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•  Compare shapes for 
data with calculation. 
•  Flat vs. cusp-like 
•  Z is always finite. 
•  Nodes are along 
(110) direction. 

WKP et al., PRL 100, 177001 (2008) 

kx 

ky 

Spectroscopic Evidence for dx2-y2 Symmetry 

SC 
surface 

Andreev Bound States (ABS) 

Exp. Data 

Calc. 
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Why is the conductance asymmetric? 

@"7"26#/"&('&8%(.(5"0&D(0"75&

Ö !</.,)J*=!/%?)%!W&$!P!M)/F!1KZ!EGGT[!

!!!!!!X!+/)4!*/-!)N,:#5*!MAM!?#-#!/*!7+XZ5EE@EF!*/%!/$%!<)9%9*S!?#-#'!

Ö !U/*XI)%.5!:5]$5?!;)2#85/%!WM2#=5*3#*F!1234'!")d'!D!EGGS[!

!!!!!!X!D43..)-%3!54!4J::!4))*!5*!c):?X5*?$6)?!I)%.5!:5]$5?!%)=5.)'!

Ö !"#%=)!M));)6C!)g)6-!5*!&I!u!-2)%.#:!%)=5.)!W9-4C/8562Xy$:5CXM2)C2-)%F!!
!!!M/8'!É"A1!@onS[^!#43..)-%3!,)%454-4!5*!M<!4-#-)4'!

Ö !H*)%=3X?),)*?)*-!Ü1!46#d)%5*=!WD*?)%4!P!(://4F!123456#!Z!@oom[!
!!!!!!X!HN,:#5*4!;/-2!%)?$6)?!45=*#:!P!#43..)-%3F!;$-!$*6:)#%!/%5=5*4'!

Ö !M-%/*=:3!)*)%=3X?),)*?)*-!+\M!WU/O#6C!P!y:$=F!"A!1234'!@ooE[!

•  Asymmetry is reproducible; 
conductance is always smaller 
when HFs are biased positively. 
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Fano / Kondo Resonance in Single Impurities 

Co atoms on Au(111) 

V. Madhavan et al., Science 280, 567 (1998) 

Other groups: Schneider, Eigler, 
Lieber, Kern, Zhao, Berndt, … 

A: coupling to atomic orbital, direct 
or indirect via virtual transitions 
involving band electrons 

B: coupling to conduction electron 
continuum 



Fano Resonance in Quantum Dots 

K. Kobayashi et al., PRL 88, 256806 (2002) 

“The Fano effect is essentially 
a single-impurity problem 
describing how a localized 
state embedded in the 
continuum acquires itinerancy 
over the system.” 
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Fano Effect in Kondo Lattice? 

f ())=(qF+))2 / 
(1+)2) 

•  Conjecture: Fano interference effect between two conduction channels: 
heavy-electron band and conduction electron band. 
•   Fano factor can have negative value (interference), and peak position 
below Fermi level can mean the Kondo resonance above Fermi level. 
•  Underlying microscopic picture is being investigated, which should provide 
valuable insight into the Kondo lattice physics. RS!



<?X+/,)?!<)</9*S!^!!</.,)J*=!DI!a!M<!/%?)%4!

M<!

A6!

AU!

RT!



 (100) Cd(10%)-CeCoIn5: Anomalous Conductance Behaviors 

non-monotonic; enhancement below TN, competition below Tc0 

WKP et al., Physica 
B 403, 731 (2008) 

L. Pham et al. PRL 97, 056404 (2006) 
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Outline 

$  Superconducting Order Parameter in Iron-Based Compounds 

$  Multiband (s±) Blonder-Tinkham-Klapwijk Model 

$  Andreev Reflection Spectroscopy 

$  Experimental Results on FeTe0.55Se0.45 
•  Temperature & magnetic field dependent I-V & dI/dV data 
•  Single s-wave gap, strong coupling limit 
•  ZBCP above Tc and conjectures 

$  Summary & Future 

SG!



Multiband Blonder-Tinkham-Klapwijk Model for s± Symmetry 

Golubov et al., PRL 103, 077003 (2009) 

Calculation by Xin Lu 

Suppressed AR Andreev Bound State 

# !!#G,qWG[a,pWG[ : band mixing 
!!0@!|!0E^!%):#J8)!,2#4)!

S@!



