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Coherent long range magnetic bound states
g in two-dimensional superconductors
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Classical magnetic impurities in a superconductor

Classical impurity approximation: the impurity behaves as a local magnetic field
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Magnetic impurities: Interaction mechanism

Appearance of in-gap Yu-Shiba-Rusinov bound states
localized around the magnetic impurity
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Single magnetic impurities observed by STM

- Bound states for magnetic impurities (Mn & Gd) on Nb
- No bound states for non magnetic Ag adatoms on Nb

STM tip
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The wave function of the
bound states is localized at
less than 10 A from the

Voltage (mV) ) - Voltage (mV) I m p u rltl eS
Yazdani et al. Science 275, 1767 (1997)




Single magnetic impurities observed by STM
Angular momentum
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The number of Shiba peaks depends
on the atom nature
Mn->1=0,1
Cr-1=0,1,2
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Normalized dl/dV

Every peak corresponds to a different
diffusion channel for the
superconducting electrons.

Extremely local effect of the impurities
(a few A)
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Shuai-Hua Ji et al. PRL 100, 226801 (2008)



Majorana end states in magnetic chains : Fe/Pb(110)

Zero-bias anomaly localized on the last atomes of the Fe chain,
almost no extension into the Pb substrate

Stevan Nadj-Perge et al., Science 346, 6209 (2014)



Spatial structure of the Yu-Shiba-Rusinov states
3D vs. 2D materials
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At 3D : 1/72 law for amplitude decrease of the density of states
At 2D : 1/r law for amplitude decrease of the density of states
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G. Ménard et al. arXiv:1506.06666, accepted Nature Physics (2015)



Qutline

Very large spatial extent of Yu-Shiba-Rusinoy
bound states Iin two-dimensionnal superconductors

Oscillating electron-hole asymmetry

Star-shape wave-function-of Shiba bound states



Two-dimensionnal superconductors

*Bulk superconductor with 2D electronic structure:

Lamellar material 2H-NbSe,

*Ultimately thin superconductor :

Single atomic layer of Pb/Si(111)




2H-NbSe, as a two-dimensional superconductor

Two-dimensional like bands structure due to the weak
Van der Waals interlayer coupling.




Magnetic impurities in 2H-NbSe,
Prediction of a star shape Yu-Shiba-Rusanov bound state

Gaussian, range:k,"
— —= Symmetric
—-— Muffin Tin

Spectral weight A(r)

r (units of k™) Magnetic Potential Strength (v,)

M.E. Flatté and J.M. Byers. PRL 78, 3761 (1997)

A classical spin in 2H-NbSe, may give rise to a bound
state with a star shaped pattern



2H-NbSe, as a two-dimensional superconductor

Energy (meV)

Topography Superconducting gap
Atomic lattice and 3x3 CDW measured at 320 mK
(multigap superconductor)




Observation of bound states around magnetic impurities

A | The Nb used for the crystal growth
. . contains magnetic impurities :

« 175 ppm of Fe

* 54 ppm of Cr

e 22 ppm of Mn

15nm g

G. Ménard et al. arXiv:1506.06666, accepted Nature Physics (2015)



Observation of bound states around magnetic impurities

‘ -0.492 meV
= |




Spatial oscillation of Shiba bound states
Electron-hole asymmetry

*Oscillations of the local density of states with a
phase opposition between positive and negative
energy states

*Decrease of the Shiba bound states on a size of the
order of the coherence length ¢

Distance (nm)

G. Ménard et al. arXiv:1506.06666, accepted Nature Physics (2015)



Spatial oscillations and electron-hole asymmetry

Good agreement with theoretical
calculations for 2D case in the
asymptotic limit.
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Six fold symmetry of the Shiba bound states

H=100mT

In NbSe, the star shape vortex cores are
rotated 30° from the atomic lattice

The star shape structures of the magnetic
bound states has the same orientation as
the bound states in the vortex cores.




