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Final Exam, MENA3000 / MENA4000 – 

Functional Materials, 6
th

 June 2016 
 

Task 1 – Crystal structure, chemical bonding and non-stoichiometry 

(25 %) 
 

For one of the modifications of molybdenum disulphide, MoS2, the following data for 

the crystal structure is reported in the literature: 

 

- Space group: P63/mmc 

- Unit cell dimensions: a = 3.160 Å, c = 12.294 Å  

(a = b  c;  =  = 90
o
 and  = 120

o
) 

- Atomic coordinates: Mo 2c-position (1/3, 2/3,1/4) 

          S 4f-position (1/3, 2/3, z) where z = 0.62 

 

To calculate the coordinates for the equivalent Mo atoms and S atoms you need the 

following extra information about the symmetry operations:  

 

- The structure is centro symmetric  

- The coordinates x, y and z transform to the coordinates y, x, 1/2 + z 

 

a) With basis in the information given above: 

- Specify the crystal system and type of Bravais lattice  

- Specify how many MoS2-formula units the unit cell contains. 

 

Crystal system: Hexagonal 

Bravais lattice: Primitive hexagonal 

2 formula units per unit cell; S in 4f position and Mo in 2c position; Z = 2. 

 

b) Calculate the atomic coordinates for all atoms that are included in the unit cell 

of MoS2. (Use unit vectors along a, b and c.)  

 

To calculate the atomic coordinates you need to apply info given above. 

 

- Centro symmetry  (x, y, z)  (x, y, z) 

- The coordinates x, y and z transform to the coordinates y, x, 1/2 + z 

 

 
x y z 

 
   

Mo 0.33330 0.66670 0.25000 
 

   

 
0.66670 0.33330 0.75000 

 
   

        

        S 0.33330 0.66670 0.62000 
 

0.66670 0.33330 0.38000 

 
0.66670 0.33330 0.12000 

 
0.33330 0.66670 0.88000 
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c) Use the figure below and describe shortly the MoS2 structure and type of 

bonding in the compound.  

 

 
 

MoS2 is used as a solid state lubricant. Justify why that will work. 

  

MoS2 layered structure where Mo is 6-coordinated to S (trigonal prismatic – 

extra info). (S is 3-coordinated to Mo – not so easy to see – i.e. not requiered, 

but can be calculated from formula used in task 1d). Strong polar covalent 

Mo-S bonding within the sheets. Long sulphur – sulphur distances between the 

sheets – only weak van der Waals forces. 

 

Layered structures with weak van der Waals forces between sheets allow easy 

rupture of bonding between layers, which makes MoS2 act as a lubricant the 

same way as graphite. (Extra: The layers are exfoliated/delaminated.) 

 

d) In view of a cubic close packing (ccp = fcc) model, describe the anti-fluorite 

type structure (anti-CaF2 or Na2O). Specify coordination number for both 

anions and cations in the structure. 

 

Na2O: cubic close packing of oxygen anions with all tetrahedral holes filled 

with sodium. 

 

Na: in tetrahedral hole  CN = 4 (4 oxygen as nearest neighbour) 

 

O: CN = 8 

 Explenation: For MmYx    

CN(M )

CN(Y)
=

x

m
 

                       Then for Na2O   
CN(Na)

CN(O)
=

1

2
Þ CN(O) = 8  

 

 

 

e) Assume that Na2O forms a limited solid solution with MgO, where 

magnesium substitutes for sodium in Na2O. What type of charge compensating 

defect mechanism may occur for such a hetero(alio)valent substitution? Justify 

your answer shortly, and propose a descriptive structural formula.  
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Aliovalent substitution where Na
+
 is replaced by Mg

2+
 in the sodium lattice. 

Na2O structure: Oxygen is packing sphere with all tetrahedral holes filled with 

Na
+
. Two options are possible to maintain charge neutrality: 

- Add extra oxygen; not likely as O lattice already fully occupied and 

oxygen is the big packing sphere. 

- Remove one extra Na
+
 from cation lattice and create one cation vacancy. 

