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Spectroscopy with incident x-rays and with incident electrons 
 

In this note we address the connections between most of the major spectroscopic techniques presented 

in chapter 6 in Brandon and Kaplan. 

 

Unlike Bragg reflection, spectroscopy involves inelastic scattering and absorption. This means that 

energy is exchanged between the incident radiation and the sample with accompanying excitation of 

the sample. We will here consider two types of incident radiation, monochromatic x-rays of energy 

typically above 1 keV, and monochromatic electrons with energy typically between 20 keV and 200 

keV. An important difference between excitation by x-rays and by electrons is that, while x-rays 

transfer all their energy by ejecting electrons from their initial state in the material, the incoming 

electrons lose only a fraction of their energy in the excitation process. We will separate the spectra into 

two categories, those caused by primary processes and those caused by secondary processes. 

 

1. Primary processes  
 

1.1 Incident x-rays 

The incident photon with energy h transfers its energy to an electron (not necessarily a core 

electron) of the sample with binding energy 1BE . The electron ejected from the sample now becomes a 

photoelectron with kinetic energy: 
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where W  is the work function of the sample. The photoelectrons can be energy analyzed. This 

technique is called XPS (x-ray photoelectron spectroscopy), or UPS (ultraviolet photoelectron 

spectroscopy) when incident photons with lower energy are used. XPS and UPS are techniques to 

analyze the surface region of materials because the low energy photoelectrons escape to the surface of 

the specimen only if they are produced close to the surface. The escape depth is of the order of 1 nm. 

In addition to determine the surface chemical composition, we can use photoelectron spectroscopy to 

accurately determine binding energies (chemical shifts) and density of occupied electronic states. 

 

Another important spectroscopic technique is x-ray absorption spectroscopy (XAS). The most direct 

way of doing XAS is to let x-rays penetrate a thin foil of the material of typical thickness 10-100 m  

and measure how large fraction of the incident beam intensity penetrates the foil as a function of the 

energy of the incident x-rays. For that purpose we need an x-ray source that is intense over a large 

energy range. Synchrotrons are used for that purpose. Norwegian users of synchrotrons mostly go to 

Grenoble, to ESRF (European Synchrotron Research Facilities), to do XAS measurements. During 

XAS experiments we monochromize the x-rays from the synchrotron and gradually change the energy 

of the incident x-rays to measure how the absorption varies with energy. For energies below an 

absorption edge, the x-rays penetrate rather easily because the Pauli exclusion principle prevents 

excitation, while above the absorption edge threshold the x-rays have sufficient energy to eject core 

electrons to empty states above the Fermi level. Thus, using XAS we can study the density of empty 

electronic states by observing the fine structure of the absorption edge (XANES= x-ray absorption 

near edge structure, also called NEXAFS). A spectrum recorded over an extended energy range, from 

the absorption edge onset to several hundred eV above (EXAFS= extended x-ray absorption fine 

structure), can be used to study the local atomic arrangement in the material. EXAFS is particularly 

useful for amorphous and highly disordered materials. 

 

 



1.2 Incident electrons 
In a TEM (transmission electron microscope) electron energy loss spectroscopy (EELS) can be used to 

measure the energy losses of the incident electrons. Three inelastic scattering processes cause loss of 

energy. 

 

1.2.1 Thermal inelastic scattering 

The energy changes associated with thermal scattering are of the order of 05.0kT  eV and are too 

small to be measured because most EELS instruments have typical energy resolution of 1 eV. 

 

1.2.2 Plasmon excitations 

The plasmon energy losses are caused by excitation of collective oscillations of the valence electrons 

of the material. For many materials (not only metals) the plasmon energy, pE , is proportional to the 

square root of the density of valence electrons, n: 
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Here h is Planck´s constant, e and m0 are the mass and the charge of the electron, and 0 is the 

permittivity of vacuum. Typical values of the plasmon energies of materials are between 5 eV and 30 

eV. The plasmon peaks are thus in the low energy loss region. The low energy loss region from 0 eV 

to 50 eV contains information about the dielectric function of the material, and the plasmon peak is an 

important feature in this energy region. 

 

1.2.3 Single electron excitations 

Single electron excitations by incident electrons parallel the excitation by x-rays treated in section 1.1. 

There is one important difference, however. While incident x-rays transfer all their energy to the 

ejected electron, incident electrons may transfer an arbitrary energy, E , provided the energy is large 

enough to eject the electron of the specimen to empty states above the Fermi level. Thus, contrary to 

incident x-rays, incident electrons of one certain energy may probe the fine structure of the absorption 

edge over a large energy range. The near edge fine structure in EELS is called ELNES (energy loss 

near edge structure). The information in an ELNES spectrum is virtually the same as in a XANES 

spectrum. 

 

 

 

 

2. Secondary processes 
 

Single electron excitations, being it caused by incident x-rays or electrons, result in two important 

secondary processes that can be used to analyze the specimen. These are element characteristic 

emission of x-rays and emission of Auger electrons. 

 

2.1 X-ray emission 

The electron hole left behind at the energy level with binding energy 1BE  will eventually be filled by 

an electron from a higher energy level of binding energy 2BE . This results in the creation of a photon 

of element characteristic energy 
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With an EDS (energy dispersive x-ray analyzer) attached to a TEM or SEM, the x-ray spectrum 

associated with this emission can be recorded. Using an electron beam that is focused on the specimen 



(diameter down to 1nm with an advanced TEM) this technique can be used for chemical 

microanalysis, and in favorable cases nanoanalysis. 

 

2.2 Auger electron emission 

The created photon of energy 21 BBsticcharacteri EEh   may act in the same way as the incident 

photon in section 1.1 and eject another electron of binding energy 3BE . The kinetic energy of this 

emitted electron, which is called an Auger electron, is then 
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In a XPS spectrum the Auger peaks show up in addition to the photoelectron peaks. Additional 

information can be extracted when for example the same initial state of energy 1BE is involved for the 

Auger peak and the photoelectron peak. Then we can subtract the photoelectron energy from the 

Auger electron energy to get: 
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This difference is called the Auger parameter. We notice that we eliminate the work function and also 

other energy referencing problems by dealing with the Auger parameter. Usually we know the energy 

of the x-rays with great accuracy and we can define a modified Auger parameter: 
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Thus, we eliminate all parameters except for energy levels of the atom. 

 


