted on a single line  (p) if we take into account the doping level

of each layer. Although the gap energy iaedent in the IP and OP, thk values are the same

in these layers, which indicates some interaction between the layers. The observed gap size was
so large that it does not scale wiffi. Such a large gap could be an indication of a possible
superconduaity at higher temperatures, as suggested by a precursor of superconductivity in
the optical spectra of YBE&wO[4, 5].
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High Temperature Superconductivity in Monolayer.B8eCaCuOy +

Yuanbo Zhang
Dept. of Physics, Fudamiversity, 220 Handan Road, Shanghai, China
Email: zhyb@fudan.edu.cn

The twodimensional Cu@plane plays a fundamental role in the physics of cuprates. Indeed,
cuprates (and all other families of high temperature superconductors) adopt a layered atomic
structure. In BiSpCaCrOy + (Bi2212), the weak van der Waals interaction between adjacent
bismuthroxygen layers makes the crystal easily cleavable, making atomtuallygi2212 an
ideal system for investigating high temperature superconductivity intti@dimensional limit.

By fabricating samples in an inert atmosphere, we are able to obtairuhattelkthick single
crystals (referred to as monolayer) of Bi2212 samples and to probe the evolution of
superconductivity as the dimensionality is reducalle probe the electronic structure of
monolayer Bi2212 with electronic transport measurements, as well as scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy (STS) techniques.
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The Superconducting Phase Diagram of HigiCuprates

E. C. Marinf R. O. Corréalr, L. H. C. M. Nurre¥/. S. S. Alvés

lInstituto de Fsica, Universidade Federal do Rio de Janeiro, C.P. 68528, Rio de Janeiro RJ,
21941972, Bragi
’Departamento de @ncias Naturais, Universidade Federal de $&o del Rei, 3636000, MG,
Brazil
SFaculdade dei§ica, Universidade Federal do @8ekEm PA, 66078.10, Brazil

Understanding the mechanism of hidit superconductivity in the cuprate materials is, at the
same time, one of the most fascinating and challenging problems in physics. Thirty years after
the experimental discovery of superconductivity in such materials, we still do not have a
theoretical framework that would allow us to describe, for instances tetails of the phase
diagram of the cuprates. In this work, we address some basic issues of the superconducting part
of such phase diagrams. We derive, in particular, analytic expressions for Tc(x), the critical
temperature as a function of doping for cu materials. These exhibit the w&hown
dome-shaped superconducting phases, which are in excellent agreement with the experimental
data for materials such as LSCO, Bi2201 and Hg1201. Our results imply the optimal doping
occurs when the oxygen sublattiad the CuQ planes is halffilled and the increase of the
optimal temperature with the number of such planes can be simply understood as an
enhancement of the relevant coupling parameter. Our starting point is a {BIG® fermion
theory, which is assumetd describe the dynamics of the active electsoaoles in the cuprates,
irrespective of the underlying microscopic mechanism responsible for the Cooper pair
formation.
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Stripes and Topological States in FeSe Film
Wei Li
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We report on lowtemperature scanning tunneling microscopy studies of the multildye$e

films grown on SrTby molecular beam epitaxy. We find a strifype charge ordering
instability [1], which develops beneath the nematic state. The emergence of stripes indicates a
magnetic fluctuation, competing with the ordinary collinear anti@rragnetic order in FeSe
films. The existence of stripes in irkbased superconductor that resemble the stripe order in
cuprates provides a platform to reveal the complex interactions between nematicity,
magnetism and superconductivity in hitgmperature siperconductors. Besides that, a
possible topological state is observed in the vicinity of the nematic edges [2], which might
originate from the inplane lattice expansion of the FeSe film.
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High resolution lasetARPES otopological superconductivity on surface
Shik Shih
lnstitute for Solid State Physics, The University of Tokyo, Kashiwa ,Ch#&827dapan

I would like to talk on topological superconductivity on the surface of an-besed
superconductor andtopological surface states of bismuth selenide on niobium by using
ultra-high-resolution angleresolved photoemission spectroscopy(ARPES).