This give structural formula: Na22xMgxO 

 

 

 

Task 2 – Phase diagrams (20 %) 

 

When answering the questions below use the attached phase diagrams and fill in your 

answers. Remember to label the sheets with your candidate number and hand them in 

together with the rest of your answers. 

Dotted lines in the Pt - Sn phase diagram indicate that the phase boundaries are not 

exactly fixed. In this task set you shall interpret the dotted lines as solid lines.  

 

 

a) Provided the binary phase diagram for the platinum - tin system between 0 and 

100 weight % tin (atomic % tin) below. 

 

Use one of the attached Pt - Sn phase diagrams and give name to each single 

phase (use symbols of the type  etc.) and also mark which phases are in 

equilibrium in the different two phase regions.   

 

In the same Pt - Sn phase diagram draw a ring around each of the invariant 

points (C = 1 and C = 2; P + F = C + 1) and number them. In addition, on the 

same sheet and for each numbered point indicate what type of invariant 

reactions you have (e.g.: Reaction 1: monotectoid).  

 

 
 

 

In the following we will look at the binary iron - antimony (Fe - Sb) system as 

presented in the figure below. Note you must use same nomenclature relative to 

naming of phases in your answers as used in the presented phase diagram.  



4 

 

 

b) Describe what happens when you are cooling a sample containing 33.3 atomic 

% Fe and 66.7 atomic % Sb from 1100 
o
C to 400 

o
C infinitely slow (i.e. you 

assume that there is equilibrium during the cooling process). Describe all 

reactions that take place during the cooling process. 

 
 

Melt cools down to approx. 920 
o
C before hitting liquidus and first crystals of 

 is formed. Cooling through the two fase region more  is formed whereas 

liquid become enriched in Sb. At 736 
o
C residue liquid and all  crystals 

transform into FeSb2 via a peritectic reaction. During this reaction, temerature 

is not changing as the reaction is invariant. After full solidification no further 

transformations take place; only cooling of the formed FeSb2 crystals. 

 

c) Correspondingly, consider the situation that you start with a sample containing 

20 atomic % Fe and 80 atomic % Sb and cool that sample slowly down from 

1100 
o
C to 400 

o
C. Which phases would you expect the sample to contain at 

400 °C, and what would be the molar percentage of each? 

 

Note – her we do not spesifically ask for a description of what take place 

during the cooling of the sample to the targeted temperature. 

 

According to the phase diagram we have at 400 
o
C -Sb and FeSb2 in 

equilibrium when cooling a melt containing 80 atomic % Sb and 20 atomic % 

Fe from 1100 
o
C. 

 

Molar percentage of FeSb2 at 400 
o
C = 100* (10080)/(10066.7) = 60  

Molar percentage of -Sb at 400 
o
C = 100* (8066.7)/(10066.7) = 40  
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Task 3 – Magnetic properties (20 %) 
 

LaMnO3 and CaMnO3 crystallize with a perovskite type structure. Both LaMnO3 and 

CaMnO3 show antiferromagnetic ordering below the Neel temperature (TN). On the 

other hand, La1xCaxMnO3 shows ferromagnetic ordering below the Curie temperature 

(TC) for selected compositions (x).  

 

 

a) Make a general sketch of the temperature dependency of the inverse magnetic 

susceptibility (1/) for an antiferromagnetic and a ferromagnetic material. 

Mark TN and TC. What do we call the law these curves follow when the 

materials are in the paramagnetic state?  

 
 

Curie-Weiss law (not asked for formula;  = C/(T  )) 

 

b) Use the "spin-only" formula given below and calculate the magnetic dipole 

moment (m) for the cations in CaMnO3. Assume high spin configuration for 

manganese.  

 

m = B[n(n + 2)]
0,5

 where  n = number of unpaired electrons 

 

Ca(II): no unpaired electrons  m = 0 

Mn(IV): 3d
3
  n = 3  m = 3.87B 

 

 

c) Explain shortly the principle behind the "super-exchange" and "double-

exchange" mechanisms. 

