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Ginzburg-Landau theory
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Vortex structure of a single vortex

A ¥

E

¢
/ Core

G

Circulating currents

\\’4

— Bappllc

Bogoliubov QPs are confined with the vortex core
with size of ¢, leading to the vortex bound states.
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This note discusses the excitations of low energy € << A ,(where A is the gap in zero field) which
exist near an Abrikosov vortex line 1) in a pure superconductor of type II. The energy gap €g for these
excitations is very small € ~B 2 /E ‘where Ep is the Fermi energy. Above €, the density of states is
finite and comparable to that of a cylinder of normal metal of radius £ (the coherence length). These
low lying states will play a major role in the discussion of transport and relaxation phenomena in type

I superconductors at low temperatures.
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Discrete energy levels of CdGM bound
states should be observed.
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To observe the discrete CdGM states, it must be

in the Quantum Limit
This is very hard in conventional supercond
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Low-Lying Quasiparticle Excitations around a VVortex Core In
Quantum Limit

N. Hayashi, T. Isoshima, M. Ichioka, and K. Machida. Phys. Rev. Lett.80, 2921 (1998).
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Revisiting the vortex-core tunnelling spectroscopy in YBa,Cu30,_;

Jens Bruér,! Ivan Maggio-Aprile,’ Nathan Jenkins,! Zoran Risti¢,! Andreas
Erb,? Christophe Berthod,! @ystein Fischer,! and Christoph Renner!:*
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Three discreet energy levels on positive bias (about 20% vortices)
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The possible nature of the asymmetry of the observed CAGM states
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The asymmetric spectrum and different features on the positive and negative energy si
de are induced by the existence of shallow electron and hole bands with different Fermi

enereies | ubashevsky, ...,Kanigel A, Nat. Phys. 8, 309-312 (2012).



Some quantitative estimate:
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We have measured more than 30
vortices in total before Dec. 2017,
about 20% of them show the discrete
energy levels. Quite some vortices
show the asymmetric single peak at a
positive energy and near zero-bias.



Observation of pristine Majorana
bound state in iron-based
superconductor FeTe0.65e0.4
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Robust and clean Majorana zero mode in the

vortex core of high-temperature
superconductor (Li0.84Fe0.16)OHFeSe
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Theoretically it was proposed that the downward shifted p.band
due to the Te substitution will cross the d.band near Fermi
energy. Because of the strong spin—orbital coupling effect and

the parity feature of these bands, a topological surface state
exists with a spin—helical texture.

e X. Wu, S. Qin, Y. Liang, H. Fan, and J. Hu, Phys. Rev. B 93,
115129 (2016).
« P. Zhang, - H. Ding, and S. Shin, Science 360, 182 (2018).



How to reconcile with the IOP and RIKEN data in
FeTe, ;Se, ,?
Check with more vortices 200x200 nm?
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In the same area we measured the vortex core states under
different magnetic fields, and try to have statistics on the
probability of the ZBCP (criterion: peak within £0.1meV)
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Magnetic field dependence of the ZBCP
(a) (b)
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The ZBCP could be due to Majorana mode.

The split by field could be induced by the interaction.



Some times the zero-bias peak (Majorana-mode) appears at

high magnetic field, for example atB=6.0T
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The ZBCP is very fragile to thermal effect, disappears at about 4K.
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Vortices with zero energy modes




Vortices without zero energy modes

No clear correlation between the appearance of Majorana
modes and local surface concentration of Te/Se.



Concluding remarks

Discrete energy levels of Caroli-de Gennes-
Martricon states have been observed in some
vortex cores of FeTe, ;sSe( 45(E, ,, E3/,, E5/)) in the
quantum limit due to small Fermi energy, small
value of E./A would imply the BCS-BEC crossover.

In some vortices of Fe(Te,Se), we confirmed the
ZBCP which does not behave as the usual CAGM
states. This could be due to the Majorana mode,
or due to the multiband effect. The ZBCP has
sensitive temperature, magnetic field and
environment dependence.

KKK H

2 3
NS K (1
\\\\\\.\!z(((( «

e M.Y. Chen, H. Yang, HHW et al., Nature Commun. 9, 970(2018).
 X.Y.Chen, H. Yang, HHW et al., arXiv. 1909.01686.
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Topological superconductor (TSC):

3D TSCs: Possess a pairing gap with odd parity in the bulk;
Gapless surface states consisting of Majorana fermions; Within
the vortex core there is Majorana mode (zero energy mode)

« 2D TSCs: Spin helical edge state, a finite DOS at zero energy

e 1D TSCs: helical SC chain, MZMs show at the two terminals

« M. Z. Hasan, C. L. Kane, Rev. Mod. Phys. 82, 3045-3067 (2010)
e X.L. Qi &S.C.Zhang, RMP 83, 1057 (2011)
« M. Sato, Y. Ando, Rep. Prog. Phys. 80, 076501 (2017)

Majorana Feimion: y = y*, non-abelian statistics

Some routes toward a TSC:

1. Proximity effect: nanowire/SC, TI/SC heterostructure:
Bi,Se,/NbSe,, Bi,Se,/Bi2212

2. Dope aTl: Cu,Bi,Se;, Sr,Bi,Se;, Sn,_In Te

Superconductor with topological band structure itself Fe(Te,Se)

4. Pressurize aTl: Bi,Se,, Bi,Te;, Sb,Se;, Sb,Te

w




Majorana fermions in 1D system
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Odd-parity topological superconductor with nematic order: Application to Cu,Bi,Se;

Liang Fu
Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
(Received 7 August 2014; revised manuscript received 25 August 2014 published 26 September 2014)

Time-reversal-invariant (7-invariant) topological superconductors
in two and three dimensions are a new class of unconventional

superconductors which exhibit a full superconducting gap in
the bulk and gapless helical quasiparticles on the boundary

We predict that the spin—orbit interaction associated
with hexagonal warping plays a crucial role in pinning
the two—component order parameter and makes the

superconducting state generically fully gapped, leading
to a topological superconductor.