Topological superconductors are predicted to host exotic Majorana states that obey
non-Abelian statistics and can hesed to implement a topological quantum computer. Most
of the proposed topological superconductors are realized in difficufabricate
heterostructures at very low temperatures. By using higbolution spinaresolved and
angleresolved photoelectron gectroscopy, we find that the ircbhased superconductor
FeTexSe (x = 0.45; superconducting transition temperature Tc = 14.5 K) hostsdoinactype
spinhelical surface states at the Fermi level; the surface states exhibit -aave
superconducting gaelow Tc. Our study shows that the surface stated-eT@ssSe .45 are
topologically superconducting, providing a simple and possibly-teigiperature platform for
realizing Majorana state§l]

A topological insulator film coupled to a simple isotropivave superconductor substrate
can foster helical pairing of the Dirac fermions associated with the topological surface states.
Experimental realization of such a system is exceedingly difficult, but using a novel "flipchip"
technique, we have preparesinglecrystalline Bi2Se3 films with predetermined thicknesses in
terms of quintuple layers (QLs) on top of Nb substrates fresh frositu cleavage. Our
angleresolved photoemission spectroscopy (ARPES) measurements of the film surface disclose
supercondicting gaps and coherence peaks of similar magnitude for both the topological
surface states and bulk states. The ARPES spectral map as a function of temperature and film
thickness up to 10 QLs reveals key characteristics relevant to the mechanism oihgoupl
between the topological surface states and the superconducting Nb substrate; the effective
coupling length is found to be much larger than the decay length of the topological surface
states. [2]
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Topological superconductivity and Majorana bound state inba&sed
superconductors

Hong Ding
Institute of Physics, Chinese Academy of Sciences

In this talk | will report our recent discoveries of topological superconductivity and Majorana
bound state inFebased superconductors, mostly in Fe(Te, Se) single crystals. We have
discovered a superconducting topological surface state of Fe(Te, Se) with Tc ~ 14.5K by using
high-resolution ARPES. By using higholution STM on this material, we clearly observe a
pristine Majorana bound state inside a vortex core, well separated fromtapalogical bound

states away from zero energy due to the high ratio between the superconducting gap and the
Fermi energy in this material. This observation offers a new, roblastopm for realizing and
manipulating Majorana bound states, which can be used for quantum computing, at a relatively
high temperature. We have also found that most of-lfésed superconductors, including
monolayer Fe(Te, Se)/STO, have similar topologieatronic structures.
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Topology meets High Tc Superconductivity in the FeBe family.
P.D. Johnson
Condensed Matter Physics and Materials Science Division, Brookhaven National Laboratory,

Upton, New York 11973

Low energy, lasdbpased ARPES with variable light polarization, including both linear and
circularly polarized, is used to examine thelfésed superconductor familfzeTexSe. At the
center of the Brillouin zone we observe the presence of a Dirac asitiedelical spin structure

as expected for a topological surface state and as previously reported in the related
FeTessSe.ss[1] These experimental studies are compared with theoretical studies that take
account of the disordered local magnetic momenelated to the paramagnetism observed in
this system. Indeed including the magnetic contributions in the theoretical description is
necessary to bring the chemical potential of the calculated electronic band structure into
alignment with the experimentaobservations. In the bulk superconducting state for
FeTe/Sesthe system appears to reflect the presence of some level of orbital selectivity in the
pairing even though the system is in the tetragonal phase above and below the transition
temperature T.. At the same time the topological state appears to acquire mass at the
superconducting transition. These observations are discussed in detail.

