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[1] (30 Points) 
The following are a series of unrelated short questions, to be answered with a sentence or two and/or a sketch or 
equation. 
(a) (5 points) At equilibrium, write down the equation that describes a first-order Langmuir adsorption isotherm, 

defining all relevant symbols. 
 
As derived in lecture, and discussed in Zangwill, this is: 
 

 
Any similar rendition of this, or the basic equating of forward and backward rates that was discussed in lecture, 

is full credit here. 
 
 
(b) (5 points)  Which two of the several x-ray techniques we have discussed are the most appropriate for studying 

unoccupied bound electronic structure?  Illustrate your answer with simple electronic energy level 
diagrams. 

 
 Anything equivalent to the things below, but also RIXS and shake-up, shake-off were also counted for full 

credit.  XPS, UPS do not measure unoccupied bound states, and several people fell into that trap. 
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SUGGESTED ANSWERS



 (c) (10 points) Suppose that a photoelectron is ejected from the very deep W 1s level.  Assume that we can now, 
in the presence of this hole, measure the binding energy of the W 4f7/2 level.  Use the equivalent-core model 
and your binding energy tables to predict the change in binding energy caused by the hole. 

 
 1s hole is deep inside the W atom, so a perfect case for the equivalent core approximation and  
       Z = 74 for W  Z+1 = 75 for Re 
      Eb(4f7/2) =   31.4 eV               40.5 eV 
 

 And the binding energy shift is Eb(4f7/2) = 40.5 – 31.4 = 9.1 eV 
 
       As a second part of your answer, how would you calculate this change in binding energy from first principles 

via coulomb and exchange integrals, and which precise integrals would be involved?  Would coulomb or 
exchange be expected to be more important? 

 

 Since W 1s and W 4f7/2 really don’t overlap at all, the exchange integral K1s,4f  0, and 
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(d) (10 points) By considering the electronic configurations of the ionic states, which of the following Cu 

compounds would be expected to show strong final-state charge-transfer screening satellites in Cu 2p 
emission and why?  CuS, Cu2S, CuBr, CuBr2. 

 
The Cu atomic electronic configuration is 3d
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and strong charge-transfer screening of the Cu 2p hole is possible.  For Cu
+1

2S
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10
 and charge transfer into the d shell is not possible. 

 

 
[2] (50 Points) 
 A specimen of a pure 4d metal has incident on it non-monochromatized Mg x-rays, with the angle between x-ray 

incidence and electron exit being the so-called “magic angle” of   54.73° at which  P2(cos) = 0.  The resulting 
spectrum is shown below.  The group 1 is not found to change in kinetic energy if Al x-rays are used for 
excitation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) [10 points] Identify the origins of all of the peaks and groups of peaks seen here, thus also identifying 
the element and its ground-state atomic electron configuration. 
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(b) [5 points] Do you expect to see multiplet splittings in any of the peaks shown here?  Why or why not? 

 
Best answer that 4d shell is filled, so no multiplets, but OK if said that unpaired 5s can lead to them.  
They would be very small in that case, due to low overlap of core levels and 5s. 

 
(c) [5 points] For the doublet 1’, use a tabulated energy plot to identify them and calculate the two energies 

expected from binding energy tables, finally comparing your answer to experiment. 
 
You can just use this plot (1.4 in X-Ray Data Booklet or Slide 97 from Slide Set 2) to identify them as the 
highest energy MVV = M1ValenceValence transitions 

Ag MNN 

1253.6 - Auger Energy (eV)

Ni LMM

1253.6 - Auger Energy (eV)

O KLL
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Au N6,7O4,5O4,5

X-Ray Data Booklet Fig. 1.4

(with spectra added by CF)

K.E.  B.E.1s 
Z=8 - B.E.2p

9- B.E.2p
8

 B.E.1s
8 + B.E.2p

8 - B.E.2p
9

 543.1 - 17 - 13  513 eV

1s1/2 K

2p3/2 L3

2p1/2   L2

2s1/2 L1

Ekin =

508.3

 
See later pages for numbers. 
 
 
(d) [5 points] Do you see any evidence of the usual types of surface contamination?  Explain why or why 

not. 
 
No C 1s or O 1s visible at ca. 284 eV and 532 eV, so no evidence of usual surface contaminants. 

 
 

(e) [10 points] If the sample had one monolayer of O-containing contaminant on it, indicate via an equation 
what the ratio of the O 1s peak intensity to the intensity of peak 4 would be, being as quantitative as you 
can, and indicating how you have estimated any nos. needed.  Two simplifications you can make here 
are due to the magic angle (cf. Eq. 89 in Basic Concepts) and the fact that O 1s and peak 4 are close 
enough together in energy for the analyzer factors to be essentially identical. 
 
See later pages. 

 (f)  [5 points] If a detector of fluorescent x-ray emission that is sensitive from high energies and down to an 
energy of 100 eV were situated outside of the sample, where would transitions expect to be seen, and 
what would be their designations in standard x-ray notation?  You may make use of tabulated x-ray 
energies in doing this part. 

 



See later pages, but the point here is that Mg K at 1.25 keV cannot excite anything above that energy, and 
only one set of x-rays will be seen in the range 1.25 keV to 100 eV.  See numbers on later pages. 

 
(g)  [10 points] Finally, the band structure of this metal is shown below.  Answer the following questions 

based on this and other data at your disposal: 
 

(i) Is there evidence of bands of free-electron character?  If so indicate where they are on the band 
diagram above. 

 
See later pages. 
 
(ii) What are any other types of bands due to?  4d bands 
 
(iii) If the work function of this material is 4.7 eV, determine the inner potential of this material in eV. 
 
See later pages. 
 
(iv) If an electron is excited from the band at X5 with a 100 eV photon, what will be its kinetic energy just 

outside the surface and before entering the spectrometer? 
 
See later pages 

EF



 
 

[3] (20 Points) 
The figure below shows an actual Cu 2p x-ray photoelectron diffraction pattern from a hexagonal-close-packed 

single monolayer of Cu on a Ru substrate.  AlK1,2 radiation was used for excitation, and the theta and phi 

angles of emission relative to the substrate are indicated on the figure.  Theta is here defined relative to the 

surface. 
 
(a) [5 points] In analyzing this data, it has been assumed that the Ru contributes very little to the diffraction 

pattern.   Explain why this is a reasonable assumption in terms of the nature of the electron-atom 
scattering factor involved at this energy, using a sketch as needed. 

 
See later pages 
 
(b) [15 points] There are two main sets of rings in this diffraction pattern.  Associate these with definite types 

of neighbors in the Cu monolayer, and then use the theta angles at which they appear along the bond 
direction (as indicated on the drawing) to estimate the distance of these neighbors from a typical Cu 
emitter.  You may assume that the scattering phase shift is zero, and neglect any surface refraction 
during electron emission due to the inner potential. 

 
See later pages
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