 

Super-exchange mechanism is used to explain antiferromagnetic (AFM) 

ordering in compounds where the magnetic cations (having unpaired 

electrons) are separated with non-magnetic anions. The anion can typically be 

O
2

 as we find in oxides. In oxides the oxygen 2p orbitals are fully occupied, 

and the (non bonding) unpaired d (or f) electrons of the cations align relative 

to the oxygen 2p electrons. This will in turn force the unpaired cationic 

electrons to align relative to each other; and we get an anti-ferromagnetic 

coupling between the cations, separated by the non-magnetic anion. The 

coupling is strongest when we have an 180
o
 angle between M–O–M. 
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Example: AFM ordering of Ni(II) cations in NiO. 

 

 
 

 

 

Double exchange mechanism is used to explain ferromagnetic (FM) ordering 

in compounds where the magnetic cations (having unpaired electrons) are 

separated with non-magnetic anions. Double exchange mechanism requires: 

o Magnetic coupling between cations having the same 

crystallographic site in the structure 

o Only between same type of cations (e.g. Fe), and requires that the 

cations have different oxidation state (e.g. Fe(II) and Fe(III)) so 

electrons can jump between them via an anion (typically oxygen) 

 

 
 

 

d) Propose an explanation to why both LaMnO3 and CaMnO3 are 

antiferromagnetic whereas selected compositions (x) in the solid solution 

series La1xCaxMnO3 show ferromagnetic ordering. 

 

LaMnO3 and CaMnO3 takes the perovskite type structure with Mn 

octahedrally coordinated to oxygen. Two manganese cations are separated by 

an oxygen anion. Manganese has in LaMnO3 and CaMnO3 oxidation state III 

and IV, respectively. In both cases Mn will have unpaired electrons 

[Mn(III)HS: 4; Mn(III)LS: 2; Mn(IV): 3] which may give an AFM ordering as 

explained in task c). For intermediate compositions, La1xCaxMnO3, Mn will 

have mixed valence simultaneously as we have fulfilled the criteria that 

manganese is the same type of cation on same crystallographic site. I.e. we 

may have a double exchange mechanism which gives rise to FM ordering, as 

described in task c. 
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Task 4 – Electromagnetic interaction with dielectric materials (20 %) 
 

 

a) In this course, what does electric polarisation of a material refer to (1 to 3 

sentences)? 

Electric polarisation refers to the density of dipole moments. The dipole 

moments are induced in response to an electric field.  

 

b) How do you define the polarisation and polarisability? Use words and 

mathematical symbols. 

 

Polarisability, αj, of something, j, express how easy an electric dipole 

moment, pj, is generated. For electric polarisation, in response to a local 

electric field, ε local.  

   pj = αj ε local 

 

We can have polarisability of different modes or excitations (ion-, atom-, 

modes). ε local is influenced by dipoles from all other modes. 

 

As expressed in a) the polarization, P comes from the sum of all the dipole 

moments. 

P V =∑j (pj) 

It is usual to relate it to the applied external electric field ε,  

{ by:    P ∝  ε  (=o ε  in SI units) , which we use in e) } 

 

 

 

c) Draw how the polarisability will depend upon the frequency. Label the 

regions of the graph and make a short comment.  
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The total polarisability is the summation of the polarisability of the different 

aspects of the material that responds to an electrical field. Here are shown 

αtot = αdipoles + αionic+ αelectron 

With increasing frequency of the applied AC field, the slower motion 

polarisable components fade out (i.e. they become unable to respond to the 

field). Each time a component type fade out we observe a dramatic drop in 

the polarisibility. 

 

 

We can assume that the material parameter polarisation will depend on the 

symmetry properties of the material. Assume we have a centro symmetric crystal. 

 

d) Make a simple mathematical expression to tell that the polarisation of a 

particular material is centro symmetric.  

 

P (ε) =  P(ε)      

So if the applied electrical field reverses direction, the polarization also 

reverses. We use that in g) 

 

We may observe nonlinear optical effects when crystals are subjected to strong 

laser light.   

 

e) Explain very shortly what is meant by ‘optical nonlinearity’. 