This work was carried out in collaboration with Zaki, J.D. Rameau, and G.D. Gu at BNL and M.
Weinert in the Department of Physics, University of Wiscordiiwaukee, Milwaukee,
Wisconsin. The workt Brookhaven was supported in part by the U.S. DOE under Contract No.
DE SC0012704 and in part by the Center of Computational Design of Functional Strongly
Corelated Materials and Theoretical Spectroscopy. The theoretical studies (MW) at UWM
were supported by the National Science Foundation (No. ABE5215).
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Quantum Anomalous Vortex and Majorana Zero Mode in

FeSeTe Superconductors
Zigiang Wang
Department of Physics, Boston Colleg@eestnut Hill, MA 02467, USA

The spirorbit coupling (SOC) in FeSeTe produces a topological Dirac fermion surface state [1, 2],
which has been detected by ARPES experiments [3] recently. The lightly electron doped surface
state acquires a pairing gap belowby the natural proximity to the fully gapped bulk FeSeTe
superconductor. On this premise, we demonstrate that the robusb-bgas conductance peaks
observed originally in STM experiments [4] at the interstitial/excess Fe sites are indeed localized
Majorana zero energy modes. We show that the local moments induced by the excess Fe and
the SOC are able to generate superconchgtvortices in the absence of an external magnetic
field. We term such a spontaneous vortex a quantum anomalous vortex (QAV). The QAV
nucleates around an excess Fe due to the coupling of the angular momentum and the local
magnetization that lowers its emgy compared to the energy of the vortésee solution. We

find that Majorana zero modes (MZM) emerge spontaneously from the topological surface state
at the center of the QAV core without external magnetic fields. Moreover, the finite angular
momentum Caoli-de Gennes states inside the QAV will be shown to be pushed to the energy of
the bulk pairing gap. The latter significantly enhances the stability of the MZM. The obtained
tunneling conductance in the QAV is in excellent agreement with the findingeeolSTM
experiments [4]. The QAV thus provides a new and advantageous platform for the realization
and manipulation of robust localized MZM.
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Topological Superconductivity on the Surface ofBased Superconductors
Gang Xu, Biao Lian, Peizhe Tang,-Kiaog Qi,* andShow/ KSy 3 %K y Ik

Department of Physics, McCullough Building, Stanford University, Stanford, California
943054045,USA

(Received 9 December 2015; revised manuscript received 19 May 2016; published 18 July 2016)
As one of the simplest systems for realizMgjorana fermions, the topological superconductor
plays an important role in both condensed matter physics and quantum computations. Based on
ab initio calculations and the analysis of an effectiMea8d model with superconducting pairing,
we demonstratethat the threedimensional extended-wave Febased superconductors such as
Fe+SesTeys have a metallic topologically nontrivial band structureand exhibit a
normaktopologicatnormal superconductivity phase transition on the (001) surface by tuning
the bulk carrier doping level. In the topological superconductivity (TSC) phase, a Majorana zero
mode is trapped at the end of a magnetic vortex line. We further show that the surface TSC
phase only exists up to a certain bulk pairing gap, and there isrmat topological phase
transition driven by the temperature, which has not been discussed before. These results pave
an effective way to realize the TSC and Majorana fermions in a large class of superconductors.
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Two-dimensional superconductivity in fewayer stanene
Ding Zhant?
IState Key Laboratory of LeRimensional Quantum Physics, Department of Physics, Tsinghua
University, Beijing, 100084, China

2Collaborative Innovation Center of Quantum Matter, Beijing, China

Two-dimensional superconductors exhibit rich quantum phenomena such as the Griffiths
singularity and an extremely large-pfane critical magneti@eld. Here we report the discovery

of superconductivity in few layer stanene, which is unexpected because bulk gray tin is
semimetallic and norsuperconductive [1]. We grow high quality stanene films on
PbTe/BiTey/Si(111) substrate via molecular beamitepy (Fig. B). Superconductivity emerges

in bilayer stanene and the transition temperature increases with the thickness of stanene (Fig. 1
b). We also modulate the superconducting properties by tuning the thickness of the PbTe layer
(Fig. 1c¢). Throughtransport and angleesolved photoemission spectroscopy, we reveal the
two-band nature of this superconductor. Our experimental studies are further supported by
first-principles calculations, which suggest a topologicalmimial band structure.