Conductance Spectra for FeTe0.55Se0.45 (Tc,0 = 14.2 K) 

%  BTK-like double-peak structure at 
low temperature. 
%  Multiple humps and dips outside, 
but no clear evidence for multi gaps.  
%  Zero-bias conductance peak 
persists well above Tc. SE!



Energy Gap for FeTe0.55Se0.45 

& = 3.8 meV @1.70 K            
   " 2&/kBTc = 6.2 >> 3.53 (BCS);  Strong coupling limit 

•  Large deviation from weak 
coupling BCS 
•  Empirical gap function 
        # = 1.55 
   cf. # = 1.74 (BCS) 

SQ!



Statistics and Comparison with Literature 

•  Several other junctions show 
similar gap values. 

)Q.?&C"/9#3U-"& &&V*"SX&
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Comparison with reported values 
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Excess Current 

BTK,

 

1982

 

•  3)N6!!!s3UM!|!3UUw!)â!rr!+!
•  Similar temperature dependence to +. 
    " s-wave symmetry of the OP. 
    cf. linear dependence for p-wave Sr2RuO4     

 (Laube et al., PRB 69, 014516 2004) 
SS!



What causes multiple hump-dip structure? 

•  Multiple hump-dip structure changes little under magnetic field of 2 Tesla, 
whereas the energy gap decreases from 3.76 meV to 3.54 meV. 
•  Interference from what causes a conductance peak above Tc?  ST!



ZBCP above Bulk Tc – Pressure Effect? 

•  Conductance peak around zero bias is a robust reproducible feature.  
•  Pressure-induced superconductivity? 
•  Magnetic field (// c-axis) up to 9 T cannot destroy it completely at 18 K. 
•  The peak would disappear if it is due to superconductivity (Hc2 < 9T). Sm!



ZBCP above Tc vs. Junction Resistance 

•  ZBC peak begins to grow around 18 – 20 K. 
•  No correlation between onset temperature and junction resistance. 
•  This disfavors pressure-induced local superconductivity as an origin. 

Sn!



Conjectures on the origin of this ZBCP 

•  Pre-formed Cooper pair state (pseudogap)? cf. Kato et al. report gap disappearing at 
18 K from STM study. PRB 80, 180507 (2009) 
•  Electron nematic phase? Chaung et al., Science 327, 181 (2010) 
•  Evidence for spin fluctuations in the normal state 
  - Neutron scattering: Qiu, PRL 103 067008 (2009), Bao, PRL 102, 247001 (2009) 
  - NMR: Imai et al., PRL 102, 177005 (2009) (FeSe under pressure) 
•  Novel QP scattering off short-range antiferromagnetic order (fluctuation)? 

Neutron scattering (Qiu et al.) NMR (Imai et al.) 

So!



ZBCP due to Novel QP Scattering? 

Antiferromagnet, Q 

e
e 

Normal metal 

kF 
kF+Q 

Andersen et al., PRB 72, 
184510 (2005) TG!



Summary and Future 

$ Andreev reflection spectroscopy on FeTe0.55Se0.45 (Tc0 = 14.2 K) 

$  Strong coupling superconductivity (+ ~ 3.8 meV, 2+/kBTc = 6.2.) 

$ Single gap s-wave order parameter; no clear evidence for 
multiple gaps and sign change. 

$ Additional peculiar features: multiple hump-dip structure above 
the gap & zero-bias conductance peak (ZBCP) above bulk Tc. 

$  This ZBCP appears around 18 – 20 K. Magnetic field and 
junction resistance dependencies seem to rule out pressure-
induced local superconductivity as an origin. 

$  Future works 
       - Origins for these exotic features? 
       - Measurements along ab-plane direction. 
       - Detect Andreev bound states in tunneling limit. 

T@!
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Point-Contact Andreev Reflection Spectroscopy 

•  General Principle of Point-Contact Spectroscopy 
   - In a ballistic contact, quasiparticle energy gain/loss occurs in  the 

 constriction region, while power being dissipated farther away. 
  - Nonlinearity in the current-voltage characteristics contains information  on 
the energy-dependent quasiparticle scattering. 

