
A core electron (violet arrow) of  Ti atoms in a titanium 
film is excited by an external electron. The two possible 
relaxation processes are the Auger electron emission or 
the X-ray emission. 

Calculate the energy of the emitted Auger electron and of 
the emitted photon. 
Where necessary, consider a work function = 5 eV.

8.1 Energy of Auger electrons and of radiative emission



The Auger electron energy is 

Ekin = EL2 - EM4 –EM2 –  ~ 418 eV 

LMM transition

The X-ray photon energy is 

Ehv = EL2 - EM4 ~ 457.8 eV 

8.1 Energy of Auger electrons and of radiative emission - Solution



The XPS spectra of graphene on three unknown substrates are shown below.
Identify the major peaks marked with arrows and determine the three substrates.
(Use the table of the electron binding energies for potential element candidates provided in the next page)

b
c

Sources: DOI:10.1039/C6RA05884A; DOI:10.1007/s12274-014-0584-y; doi.org/10.3390/nano11113112 

h

h = 1486 eV

8.2 XPS spectra of graphene on different substrates

h = 1486 eV
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b c

Graphene on Si Graphene on SiO2 Graphene on Ni

8.2 XPS spectra of graphene on different substrates - Solution



8.3 XPS spectra of HfO2

6
10.1186/s11671-017-2068-y

The HfO2 film grown on a TiN substrate constitutes the gate insulating layer of a FET. It has been characterized by XPS.

a) Why the Hf 4d spectrum shows two peaks? Can you predict the intensity ratio between the two?

b) Why the O 1s peak shows two components? 

O 1s Hf 4d



8.3 XPS spectra of HfO2 – Solution

7
10.1186/s11671-017-2068-y

Oxygen 1s: chemical shift, some O atoms are bond to 
Ti and the charge transfer is different, resulting in 
different binding energy

Hf 4d: spin-orbit splitting
𝑙 = 2
𝑠 = 1/2
𝑗 =  5/2, 3/2

2d3/2 : 2d5/2 = 4 : 6 = 2 : 3



8.4 Ag(111): UPS and work function
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The following spectrum was measured on a 
clean Ag(111) surface using UV-light from a 
He-I source (ℎ𝜈 = 21.22 eV).

a) Evaluate the work function of Ag(111).

b) What is the origin of the peaks at 
approximately 5 eV?



9

a) The electrons with binding energy = 16.5 eV are the last ones that can be emitted from the sample 
with the used photons. This means that those electrons would have almost zero kinetic energy.

From the relation 𝐸𝑘𝑖𝑛 = ℎ𝜈 − 𝐸𝑏𝑖𝑛𝑑 − Φ, with 𝐸𝑘𝑖𝑛 = 0
we deduce Φ = ℎ𝜈 − 𝐸𝑏𝑖𝑛𝑑 ≈ 21.2 – 16.5 ≈ 4.7 eV

b) This peak originates from the 4d states, that are fully occupied in silver.

8.4 Ag(111): UPS and work function - Solution



Consider the three UPS spectra shown in the figure, where 
one has been vertically shifted for clarity. 

Using electron configuration given for the three elements 
(gas phase), identify the spectrum of the solid formed by 

each element. Justify your answers. 

8.5 UPS spectra 



From the filling of the 3d and 4s states, we can deduce that:

• the spectrum with the peak at Ebind = 10 eV corresponds 
to Zn, since the 3d states are fully occupied;  

• the spectrum with the peak at Ebind = 2-5 eV corresponds 
to Cu, since the 3d states are fully occupied but we 
expect the 4s states to be partially occupied;

• the spectrum with the peak at Ebind = 0-3 eV corresponds 
to Ni, since the 3d states are not fully occupied.

8.5 UPS spectra - Solution



8.6 Surface state confinement 
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𝐿 =  3.8 nm 
𝑚∗ = 0.27 𝑚𝑒

ℏ = 1.05 × 10−34 J⋅s  
𝑚𝑒 = 9.1 × 10−31 kg

1 J = 1.6 × 1019eV

Consider the confinement of the surface state on the Au(788) 
vicinal surface. 

Calculate the energy difference between 𝐸2 and 𝐸1 and compare it 
to the experimental value. 

A. Mugarza et al., Phys. Rev. Lett. 87, 107601 (2001)



8.6 Surface state confinement - Solution

13

𝐸2 − 𝐸1 =
ℏ2

2𝑚∗

𝜋2

𝐿2 22– 12 = 0.46 × 10−19J =  0.29 eV 
≈ 0.3 eV



Consider a Au(111) single crystal and a piece of graphene, both with in-plane dimensions 𝐿𝑥 = 𝐿𝑦 = 𝐿

a) Find the expression of the Density of states per unit volume corresponding to 
 the surface state of Au(111)
 the 𝜋 band of graphene 

b) What do you expect to observe in UPS measurements for the two systems? And in an STS experiment? 
Sketch both for both systems.

8.7 Density of states of 2D systems



a) Density of states per unit volume 𝑔 𝐸 =
𝐷 𝐸
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2𝜋 2 (factor 2 for the spin, 
𝐿2

2𝜋 2 is the volume occupied by each state in k-space)

For the surface state: 𝐸 𝑘 = 𝐸0 +
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b) In UPS in first approximation the spectrum corresponds to the DOS. For the surface state we expect a constant spectrum (if  
𝐸0 < 𝐸𝐹) up to 𝐸𝐹. For graphene we expect a linearly decreasing signal, going to zero at 𝐸𝐹.
In STS we can access both occupied (negative bias) and unoccupied (positive bias) states, therefore for the surface we expect 
to see the constant DOS also above 𝐸𝐹, and for graphene a linearly increasing signal for positive bias, yielding a V-shaped 
spectrum.

8.7 Density of states of 2D systems - Solution



Adapted from Nature Materials 6, 183–191 (2007)



K

M

The ARPES spectrum shows the 𝜋 bands measured on graphene grown on SiC. 

Plot qualitatively  the constant energy surface at 𝐸 =  𝐸𝐷 , at 𝐸 =  𝐸𝐹 (Fermi surface), and at 𝐸 =  −2 eV below 𝐸𝐹

8.8 Graphene: 𝝅-band constant energy surfaces 



E = -1.5 eV below

𝐸 =  𝐸𝐷 𝐸 =  𝐸𝐹
𝐸 =  −2 eV

8.8 Graphene: 𝝅-band constant energy surfaces - Solution
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