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* Motivation s,
- STM: impurities as probe for electronic . O Ol 0 C
structure, order parameter and more ® ol: © O

- layered superconductors, complications |

» Theoretical methods to investigate impurity physics
In superconductors

- using wavefunction information in layered
superconductors: Wannier method

- Applications
* LiFeAs (multiband, s-wave)
« Cuprates: Bi,Sr,CaCu,O,, Ca,CuO,Cl,
* |Inelastic tunneling




Scanning tunneling microscopy

<
- feedback J. Hoffman Rep. Prog. Phys. Tﬁ:124513 (2011)

Tunneling current:

I(Vv,ili‘,y,Z) — T T p(ﬂ?,y,Z,E)dE

Local Density Of States (LDOS)
of sample at given energy at the tip position

J. Tersoff and D. R. Hamann, PRB 31, 805 (1985)



STM: examples

» Cuprates: Zn impurity in BSCCQO  renetet tewress oo

254

spectra and conductance map
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Layered superconductors

« 2 examples: surface atoms # superconducting layer
Iron based superconductors

Cuprates
surface: BiO

surface: Li, As?
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- \
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Theoretical approaches: Cuprates

 LDOS: impurity in d-wave superconductor
- local LDOS: 4 fold pattern

J. M. Byers, M. E. Flatté, and D. J.
- IOW energy bOU nd State Scalapino Phys. Rev. Lett. 71,
3363 (1993)
. c/2 % 1 A. V. Balatsky, M. I. Salkola, and A. Rosengren
Q=Q +:0Q" = Aol 8/ [ + > 1n(8/7rc)] Phys. Rev. B 51, 15547 (1995)
n( /ﬂ-c) Stamp, Journal of Magnetism and Magnetic Materials,

63, 429 - 431 (1987) (p-wave)

« Comparison to experiment
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Theoretical approaches: Cuprates

 LDOS: impurity in d-wave superconductor
- local LDOS: 4 fold pattern

- low energy bound state Soslapino Phys. Rev Lot T1,
3363 (1993)
wc/2 % 1 A. V. Balatsky, M. I. Salkola, and A. R
Q=0 +:Q" = Ay ln(8//7rc) [ -+ e 1n(8/7rc)] Phys. Faaleavt.SBysm 15547 (0139?)] oeenaren

Stamp, Journal of Magnetism and Magnetic Materials,
63, 429 - 431 (1987) (p-wave)

« Comparison to experiment
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Theoretical approaches: Cuprates

» extended impurity potentials
(mag net|C N| |m pu nty) Jian-Ming Tang and Michael E. Flatté PRB 66, 060504(R) (2002)

» Correlations: “Kondo screening” (magnetic
i m pu rlty) Anatoli Polkovnikov PRB 65, 064503 (2002)

* “Filter function”. STM tip probes states in
the superconducting layer by tunneling
matrix elements Martin et al., PRL 88, 097003 (2002)

lative height (A)

. . . . . (b) Corrugation -
* Large tight binding basis set of orbitals + ; s ;
Greens function method to calculate o e HAVRS|

tunneling matrix elements P
l:ﬂ
V4

J. Nieminen, et al., PRB 80, 134509 (2009)




Theoretical approaches: Fe-SC

3] DET

» |dentification of nature of

impurities in FeSe monolayer

(non-SC) by ab-initio
calculations

Dennis Huang et al., Nano Lett., 16 (7), 4224 (2016)

* |Inelastic tunneling

— coupling to bosonic mode

- signatures of spin fluctuations

(real space)

S. Chi, et al., Nat. Commun. 8, 15996 (2017)

* Wannier method (this talk)

See also: “holographic maps”
Dalla Torre, He, Demler
Nat. Phys., 12, 1052 (2016)

he(q,V)=g(q,V)g*(q+G,V)

(@) 50 meV

o'[arb. units]
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unravel intra-unitcell
information

J. R. Kirtley and D. J. Scalapino, PRL 65,

798 (1990); J. R. Kirtley, PRB 47, 11379
(1993)

P. Hiobil, et al., Phys. Rev. Lett. 118,
167001 (2017)
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Wannier method: example LiFeAs

 Ab-initio calculation

—_

- band structure &

~x705

5 band model

_ T
Hy = E {RR/CR,CR/'o
RR',o

- Wannier functions
(including glide
plane symmetry)

