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VUV Laser Photoemission Lab at IOP  

2-D Momentum 

ARPES system 

Tunable Laser  

ARPES system 

(5.90~7.09 eV) 

Spin-Resolved 

ARPES system 
He 3 (<1K) 

ARPES system 

(under construction) 



 ARPES (E, k)   Spin-Resolved  ARPES (E, k, s) 
 

 Energy Resolution: From 50~100meV for Synchrotron 

                                       to 2.5 meV for VUV-laser 
 

 Photon flux:  Increase by 100~1000 times. 

VUV Laser Spin-Resolved ARPES 
 



Z. J. Xie, S. L. He, X. J. Zhou et al., Nature Communications 5 (2014) 3382. 



VUV Laser 2D Momentum ARPES: From 1D to 2D Angular Detection 

Efficiency of Angle Detection Improved by 250 times 

Hemi-Spherical Analyzer 

Energy Res.： 

   better than 1meV 

Angular  Res： 

   0.1~0.4 Degree 

Angle Range：      

   1D: +-15 Deg. 

费米面

Angle  

Detection： 

1D Line 

Time-of-Flight Analyzer 

Energy Res.: 

    ~0.15meV 

Angular Res.: 

    0.08  Degree 

Angle Range: 

    2D:+-15Deg. 

费米面

Angle  

Detection 

2D Plane 



15K 

2D Momentum ARPES Measurements- 

Bi2212 Fermi Surface 

Y. X. Zhang, X. J. Zhou et al., unpublished. 



ARPES on FeSe/SrTiO3 Films 
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Possible High Tc in Single-Layer FeSe Film on SrTiO3 

20.1meV 

9.5meV 

FeSe/SrTiO3, Tc ~ 80 K? 

(001) 



ARPES on Single-Layer  

Superconducting  FeSe/SrTiO3 

D. F. Liu , W. H. Zhao, D. X. Mou, J. F. He,  X. C. Ma, Q. K. Xue, X. J. Zhou et al.,  

Nature  Communications 3, 931 (2012). 



Fermi Surface of Single-Layer Superconducting FeSe/SrTiO3 

 Only one Fermi surface g 

    around M; 

 

 

 No signature of any  

     Fermi surface around G. 

D. F. Liu , W. H. Zhao, D. X. Mou, J. F. He,  X. C. Ma, Q. K. Xue, X. J. Zhou et al.,  

Nature  Communications 3, 931 (2012). 



Band Structure of Single-Layer Superconducting FeSe/SrTiO3 

Cut 2 

Cut 1 Cut 2 

D. F. Liu , W. H. Zhao, D. X. Mou, J. F. He,  X. C. Ma, Q. K. Xue, X. J. Zhou et al.,  

Nature  Communications 3, 931 (2012). 



Fermi Surface Topology of the Iron-Based Superconductors  

Single-Layer 

FeSe 

Tc~65 K 

(Ba0.6K0.4)Fe2As2 

AxFe2-ySe2 

Tc~32 K 

Bulk 

Fe(Se,Te) 

D. X. Mou et al.,  

Phys. Rev. Lett. 

6 (2011) 410.   

L. Zhao et al.,  

Chin. Phys. Lett.  

25 (2008) 4402.  
A. Tamai et al.,  

Phys. Rev. Lett. 

104 (2010) 097002.   

D. F. Liu et al.,   

Nature Commun.  

3(2012)931. 

Class I 

Class II 



If Fermi surface  topology    

is critical to 

superconductivity,  then 

     

    Hole-Like Fermi Surface  

    near G is NOT necessary; 

 

    Electron-Like Fermi     

    Surface near M is crucial. 

Implications on Superconductivity Mechanism 

--Challenges Fermi Surface Nesting Picture 

G 

M 



Momentum and Temperature Dependence of the Energy Gap 

Nearly isotropic energy gap; 

 

2D Character  No Gap Node. 

Tc~55 K 

Nearly BCS form; 

 

Tc~55K. 

D. F. Liu , W. H. Zhao, D. X. Mou, J. F. He,  X. C. Ma, Q. K. Xue, X. J. Zhou et al.,  

Nature  Communications 3, 931 (2012). 