c 3-Sn/PbTe
Npote

R(T)/Rzx

2" sample

Fig.1: Superconductivity of fewayer stanene. (a) schematic illustration of the lattice structure

of a trilayer stanene grown on top of PbTelR:/Si(111) substrate. The dangling bonds on the

top layer of stanene are presumably saturated by hydrogen. (b) Normalized resistance of

stanene samples as a function of temperature. The PbTe has a nominal thickness of 15 layers. (c)
Normalized resistance tilayer stanene grown on PbTe with different thicknesses. Dotted

(dashed) curves indicate the data from the second-dowln (second sample).
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Quantum phase transitions in gatenduced 2D superconductivity
Y. Iwas&?

Department of Applied Physics and QuantBhrase Electronics Center, The University of Tokyo,
Tokyo, 113656, Japan
’RIKEN CEMS, Wako, HB8, Japan

In the past decade, technological advances of materials fabrication have led to
discoveries of a variety of highly crystalline tdionensional (2D) superconductors at
heterogeneous interfaces and in ultrathin films [1]. These systems are offering oppasuoi
searching for superconductivity at higher temperatures as well as investigating the physical
properties of 2D superconductors, which are distinct from the conventional 2D superconductors
with the amorphous or granular structure. Thus the new 2Desopnductors could be a new
plat form of physics of 2D superconductivity.

Among a variety of fabrication methds of 2D superconductors, ionic gating is a
powerful tool. Gatecontrolled electrostatic carrier doping with electric double layer transistors
(EDLTs) has served to search for new superconductors an to establishcarrier density phase
diagrams in vairous gateduced superconductivity. Furthurmore, it has been clarified that
gate-iinduced sperconductivity is a new class of noncentrosymmetrisugierconductors, which
exhibits enhanced Patlimit due to the spinavalley locking, nonreciprocal superconducting
transport, and quantum phase transitions [1].

Here we discuss the vortex phase diagram in crystalline 2D superconductors. In sharp
contrastto the conventional amorphous 2D superconductors, the phase diagram is dominated
by the quantum metallic state, owing to the strong quantum fluctuations [2, 3]. Furthermore,
the 2nd harmonic resistance measurement on noncentrosymmetric ;Me$ealed thatthe
vortex dynamics in gated Me%®iith in-plane broken inversion symmetry can be regarded as a
guantum ratchet.
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Superconductivity in Topological Semimetals
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Topological semimetals have become onenaist important topics in condensed matter physics.
By using metallic tip to carry out hard point contact measurements, we detected the
unconventional superconductivity at the contact on the surface of single crystalline and
non-superconducting 3D Dirac semetal CdAs [1] with some signatures showing the
possibility of topological superconductivity.[2] The hard point contact method has been
demonstrated reliable in the study of topological metal>Rh [3]. By using tip point contact
method, we also discoved the unconventional superconductivity on Weyl semimetal TaAs.[4]
Besides, by ultralow temperature transport measurements and STM studies, we observed
unconventional quaslD superconductivity in time invariant type Il Weyl semimetal TalrTe
with  minimum Weyl points. [5] The induced or detected superconductivity in topological
semimetals pave a way to realize and detect topological superconductivity, which is expected to
host Majorana fermions at the edge state and has attracted much attention.