A% (k) = d(k)-o, where d(k) = —d(—Kk). Odd parity gap
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Possible two-fold symmetry in Cu,Bi,Se,

Theoretical
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The two-fold superconductivity
corresponds to the topological
SC phase.
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L. Fu, Phys. Rev. B 90, Matano K. , et al. Nat. Phy. Yonezawa S., et al., Nat. Phys.
100509(R) (2014)
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How about the bulk superconductivity in Sr, Bi,Se,?

Superconducting properties of sample 1

jV]

Moment (emu/g)

@%l’

Temperture (K)

T.=2.78K

Magnetic screening volume is about 92.4%
This configuration allows the

G. Du, HHW et al.,, current flowing always
Sci. China PMAG60, 037411 (2017). perpendicular to c-axis



The angular dependence of resistivity of
sample 1-3 measured at various fields and
temperatures. 518~

124
0.8
0.4

S1

0.0 4

p (MOcm)

04
0.8 -
1.2 4

16 -

a, ¢, e are measured at 1.9 K.
b, d, f are measured at 0.5 T. B o

0.6
04
02

S2

0.0

p (MQcm)

0.2
0.4 -

0.6 -

The maximum resistivity e
directions at 0.5 Tand 1.9

K are defined as §%* . )
For S1, S2, and S3, g™aX

values are around 86.3¢, S3
86.7°, and 3.9¢,

respectively.

p (mQem)

®© O & N O N » O @
| 7 [ N "D I I |



The maximum direction of the superconducting gap
(0™ for resistivity).
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Comparing with A A
former studies:

\ 4 v
NMR Theoretical Specific heat

The maximum direction of the superconducting gap is either parallel or
perpendicular to the main crystallographic axis.



Resistivity (mQcm)
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* The resistivity of Ba, (K, 3sFe,As, is zero below 35 K and
quickly increase to the value of the normal state above 36 K.

* The simple dumbbell-shaped feature which is observed in the
experiment of Sr, Bi,Se; is absent in the data of

Baj 65K0.35F€,AS,.

— 34K
e 34.5K
e 35K

e 35.5K
e 36K




Drive the Dirac Electrons into Cooper Pairs in Sr,Bi,Se;
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G. Du, HHW et al., Nat. Commun. 8, 14466 (2017)



Area with intercalated Sr impurities (Sr clusters)
— STS spectra with superconducting gapped feature
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Full superconducting gaps and theoretical fittings

Fitting with two
components associating
with double gaps (s &
ani-s wave).
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Temperature and magnetic field dependence of tunneling

spectra, and the Landau levels.
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The variation of LL oscillations with magnetic field.
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Surface Dirac electrons are driven into Coopers by the self-
proximity effect. The bulk SC gap has certain anisotropy.

G. Du, HHW et al., Nat. Commun. 8, 14466 (2017)



Topological insulator/superconductor heterostructure

Jinfeng Jia’s group
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This unusual splitting behavior
could be possibly due to the Majorana
fermion zero mode.

J.P. Xu, et. al., Phys. Rev. Lett. 114, 017001 (2015).
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The Majorana mode at the center of
vortex core is spin polarized. The spin
selective Andreev reflection is

observed.
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Bi,Te, thin films on the FeTe, Se, ;-
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Quasiparticle Interference (QPI), or FT-STS

QPI in a metal

. 27T\ 2 ~ . M. Crommie et al.,
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The QPI intensity appears along one of the I'-K directions
be ga
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M. Y. Chen, X. Y. Chen, Huan Yang, HHW et al..
Sci. Adv. 4, eaat1084 (2018).



—8—0 mV

—e¢—+0.5mV
—4—+10 mV
—v—+1.5mV

s /
s A2 )X{;*SL@
=
2
o — +2.5 mV
c ‘ —e¢—+40mV
; ;
."'I ‘||I‘I /; A J':’
b FENL y A
\ /‘ \/‘ Wil .X Y
AT
240 200 380
I'X
J15
S10
&
S
D
SS
E
0

08 10 1.1
q(2z/a)

Control experiment: another set of measurements
Fermi surface becomes six-fold beyond the gap.
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 Elongated vortices, due to two-fold SC gap. The elongated direction is
along one of the a-axis.

Fermi velocity is six-fold or isotropic, not due to the Fermi velocity problem.

 Along a-axis, the core state is always sitting at zero bias, with a small tail of
splitting. While along the perpendicular direction, the central peak splits
into two, as usual.



By increasing energy, the vortex image changes from
one bar to two within the gap. While the vortex shape
becomes roughly round outside the gap region.

M. Y. Chen, X. Y. Chen, Huan Yang, HHW et al..
Sci. Adv. 4, eaat1084 (2018).



Nematic Skyrmions in odd-Parity Superconductors

A. A. Zyuzin, Julien Garaud, and Egor Babaev
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Concluding Remarks

Superconductivity has been induced in Bi,Te, thin film e n.. ¥

deposited on FeTe, .:Se, ;5 by proximity effect.

A e A Al
i L; 1o Fee
. E==1.25'mV
Low I I High

QPl illustrates directly a twofold gap feature with the st i
minimum gap along one of the main axes, supporting the
D,, pairing manner.

Elongated vortex has been observed, supporting the
twofold symmetric SC measured by QPI.

Combining with theory, we believe an uniform SC state with

odd pairity has been easily made and proved.

M. Y. Chen, X. Y. Chen, Huan Yang, HHW et al..
Sci. Adv. 4, eaat1084 (2018).
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