Z : ] ™
0.2 nm
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y\L
0.2 nm 0.2 nm



Superconductivity

* superconducting order parameter
from spin- fluctuation theory

Hpcg = — Z ARR’CETCL’L + H.c.,
R.R’
e calculate Green's function in
superconducting state

H ambu —
Namb ( AZ _H—k

_ -+1—1 Real space Greens
Go (ka w) — [w — HNambu + 20 ] function by Fourier
transform



Impurity — engineered

 ab-initio calculation of impurity potential for
Co, Ni, Mn in LiFeAs (engineered impurity)

H = Ho + Hpcs + Himp Himp = D VimpCiz- o R0

» T-matrix approach to obtain Green's
function other methods also possible

- BdG

B GUtZWIHer mean fleld Kreisel et al., Phys. Rev. Lett. 114, 217002 (2015)

Choubey et al., New J. Phys. 19, 013028 (2017)

. ~ () ~ 0 oA ~ () .
Grr (W) =Gr_pr(w)+GrwI(w)G g(w)
T i) =[] — I_;T, N G‘ L _1I:’T, | lattice Green function
L jed) [ —1111;:-—( - H _— (state of the art)



cLDOS

* Basis transformation v.(r) =) cruowru(r) ¢ F

R > 3
.2 nm
xTr
y\l/
0.2 nm

0.2 nm

~ () A ~ 0

) .0 | |
Grr (W) =Gr_p(w) +Gr(w) !l (w)G g (W)

surface Wannier
function with phases

A‘u' L/ \

Glr, 1" w) = Z Gr r (wW)wr,, (r)wrs, (r')
/A nR.E v K

/ lattice Green function

continuum position o
nonlocal contributions

| | 1
continuum Local Density Of States (cLDOS) p(fr‘, w) = —— Im G(I‘, I, w)
of sample at given energy at the tip position T



LiIFeAs: Questions

» Properties of the order 0 O
parameter (sign-change)

©

0 qé%n
X
conventional s antiphase s, novel s, conventional s+
Y. Wang, A. Kreisel, et al., Z. P.Yin, K. Haule, G. Kotliar F. Ahn, et al., Phys. Rev. B 89, 144513 T. Saito, et al. Phys. Rev. B 90,
Phys. Rev. B 88, 174516 (2013) Nature Physics 10, 845 (2014) (2014) 035104 (2014)

A. Kreisel, et al., Phys. Rev. B 95,
174504 (2017)
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LiIFeAs: Questions

 |nterpretation of
- Impurity shapes

R. Schlegel, et al., Phys. Status Solidi Hanaguri, unpublished (KITP 2011)

B, 254: 1600159 (2017) “Dot” “Trench” “Dumbbell”

- registered “surface lattice” in STM
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LiFeAs: Li or As lattice?

Shun Chi, et al., PRL 109, 087002 (2012) :-:':‘:3:1‘.(\
T. Hanaguiri, et al. PRB 85, 214505 (2012) N :::
S. Grothe, et al., PRB 86, 174503 (2012) (MOl

J.-X.Yin, etal., arXiv, 1602.04949 (2016) LN N NN




LiFeAs: spectra

5) (a) :ir:;)&c;gjneous
» evidence for AV

sign-changing  g"”
order parameter -,
by in-gap state

5 0
. . w/Z(eV)
Wlth englneered conventional calculation:
impu rlty lattice LDOS: stror)g |
response at negative bias 0~ 1— Vlif{; G% i W)

S. Chi, (...), A. Kreisel,
' et al. Phys. Rev. B 94,
10 15 134515(2016)




LiFeAs: spectra

8 (a) Mn (b) Co e
* sequence of I 4
impurity potentials /\ /\“
from ab-initio N Z,(;*;‘* 7
calculation correct, . { :
but overall @ I e
renormalization T e e e e T
downwards s| n T relative spectra
: =y | ‘ Ni impurity
required W\ A
[correlation effects] e A

N

[ é
1 )
di/dV (a. u.)