K. Kuroki et al., PRL 101, 087004 (2008); 

T. A. Maier et al., Phys. Rev. B 83, 100515(R) (2011).. 

Fa Wang et al., Europhys. Lett. 93, 57003 (2011).. 

dx2−y2  gap symmetry 

G M 

I. Mazin,  

Phys. Rev. B84, 024529 (2011). 

 Scattering between electron-like Fermi surface favors d-wave gap; 

 Two Fermi surface sheets at a given M, due to two Fes in one unit  

     cell, may give rise to gap nodes; 

 No gaps nodes observed in ARPES measurements. 

Pairing Order Parameter? 



Phase Diagram and Electronic 

Indication of Superconductivity at 65K 

in Single-Layer FeSe/SrTiO3 

S. L. He, J. F. He, W. H. Zhang, L. Zhao, X. C. Ma, Q. K. Xue,  X. J. Zhou et al.,  

Nature Materials 12, 605  (2013). 



MBE Preparation of FeSe Films: Two Steps 

MBE Film Preparation 
 

         Step 1                                   Step 2   
As-prepared FeSe Films                                    FeSe Films  

grown at a low temperature                             annealed at a high temperature 

 ~300C                                                                450-~500C 

(Non-superconducting)                        (Superconducting) 
 

Q. Y. Wang et al., Chin. Phys. Lett. 29, 037402  (2012).  



Electronic Structure of  

           the  As-Prepared Non-Superconducting  

                       Single-Layer FeSe/SrTiO3 Films …… 



  

G 

M3 

S. L. He, X. J. Zhou et al., Nature Materials 12, 605  (2013). 

“Fermi Surface” and Band Structure of Non-Superconducting Phase 

“Fermi Surface” G Cut M3 Cut 

As-prepared 

Non-superconducting 



  

G 

M3 

S. L. He, X. J. Zhou et al., Nature Materials 12, 605  (2013) . 

“Fermi Surface” G Cut M3 Cut 

As-prepared 

Non-superconducting 

Annealed 

Superconducting 

N Phase 

S  Phase 

Non-Superconducting vs Superconducting Phases 



Evolution from N phase to S phase 



N Phase S Phase N+S Phases 

Band Structure Evolution  with  Vacuum Annealing in Single-Layer FeSe/SrTiO3 



Doping-Evolution of Superconductivity 

  

     in the S Phase…… 



Electron Counting in S Phase  of Single-Layer FeSe/SrTiO3 

 S phase has only an electron-like Fermi surface sheet near M; 

 Assuming two Fermi surface sheets near M. 



Energy Gap of Single-Layer FeSe under Different Annealing Conditions   

Tc=40 K Tc=55 K Tc=60 K Tc=65 K 



Phase Diagram of Single-Layer FeSe/SrTiO3 Film  

2D/kTc=6~7 

S. L. He, X. J. Zhou  et al.,  Nature Materials 12, 605 (2013). 

Tc~65 K 

Gap ~19 meV 



Electronic Evidence of  

an Insulator-Superconductor Transition 

in Singe-Layer FeSe/SrTiO3 Films.  

Junfeng He, Xu Liu, Wenhao Zhang, Lin Zhao, X. C. Ma, Q. K. Xue, X. J. Zhou et al.,  

 

PNAS. 111, 18501 (2014). 



Phase Diagram of Single-Layer FeSe/SrTiO3 Film 

S. L. He, X. J. Zhou et al.,  Nature Materials 12, 605 (2013). 

S-Phase? 

Insulator Superconductor 



Phase Diagram of S-Phase of Single-Layer  FeSe/SrTiO3 

J. F. He, X. J. Zhou et al.,  

PNAS. 111, 18501 (2014). 



  
Similar Electronic Phase Diagrams 

J. F. He, X. J. Zhou et al.,  

PNAS. 111, 18501 (2014). 

Y. Y. Peng, X. J. Zhou et al.,  

Nature Communications, 4, 2459 (2013). 