Fig. 1:.Unconventional superconductivity induced by hard tip on the surface of topological
semimetal
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Coexistenceof both Isingand Rashbaype spintexturesin monolayerNbSe
ShuyunZhou
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The strong coupling between multiple degreesfreiedom in transition metal dichalcogenides,
e.g. spinvalley and spidayer locking, not only leads to interesting electronic, spin and valley
properties, but also affects correlated phenomena like superconductivity, e.g. Ising
superconductivity as repoet in monolayer NbSeWhile the origin has been attributed to Ising
paring ¢ enhanced pairing between electrons with opposite -@Hplane spin components, so

far direct experimental evidence on the threlgmensional spin texture has been missing. Here
by using spirand angleresolved photoemission spectroscopy (ARPES), we show that both the
out-of-plane Isingtype and inplane Rashb#ype spin polarizations are critical for a complete
understanding of the spin physics and its impact on intriguing cdroelaphenomena in
monolayer NbSe2.
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Unconventional 2D Superconductors: The
Out-Of-Equilibrium Response to A Laser Pulse
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The dynamics of a 2D (un)conventional BCS superconductor, with a dqtiee tightbinding
dispersion,driven outof-equilibrium by a perpendiculadynpinging polarized laser pulse is
analyzed in great detail on varying the temperature and the laser pulse characteristics (intensity,
polarization, frequency) with respect to the maximum gap amplitude. Theeled effects
include: oscillations both in the amplitude and in the phase of the superconducting order
parameter, suppression of the superconductivity, but also its enhancement with a strong
dependence on all varying parameters and, in particular, onpblarization in plane of the
applied vector potential and on the value of its intensity. The microscopic understanding of
these effects is obtained by studying thoroughly the evolution of the amplitude and the phase
of the momentumdependent components ahe gap (the complex pair amplitudes). This study
opens up the possibility, for the-wave case, to distinguish very clearly the behavior of the
nodal and anthodal thermal and no#thermal excitations and explain some of the puzzling
results of the currat experimental scenario in the field. Moreover, by using a random initial
value of the phase of the pair amplitude in momentum space has been demonstrated that it is
possible to enhance the superconducting phase coherence througHRIEXcitations.

Figs. (33,1-5):wSf SO yi O0SKI @OA2NR 27
[vs temperature T (1,1)] and phasers time t [(1,24),

(2,45)], vector potential A vs t (1,2), pair amplitude
modulus Qand phase%.versus momentunk (2,1-3),

(3,1-3), distribution of%.close topulse maximum (t =

350 fs) for a random starting of value &t t = 0 (3,4)

and different values of fluences of the applied electric

field (3,5).
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Nonreciprocal charge transport in noncentrosymmetric superconductors
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Nonlinear responses are an important subject both scientifically and from the viewpoint of
applications. An example is the rectification by diode usingupetion, i.e., nonlinear and
directional }V characteristics. We will discuss this nonlinear and nonreciprocal charge tarnsport
in noncentrosymmetric superconductors such as the transition metal dichalcogenide [1]oS
and superconductors with Rashba spirbit interaction, e.g., SrTgJ2,3], in their resistive
states. There are variety of physical mechanims for this nonreciprocal transport, i.e., the
warping of energy dispersion, the mixing of singlet and triplet pairings, modified
BardeenStephan dissipation, and ratchet motion of tioes. Comparison with recent

experiments will be also made.
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Fit to Superconduct? CooperPairing in Materials with reduced Symmetry
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The presence of inversion and time reversal symmetry is traditionally considered as the
essential preconditions to form zermomentum Cooper pairs (ZMCP) and constitutes the basis
2F | YRS NA 2 yrQlis talk kv& RilNgBnéralide tHese theorems introducing the concept
of superconducting fitness to assess the stability of Cooper pairing states solely based on the
normal state properties of the electronic system irrespective of the pairing interactidns.can

be applied to complex materials involving several orbital, layerslattice or valley degrees of
freedom. For this purpose, we define fitness functions as a simple theoretical tool. Several
examples will be discussed to illustrate the apploatof the fithess concept. Moreover, we
discuss the minimal symmetries required for tgdonensional superconductors to form ZMCPs
and show that time reversal and inversion are not required, but that combinations of these
symmetries with the mirror operatio on the basal plane would be sufficient. This allows us to
classify possible Cooper pairing states with their nodal structure. Using the fitness functions, we
then provide possible structures of the gap functions. This discussion is likely relevaninfor so

of the transition metal dichalcogenides. Our analysis can provide guidance to design
superconductors with specific pairing symmetries and may allow to eliminate material features
detrimental for a certain form of pairing.
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Superconductivity with broken time reversal symmetry

