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UIC Motivation: Mo(001) MTE data 

D.H. Dowell & J.F. Schmerge, Phys. Rev. ST – Acc. & Beams 12 (2009) 074201 

NOTE: 
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UIC Tunable UV radiation source 
− Laser / NLO based radiation source 
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UIC Optical parametric amplification 

 Signal wave amplification 
(715-945 nm) 

 

     ⇒ ħωUV = 4.87 - 5.29 eV 
                   = 3.68 - 4.1 eV 
 

 Idler wave amplification 
(1.17-1.95 µm ) 

 

     ⇒ ħωUV = 4.21 - 4.61 eV 
                   = 3.0 - 3.43 eV 
 

 PLUS: 4ħωlaser = 4.75 eV 
                 3ħωlaser = 3.56 eV 

3.0 − 5.3 eV 
UV radiation 
(~10 µW, ~0.5 ps) 

− OPA 1 is temperature tuned (NCPM); OPA 2 is critically phase-matched  

Continuum 
OPA 1 
OPA 2 

Amplification 
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Wavelength (nm) 



UIC One-step photoemission analysis 

R.G. Forbes and J.H.B. Deane, Proc. R. Soc. A 467 (2011) 2927  
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 Exact 1-D quantum solution 
for triangular barrier 

      − Above and below 
         threshold emission 
 
 Extension for photoemission 

simulation includes: 
 

     i)   pT conservation 
 

     ii)  Band dispersion; 
 

 
     iii) Fermi-Dirac population 
           distribution; Te 
 

     iv) Bulk local DOS 
 

     v) Vacuum density of states 
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UIC Photoemission theories: MTE 
−  Ag(100): φ = 4.36eV, ԐF = 5.49eV, Te = 300K, and  m* = m0 

D.H. Dowell & J.F. Schmerge, Phys. Rev. ST – Acc. & Beams 12 (2009) 074201 
T. Vecchione, et al., 35th Intl. FEL Conf., New York (2013), pp.424-426 

Full theory 

Theory without 
vacuum states 
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UIC Photoemission theories: QE 
−  Ag(100): φ = 4.36eV, ԐF = 5.49eV, Te = 300K, and  m* = m0 

T. Vecchione, et al., 35th Intl. FEL Conf., New York (2013), pp.424-426 

Full theory 

Poly-log 
function  n = 2 

n = 2.85 

pz 

E 

ԐF 
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UIC Simulation results: ԐF ~ ΔE 
−  MTE for ‘Ag(100)-like’ photocathode: φ = 4.36eV, ԐF = 0.5eV, Te = 300K, and  m* = m0 

MTE =     ΔE 1 
3 

Full theory 

D.H. Dowell & J.F. Schmerge, Phys. Rev. ST – Acc. & Beams 12 (2009) 074201 

Three regimes: 
 

(i)   ΔE << ԐF 
      … ‘normal’ MTE(ΔE) 
           behavior 
 

(ii)  ΔE ~ ԐF 

       … cusp in MTE(ΔE)  
            due to ‘E(p) resonance’ 
 

(iii) ΔE > ԐF 
      … MTE ~ constant  
           as all available states 
           already emitting 

 

ԐF = 0.5eV 



UIC Simulation results: ԐF ~ ΔE 
−  QE for ‘Ag(100)-like’ photocathode: φ = 4.36eV, ԐF = 0.5eV, Te = 300K, and  m* = m0 

Full theory 

n = 2 

ԐF = 0.5eV  QE ≠ A.(ΔE)n 

 
 For ΔE > ԐF

  
 

     QE ≈ const.  
 

     … as all available 
          states already 
          emitting  



UIC Band structure: Mo 

www.phys.ufl.edu/fermisurface 
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UIC Band structure: Mo 

~1.9eV 
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UIC Mo(100): MTE  
M

TE
 (m

eV
) 

ħω (eV) 

Full theory 
(QE weighted) 

2nd band 

‘Lens’ band 

Mo(100)  Good agreement 
for ΔE < 0.8eV 

     (ħω < 4.5eV) 
 
 Other states 

contribute for  
     ΔE > 0.8eV 



UIC Mo(100): φ extraction from QE 

G.W. Gobeli & F.G. Allen, Phys. Rev. 137 (1965) A245-A254  

Full theory 
(QE weighted) 

ħω (eV) 

φ = 3.7(±0.05)eV 

Mo(100)  Theoretical 
prediction for  

     low ΔE : 
 