 

The polarisation does not change linearly with the electrical component of 

the electromagnetic radiation/light. For a linear material we have P ∝  ε, 

where χ is constant. For nonlinear optics, χ is not constant,i.e.  χ = χ(ε)   

 

We may observe third harmonic generation in a centro symmetric crystal. 

 

f) Explain briefly why and some requirement for this observation. 

 

 

 

 

Electrons 
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Third harmonic generation refers to a situation where light with a frequency 

ω enters a material, and the light that comes out also contains the frequency 

3ω. We can explain that by the non-constant χ. If χ = χ(ε) , we can power 

expand it c(e) » c0 + c1e + c2e2 + c3e3 +..  

When the light has a frequency ω, we can write its electric field component 

as ε (t)= εo exp(iωt). Our electric polarization, P=o ε,    then becomes. 

PµP0 + c1e0 exp(iwt)+ c2e0

2 exp(i2wt)+ c3e0

3 exp(i3wt)+..  

If χ3 is not zero, the electrical field is sufficiently large (intense light) and 

the material is transparent for light with frequency equal to both ω and 3ω 

we can observe 3
rd

 harmonic generation. 

 

g) Will we observe second harmonic generation in a centro symmetrical 

crystal? Explain briefly. 

          No. In order to have, P (ε) =  P(ε), we must have 2 = 0 

 

 

 

Task 5 – Semiconductors (15 %) 

 
Consider an idealized semiconductor (i.e. working the way we have learned they 

should work). Our semiconductor has a direct band gap of 1.2 eV.  

 

a) Determine for which wavelengths the semiconductor will be transparent. 

 

Transparent for wavelengths λ > 1033 nm {= hc/E} 

 

We dope the material with donors that have ionization energy of 0.05 eV. We add 

10
17

 donor atoms per cm
3
. 

 

b) What will be the electron concentration in the conduction band? 

n=10
17

 cm
-3

.  

{With the low ionization energy 0.05eV all donors are ionized at RT. 

 No calculations needed to arrive at this. !} 

 

We irradiate the material by high energy electrons. This creates defects by the 

energetic electrons ‘knocking’ atoms out of their lattice position. Assume we only 

create one type of defects that will give a localized energy level position 0.8 eV above 

the valence band. Assume the irradiation introduces 510
16 

defects/cm
3
 in the 

material. 

 

c)  What will the electron concentration in the conduction band be then, and what 

will be the concentration of ionized donors at room temperature? Explain very 

shortly. 

 

n = 5x10
16

 cm
-3

, ND
+ 

= 1x10
17

 cm
-3

. 

Electrons from the donor level will fall down to the lower laying level of the defect 

at Et = 0.8eV so 5x10
16

 cm
-3

 will fall down. The ionization energy of the donor 
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level is small 0.05 eV, as in b) so it will be fully ionized at RT. (While  Ec-Et =0.4 

eV is sufficiently large that the trap level is not fully excited at RT.) 

 

d)  Make a schematic plot of the electron and hole concentration versus 

temperature from low temperature (1 K) to high temperature (1500 K). Use 

half logarithmic scale of concentration versus 1/T. (Logarithmic scale for the 

carrier concentrations and linear scale for 1/T.) 

 

Comments: The important and common regions are 

‘intrinsic’ , ‘freeze out’  and “saturation”. Here there are 

two plateaus for n in saturation regions. In the 

annotation Ea is the activation energy of line segments. 

We think of energy levels at Ev, EC, Et, and ED. (valence- 

and conduction- band edge, trap- and donor level) with 

densities NV, NC Nt and ND and respectively. Typically 

NV ≈ NC ≈ 10
19

cm
-3

; here ND=10
17

cm
-3

=2Nt. 

The law of mass action for the chemical reaction 

between holes and electrons is always valid: 

pn=ni
2∝exp(-Eg/kT), so specifically in the intrinsic 

region Ea= Eg/2 for both holes and electrons. In other 

regions p≪n, so p may come off-scale so it is 

acceptable to omit p.  In the freeze-out region Ea for n is 

approx. the donor ionization energy 0.05 eV=small 