Theoretical model: Bogoliubov de Gennes

The magnetic interaction is modelled by an on-site energy term with a sign
depending on the electronic spin. R
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Theoretical model: Bogoliubov de Gennes

0.0994350252194

-0.140446423607

Continuous asymptotic model

Ongoing calculations using Wannier functions



Six fold symmetry of the Bound states

- Band structure from tight binding model (fit from ARPES data)
- No inter-plan interactions

Hyyp = Z ti(ehen + ehe) + 2 a(ehel + cuén)
7 ;



Comparison with joint-DOS calculations
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Comparison with joint-DOS calculations

Joint DOS calculation indicate that the
relevant part of the Fermi surface is the
inner pocket.

0.140446423607 0.0994350252194
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Impurity with bound states at gap edge: in phase electron-hole oscillations
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Two-dimensionnal superconductors

*Bulk superconductor with 2D electronic structure:

Lamellar material 2H-NbSe,

*Ultimately thin superconductor :

Single atomic layer of Pb/Si(111)




Superconductivity in a monolayer of Pb/Si(111)

a 5 o@-o . bOOQ(,.gKQo\SoQ\
%m%m SRt S. Zhang et al.

9., R A TSl Nature Physics
{SSHSE R APl 6. 104 (2010)

© First layer Si ) Firstlayer Si

Orb

© Second layer Si © Second layer Si

Striped- V7 x V3
incommensurate reconstruction of
Pb/Si(111) Pb/Si(111)

1.33 monolayer 1.20 monolayer

In situ transport
R <~ 1kQ

ODoD204 0608101214816
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Electron Confinement in one Pb monolayer
IML V7x V3 Pb on Si(111)

Characteristic atomic defects V7x V3 Pb / Si(111)

600x600 nm?



Superconductivity vs Disorder in 1ML of Pb on Si(111)

Striped-Incommensurate Pb/Si(111) 1.33 monolayer

Topography Spectroscopic map Conductance spectra Peak height map
at the Fermi level

Fluctuation of the coherence peaks height on
by =5nm<<& ~50nm

C. Brun et al. Nat. Phys. 10, 444 (2014)



Fluctuation of the coherence peaks height

bct=> NM << & o ~ 50nm
(~4 nm, k£ > 10-20

According to Lev loffe & Boris Altshuler:

Non BCS corrections due to the low dimensionnality and small mean free path (Real
contact interaction instead of BCS reduced hamiltonian)
Indication of a possible BEC —BCS crossover

C. Brun et al. Nat. Phys. 10, 444 (2014)



Shiba bound states in the stripe incommensurate
monolayer of Pb/Si(111)

Striped-Incommensurate Pb/Si(111), 1.33 monolayer
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Topography Conductance map at 0 mV Conductance spectra on top
(red), at 5 nm (blue), 10 nm

(green) and far from the
impurity (black)



Effect of non-magnetic disorder on the superconductivity of a
single atomic layer of Pb/Si(111)

Striped-Incommensurate Pb/Si(111), 1.33 monolayer

V3 x V7-Pb/Si(111), 1.2 monolayer

C. Brun et al. Nat. Phys. 10, 444 (2014)



Gap filling and fluctuations of zero bias
conductance in PbV7x V3

* Strong spin-orbit coupling in Pb/Si(111) monolayer due to the non-
centrosymmetry at the surface
*Superconductivity develops on a Rashba splitted ground state

Superconducting 2D System with Lifted Spin Degeneracy: Mixed Singlet-Triplet State

Lev P. Gor'kov*
National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32310
Emmanuel 1. Rashba'

Department of Physics, The State University of New York at Buffalo, Buffalo, New York 14260
(Received 20 March 2001; published 2 July 2001)




Origin of the gap filling in V7xv3-Pb/Si(111)

Superconducting 2D System with Lifted Spin Degeneracy: Mixed Singlet-Triplet State

Lev P. Gor'kov#

National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32310

Emmanuel 1. Rashba'
L

Department of Physics, The State University of New York at Buffalo, Buffalo, New York 14260

Gor’kov and Rashba PRL 87, 037004 (2001)

The triplet part is sensitive to non-magnetic disorder
(Analogous to weak magnetic disorder in a s-wave superconductor)




Extented bound states around magnetic defects
in V3 x V7-Pb/Si(111)
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Topography Conductance map at 0 mV Conductance spectra on top
(red), at 5 nm (blue), 10 nm
(green) and far from the
impurity (black)
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