     QE ≈ A.(ΔE)2.8 
 

     in good agreement 
     with measurements 
 

     ⇒ φ ≈ 3.7eV 
 
 



UIC Band structure: W 
−  Full relativistic DFT calculation 

N.E. Christensen & B. Feuerbacher, Phys. Rev. B 10 (1974) 2349 
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UIC Band structure: W 

N.E. Christensen & B. Feuerbacher, Phys. Rev. B 10 (1974) 2349 
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UIC W(100): MTE  

 Excellent 
agreement with 
experiment for 
ΔE < 0.6eV 

     (ħω < 4.5eV) 
 
 Qualitative 

agreement for  
     ΔE > 0.6eV 

1st band 

Full theory 
(QE weighted) 

2nd band 
(preliminary) 

M
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UIC W(100): φ extraction from QE 

G.W. Gobeli & F.G. Allen, Phys. Rev. 137 (1965) A245-A254  

 Theoretical 
prediction for  

     low ΔE : 
 

     QE ≈ A.(ΔE)2.7 
 

     in good agreement 
     with measurements 
 

     ⇒ φ ≈ 3.9eV 
 
 

Full theory 
(QE weighted) 

φ = 3.9(±0.05)eV 

W(100) 

ħω (eV) 



UIC Mo and W oxidation: φ reduction 
−  ~10-7 torr vacuum chamber 

G.N. Derry et al., J. Vac. Sci. & Tech. A 33 (2015) 060801 
O. Kubaschewski & B.E. Hopkins, J. Less Common Metals 2 (1960) 172 
F.P. Fehlner & N.F. Mott, Oxidation of Metals 2 (1970) 59 

  Observed Δφ ≈ − 0.8eV  
    work function reduction 
 

  Oxide thickness on Mo and W 
    known to be 1.0(±0.5) ML 

φ (eV) 
(clean surface) 

φ (eV) 
(measured) 

Δφ (eV) 

Mo(100) 4.46(±0.11) 3.7(±0.05) − 0.76 
W(100) 4.70(±0.06) 3.9(±0.05) − 0.8 

Mo/W + _ O 

Metal 

-∆φ 

Vacuum 

 

Negligible effect of  
~1 ML surface oxide on 
MTE(ħω) measurements 

 

… c.f. UV absorption depth 
           α-1 ≈ 6-7nm ≈ 40 ML 



UIC Summary 

Band structure interpretation of Mo(100) and W(100) emission 
− MTE(ħω) and QE(ħω) data using tunable 3.0-5.3eV UV radiation source  
 

 One-step photoemission simulation 
 

      − Extended an exact 1-D triangular barrier quantum transmission solution:  
                  pT conservation, local DOS, Te , AND vacuum state physics 
 

       

 W(100) and Mo(001): MTE(ħω) consistent with analysis 
 

      − Parabolic bands approximation (mz and mT) to real emission states 
                           

 QE = A(ħω−ϕ)n ; power n is function of emission band(s) details 
 

      − (QE)1/n
  vs. ħω plot  ⇒  ϕ extraction 

 
FUTURE WORK: 
 

      Direct evaluation of MTE (and absolute QE ?) from band structure 
      − (p, E, local DOS) from DFT  →  One-step photoemission simulation 



UIC 

Thank You! 



UIC Mo(001): Emission bands 

∆E = 0.23 eV 

T. Li et al., J. Appl. Phys. 117, 134901 (2015) 

− DFT evaluation 

 Four emission bands for 
Mo(001) 

     − 3 ‘electron-like’ 
      − 1 ‘hole-like’ 
 
                                  <  pF   
 
    ⇒ Photoemission not band 
         dispersion limited 

EmpT ∆= 0.max, 2



UIC Outline 

 Motivation 
 

 Tunable UV radiation source 
    − Laser / Nonlinear optics based (ħω = 4.2 - 5.3 eV) 
 

 Mo(001)  
    − Mean transverse energy (MTE) vs. ħω 
    − QE (ηPE) vs. ħω ; ϕ extraction 
    − Comparison to ‘one-step’ photoemission model 
 

 PbTe(111) 
    − Low m* emitter  ⇒  ultralow MTE … 
    − MTE and ηPE vs. ħω 
    − Comparison to ‘one-step’ photoemission model 
    − Deleterious effects: Edepletion , band non-parabolicity, CB emission … 
 

 Summary 
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