P.O. Sprau, ..., A. Kreisel, et al., Science, 357, 75
(2017)

A. Kreisel, et al., Phys. Rev. B 95, 174504 (2017)
A. Kostin, et al., arXiv:1802.02266
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Height and current dependence of
topographs

« experiment: Li or As lattice? height maxima at Li

positions!?
counter-intuitive from
chemistry point of view
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R. Schlegel, et al., Phys. Status
Shun Chi, et al., PRL 109, 087002 (2012) Solidi B, 254: 1600159 (2017)
T. Hanaguri, et al. PRB 85, 214505 (2012)
S. Grothe, et al., PRB 86, 174503 (2012)
J. -X.Yin, et al., arXiv, 1602.04949 (2016)



experiment (current maps)

Further experimental evidences?

79 pA RN, 1] 90 pA
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Ronny Schlegel, Dissertation, TU Dresden
(thanks to C. Hess)



experiment (current maps)

theory

Further experimental evidences?
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Simulation of topographs

e solve for =(z,y)

4re
I =200 |u|] deo pla,y, 2(z, 9), w)

» switching of height
maxima as a
function of bias
voltage




Results
registered surface lattice in STM

e tunneling into states described +4

by Wannier functions 500 pn |

G(r,r’;w) = Z G(R, 1, R, v;w)wr ,u(r)wg, , ()
w,v, R,R’

* registered lattice switches
as function of bias and current

350 pm—-

148 pm—+-

0 pm—+

“Li lattice” “As lattice”

. simulated
measured_ topography
topographies @ close to

strong imp.
bias ——»
measured
simulated | , topography
topographies e 3 I close to Ni




Inelastic tunneling

* well known property

di/dV [nS]

e deduction of collective modes?

increasing conductance at large bias

- spectra

L Nag et al, Scientific
Reports 6, 27926 (2016)

30 -20 -10 0 10 20
Vblas [mV]

gs(V) (a.u.)

Jtot (w) — gel(w) + ginel(w)

J. R. Kirtley and D. J. Scalapino, PRL 65, 798
(1990); J. R. Kirtley, PRB 47, 11379 (1993)

P. Hlobil, et al., Phys. Rev. Lett. 118, 167001
(2017)

Chi et al, Nati. Coni1 mun|
8, 15996 (2017)

DOS (1/eV)
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Inelastic tunneling in FeSC:
coupling to spin fluctuations

* [Inelastic contribution 4., (V) x / v(w)pleV — w) dw
0

Spin fluctuations:
two gap
A A superconductor
(LiFeAs), double

Energy

e Dip-hump feature

(o3

- %‘i 0.015
= = 0.01
© £ .
~ SR ST 0.005 =
g E 0 5
g EJ\K -0.005
T hQ
C : >0
¥
= ffESF
s B | |\ A —E——-F-
S
T
)
S =
d E
S . >
~ tip DOS sample DOS
&) AP
= J. R. Kirtley and D. J. Scalapino, PRL 65, 798 ’ 0 05 1 15 2 28 3 35 4
S (1990); J. R. Kirtley, PRB 47, 11379 (1993) wa,
~ P. Hlobil, et al., Phys. Rev. Lett. 118, 167001 M. M. Korshunov, et al., Phys. Rev. B
(@)) (2017) 94, 094517 (2016)




Imaging spin fluctuations in real
space

» real space structure g,.(r.v) « [D" [ o',V — w)x(r, ¥, w)ird

S. Chi, (...) AK, et al., Nat. Commun. 8, 15996 (2017)

* in presence of impurity

0 4.5 nm

d
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Fast spatial decay of impurity resonance, slow decay of dip-hump — spin fluctuations (real space)



Cuprates: Questions

* signatures of strong impurity in d-wave SC

Kohsaka et al. Nature, — _ ¢
454, 1072 (2008) 8 4[<=%% ‘ I
3
> |[Te=88K ‘
i |
Crossover between g 2[<=74K .
U-shaped and <
V-shaped spectra =4l . . 1
P P S0 360 "0 100
Bias (mV)

o
°

o
o

same properties for tunneling!