M. M. Qazibash et al.,  Nature Phys. 5, 647 (2009) 

1. Existence of Electron Correlation in  

    Fe-based Compounds 

2. Stronger Electron Correlation in  

    11-Based  Compounds 

Z. P. Yin et al., Nature Mater. 10, 932 (2011). 

3. Enhanced electron correlation due to reduced dimensionality—2D film; 

4. Enhanced electron correlation due to tensile strain in single-layer FeSe film 

    (Bulk FeSe: 3.76 A,   Single-layer FeSe/SrTiO film: 3.80 A) 

Strong Correlation in Single-Layer FeSe/SrTiO3 Film 



Doping of  the Orbital-Selective Mott Insulator? 

Q. M. Si and E. Abrahams, Phys. Rev. Lett. 101, 076401 (2008). 

R. Yu et al., Nature Communications 4, 2783 (2013). 

R. Yu and Q. M. Si,  Phys. Rev. Lett. 110, 146402 (2013). 

 Fe-based compounds are on the verge of doped Mott insulator; 

 Single-Layer FeSe/SrTiO3 has particularly strong electron correlation. 

 Similarity between Single-layer FeSe/SrTiO3 Film and the underdoepd 

La-Bi2201. 



Dichotomy of Electronic Structure and 

Superconductivity between the Single-

Layer and Double-Layer FeSe/SrTiO3 

X. Liu, D. F. Liu, W. H. Zhang, J. F. He, X. C. Ma, Q. K. Xue,  X. J. Zhou et al.,  

Nature Communications 5, 5047(2014). 



Single-Layer Double-Layer 

Q. Y. Wang et al., Chin. Phys. Lett. 29, 037402 (2012).  

Distinct Behaviors between Single-Layer and Two-Layer FeSe/SrTiO3: STM/STS 



Vacuum Annealing of Double-Layer FeSe/SrTiO3 at 350C for different Times 

1. The N phase remains dominant after annealing; 

2. There is a transition from the N phase to the S phase. 



 It is much harder to transform double-layer from 

the N phase into the S phase than the single-layer 

FeSe/SrTiO3. 

 

 

 It is possible to transform double-layer 

FeSe/SrTiO3  from the N phase into the S phase. 



Why is Double-Layer FeSe/SrTiO3 Difficult to be Doped? 

 Charge transfer from oxygen loss in SrTiO3-d; 

 Charge transfer is shared by two FeSe layers; 

 The more the number of layers, the more difficult to dope.  

SrTiO3  Substrate SrTiO3  Substrate 

Single-Layer Double-Layer 



Summary on FeSe/SrTiO3 Films 

1.Distinct electronic structure of single-layer FeSe superconductor 

      

 
 

2.Electronic phase diagram of single-layer FeSe/SrTiO3 established 

   There are two competing and coexisting phases (N phase         

   and S phase) with distinct electronic structures;    

   Signature of  high Tc~65 K observed. 
 

3. Insulator-superconductor transition observed in  Single-Layer 

    FeSe/SrTiO3 films 

   Orbital-selective Mott transition? 
 

4. Dichotomy between single-layer and double-layer FeSe/SrTiO3 Films 

    Origin of carrier doping from SrTiO3 surface. 

  Hole-like Fermi surface near G is not necessary for high-   

  Tc superconductivity in the Fe-based superconductors. 



ARPES on Silicene (3x3)/Ag(111) 
 

Ya Feng, Defa Liu, Baojie Feng, Xu Liu and X. J. Zhou et al.,  

arXiv:1503.06278. 
 



High Temperature Superconductivity in Silicene? 

Gap like feature with D~35 meV is reported. 

Tc over 100K? 

L. Chen et al., arXiv:1301.1431. 



A 
E 

D 
C B 

 Cut A is different from Cut B six pairs ; rule out two 

domains 

 Cut C and Cut D  further prove the existence of the Dirac 

cone 

 Cut E shows a band top below Fermi level 

  Band Structures of Silicene(3x3)/Ag(111) 



Unusual Dirac Cones in Silicene(3x3)/Ag(111) 

1. Six pairs of Dirac cones observed.   

    Not from Ag(1110， not from  free-standing silicene; 

The interaction between the pristine silicene film and the Ag(111) 

substrate is very important to produce such electronic structure. 

2. Dirac cones lie on the edges of the first Brillouin zone of Ag(111).  

    No obvious connection with the 1st BZ of the primary silicene(1x1); 

3.  No band-folding and duplicate features in the reduced Brillouin zones. 



Thanks 