Huigiu Yuan
Center for Correlated Matter and Department of Physics, Zhejiang Uniersity

Unconventional superconductivity with additional symmetry brealiag been one of the most
attractive topics in condensed matter physics during recent decades. Here we will present our
recent studies on a few superconductors where the time reversal symmetry (TRS) is broken
upon entering the superconducting stateaNiGand LaNiGadisplay simple metallic behavior in

the normal state and ourmeasurements demonstrate the presence of two fully open
superconducting gaps in these two compounds [1,2]. On the other hand, the muSR
measurements provide evidence for TRS breakiapve Tc [3,4]. These results allow us to
propose a nonunitary triplet pairing state, which both breaks TRS and leads to nodelegapgwo
superconductivity, and therefore accounts well for the seemingly contradictory experimental
results of LaNi€and LaNi@ [1]. In addition, we have recently synthesized a few new
noncentrosymmetric superconductors, which also break time reversal symmetry belfdy. T

We performed various measurements to characterize the superconducting order parameter,
and the possible peng states will be discussed.
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Superconductivity in Weakly Correlated Noncentrosymmetric Systems
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Superconductivity in absence of inversion symmetry of the crystal structure (NGS SC
basically controlled by a Rashhke antisymmetric spin orbit coupling which splits the Fermi
surface and removes the spin degeneracy of electrons. The Fermi surface splitting can originate
a mixing of spirsinglet and spidriplet states in the supeonducting condensate. The presence
of spintriplet states is expected to be responsible for various uncommon features of the
superconducting ground state. Experimentally, distinct deviations from the expectations of the
BCS theory are found, in generahly in those systems where besides the missing of inversion
symmetry strong correlations among electrons are present. Materials of this group are primarily
based on Ce, Yb or U.

The present work intends toomprehensivly map the much larger group of materials
without substantial electronic correlations and classifying their superconducting properties with
respect to broke symmetries. Recent experimental data on NCS SCs LaPtSi and HfRhGe, in the
context of DFT derived results, indicate that the mere presence of a strong ASOC does not
necessarily lead to unconventional behaviour

Work supported by the Austrian FWF P22995.
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Unconventional Superconductivity in Noncentrosymmetric Superconductors
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Recently, there has been a great deal of interest

in noncentrosymmetric superconductors (NCS)

due to the complex nature of their superconduc

ting properties. The lack of inversion symmetry

in these materialsinduces an antisymmetric

spintorbit coupling (ASOC), which causes mixed

singlettriplet superconducting ground state. This

mixed pairing can lead noncentrosymmetric

superconductors to display significantly different

properties from conventional supercondimg

systems. However, despite intense theoretical

and experimental efforts, the superconducting

properties of NCS remain uncertain, a key

question still remains unresolved regarding the Fig. 1: (@) Systematic increase in

NREfS 2F !'{h/ YR (KS LI A NSigyaelowSiOREFBRAY 2F b/ {
confirms TRSB in REf.

In order to answethese questions, we systematically study two families of compounds having

two different noncentrosymmetric crystal structure cul@eMn: ReX [X = Hf, Ti] and hexagonal:

LarXs [X= Ir, Rh] to understand the role of SOC and crystal structure of the paieicigamism of

NCS. Both the families contain heavy elements, in which SOC is usually expected to be strong,

which in turn, can enhance the parity mixing ratio. Our experimental results confirm complex

superconducting properties with timeeversal symmetry l@aking (TRSB) observed inREL, 2],

and LaXs [3]. Interestingly, he emergence of identical results for all the members ofXRand

LarXs family of compounds suggests that ASOC seems essential to induce a TRS breaking in NCSs,

but its strergth is not acrucial condition.
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