Wannier method: Cuprates

Big Sl‘g CaC 119 Og

ADb initio calculation:
1 band model
+Wanner function

Energy (eV)

Surface

200 (n0)

0,0)

80,0 (m0)

(m,m)

(0,

Cu position
relative to
BSCCO unit

cell

;

BiO vs. CaCl
and tunneling path
very different

C a9 C 1102 Clg

similar properties
dictated by
crystal symmetry



Superconductivity

* superconducting order parameter
(d-wave) (phenomenology or
calculation fx. mean-field)

lllll

e continuum Green function .. .-
: QMQ e
Vo(r) = D cRpuowr(r) e sull

surface Wannier

E r. * /\ 4 function with
I' r’; w G R R ( )wR’ (I‘) phases

/‘ R,R/ \

continuum position /‘ lattice Green function local density of states (LDOS)

nonlocal contributions p(r,w)=——ImG(r, rw)



BSCCO: Results
STM maps and spectra

» d-wave order parameter 05, 4 (2000)

o Zn impurity: T
V. =-5eV

imp

resonance: -3.6 meV £

E04-

0.8f

eVbohﬁ]

Zh tal., PRB
67, 094508 resonance at NN

(2003)

-
= 11am41Ak

low

experiment
resonance at impurity




STM Spectra: homogeneous SC

» overdoped: U-shape, lower doping: V-shape

Kohsaka et al. 072 (2008) Alldredge et al.
Nature, 454, 107 Nature Physics, 4, 319 (2008) -7
T T T T T + . x10
. I 4 ' BdG+W: 2 ——diag GF
B ,[re=sex | 3. /\/\ U-shape enters . ...% |- ful GF_|°
S N, T naturally within &, ;<
> |Tc=88K 8 - S
5|~ & _ Wannier _ >
8 2[Tc=74K d s /\/\ transformation & |,
L ] 9
> - :
= ol— L 0 A. Kreisel, et al., Phys. Rev. £05
T 0 100 P -60-60-30 0 30 60 S0 Lett. 114, 217002 (2015) S
Bias (mV) V., (mV)

|

o
o
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O L
o
o
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e Analytical result e By

- Spectral function A (k,w) = |Ju|?0(w — Ey) + |vi|>6(w + Ey)

lattice LDOS [eV]™

- Wannier transformation palr,w) =3 Ay (k,w)|Wi(r)[? e [e]e

k ° °

- d..,. Wannier function Wi (ro) = wy + 2wy (cos k, — cosk,) JLIE
Wwo = 0

— only cubic contribution

4 <i Qko
pU:wZ S (;)MS

o | o |o|o|o|eo]|e
o |o|o0o|o|e|o]|e
o | @ 1_ ) ‘l. e
o | o |o|o|eo|o]|e

1
P. Choubey, et al.. Phys. Rev. B 96, 174523 (2017) 7T3’UF UA




Bi_Sr CaCu,0, «» Ca CuO Cl,

e superconductivity:
d-wave order parameter

 T-matrix calculation+ Wannier
method

G(r,r';w) = Z G(R, i, R, v;w)wr u(r)wg, ,(r')
w,v,R,R/

 strong impurity
spectra + conductance map

10T o

cLDOS (eV bohr®) ™

distance (nm) '

Kreisel et al., Phys. Rev. Lett. 114, 217002 (2015)
Choubey et al., New J. Phys. 19, 013028 (2017)

BisSroCaCusOsg CasCuO5Cl5 P. Choubey, et al.. Phys. Rev. B 96, 174523 (2017)




Wannier Li FeAS
‘w‘ engineered impurity

G(r,r';w) 1m.x
Wannier method: basis T-matrix  T-matrix+W EXp.

transformation of the lattice S. Chi, (), A. Kreisel, et al. Phys. Rev. B 94, 134515 (2016)
. A. Kreisel, et al. Phys. Rev. B 94, 224518 (2016)
Green function

Summary

Qualitative correct (symmetry)
and quantitative predictive results nodal PDW

L] L] .':. o o) ‘
 Impurities and homogeneous B
. . . PG 1 8N
lattice in LiFeAs el
G(r,r';w) [iEsaiteny

e inelastic tunneling S. Chi, (...) AK, etal., Nat, Gutzwiller Gutzwiller+W  Exp.
Commun. 8, 15996 (2017)

BSCCO

Wannier

§
i

T

A
0

Kreisel et al., Phys. Rev. Lett. 114, 217002 (2015)

° Universa”ty in Cuprates Choubey et al., New J. Phys. 19, 013028 (2017)

Choubey, et al.. Phys. Rev. B 96, 174523 (2017)

* method to detect sign change of

order parameter in STM
Martiny, KreisFeI), Hirschfeld, Andersen Phys. Rev. o s - AanIGdentS

B 95, 184507 (2017)
Sprau, et al. Science, 357, 75 (2017)

* Nematicity in Fe-based SC

A. Kostin,et al., arXiv:1802.02266
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