•  Experimental Techniques 
   - Spear-anvil probe with differential micrometer 
   - Electrochemically polished Au tip 
   - Single crystal FeTe0.55Se0.45 (c-axis, Tc0 = 14.2 K) 
   - dI/dV: four-probe lock-in techniques 
   - (+) bias voltage '!(+) samples 
   - T > 1.5 K, H < 9 Tesla 

Andreev Reflection 

Superconductor, +(r) 
e- 

h+ 

Normal metal 
TQ!



Iron-Chalcogenide Superconductors Fe1+yTe1-xSex 

Q = ($, 0)    Q = ($/2, $/2) 
Viennois et al., arXiv:0911.2081 

Xia et al., PRL 103, 
037002 (2009) 

TR!



Blonder-Tinkham-Klapwijk (BTK) Theory 

PRB 25, 4515 (1982)  

a : Andreev reflection 
b : normal reflection 
c : transmission w/o branch-crossing 
d : transmission with branch-crossing 
aa*+bb*+cc*+dd*=1 

Four possible trajectories 

Barrier strength 

Conductance formula 

+ : Energy gap!
( : Quasiparticle smearing!
Z : Tunnel barrier strength 

8(Wd[!
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Normalization by the Data Just above Tc 

TT!



Zero-bias Conductance 

•  Single band s-wave BTK model provides a reasonable fit to the experimental 
data. 

•  BTK fit parameters 
     Z = 0.575 
     ( = 1 meV (const.) 
•  (/+0 = 0.26  
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Effect of Pressure in Iron-Chalcogenides 
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BTK Conductance Spectra (s-wave) 
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Application to MgB2 

+ = 1.97, 6.90 
( = 0.18, 0.01 
Z = 0.47, 0.25 
O$ = 0.972 

+ = 2.43, 7.00 
( = 0.41, 0.45 
Z = 2.5, 0.9 
O$ = 0.90 

WKP & Greene, Rev. Sci. Instrum. 77, 023905 (2006) 
mQ!



L. Pham et al. PRL 97, 056404 (2006) 

Urbano et al., PRL 99 146402 (2007) 

Chemical Tuning of 
1-1-5 Phase Diagram 

CeCo(In,M)5 

mR!



CeCo(In0.9,Cd0.1)5: Coexistence of SC and AFM Orders 

M. Nicklas et al., PRB 76, 052401 (2007) 

•  AFM is not due to FS reconstruction. 
•  Coexist microscopically. 
•  AFM nucleates in the vicinity of Cd dopants, m ~ 0.7 
.B. 
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Spin-Dependent Q-Reflection? 

Antiferromagnet, Q 

e 
e 

normal metal 

kF 
kF+Q 

•  Fermi surface nesting: EF(p+Q) = -EF(p) 

•  AF/N/AF: quasiparticle bound states below +AFM. 

•  AF/SC: subgap states due to AR+Q-reflection 

•  Would be sensitive to Q (commensurate or 
incommensurate) and require junctions with well-
defined orientations. mn!



Multiband Superconductivity 

Kortus et al., PRL 86, 4656 (2001) Mazin & Schmalian, Physica C 
469, 614 (2008) 

FeTe MgB2 

•  Multiple Fermi surface sheets 
•  Single or multiple order parameters? 
•  Amplitude and phase of SC OP over different Fermi surfaces? 
•  Phonon or spin-fluctuation mediated? mo!



Two Energy Gaps in MgB2 

small gap: 3D ,-band 
large gap: 2D 4-band 

Choi et al., Nature 
418, 758 (2002) 
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+ = 1.97, 6.90 meV 
( = 0.18, 0.01 meV 
Z = 0.47, 0.25 
O$ = 0.972 

WKP & Greene, Rev. Sci. Instrum. 77, 023905 (2006) 

Multiband Interference Effects? 

•  MgB2: BTK model with two independent channels, no interference. 
•  Golubov et al. predict interference effect in all-epitaxial MgB2 junction. 
•  For s± symmetry, i) Andreev bound state at zero or finite energy; ii) Suppression 
of Andreev process due to destructive interference. 

+ = 2.43, 7.00 meV 
( = 0.41, 0.45 meV 
Z = 2.5, 0.9 
O$ = 0.90 

n@!


