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FIG. 1. Convergence of the phonon dispersion of paramag-
netic bcc �-Fe (T = 1740 K) with q-point grid size. The grey
dots correspond to the experimental data from Ref. [30].

the phonon modes is observed as the temperature in-
creases. The phonon softening can be captured with a
number of di↵erent simulation methods [26–28]. A re-
cent DFT+DMFT study by Han et al. clearly attributed
the phonon softening to the melting of the ferromagnetic
order [9].

Here we compute the phonons for iron at tempera-
tures of 1160 K and 1740 K at the experimental equilib-
rium volumes. The convergence of the phonon dispersion
of paramagnetic �-Fe (T = 1740 K) is shown in Fig. 1.
While previous work used a minimal 2 ⇥ 2 ⇥ 2 q-point
grid [9], there are small but visible di↵erences between
the results of a 2⇥2⇥2 and a 4⇥4⇥4 grid. The phonon
dispersion is e↵ectively converged with a 4⇥4⇥4 grid, as
the di↵erences to the 6⇥ 6⇥ 6 result are small. The ad-
vantage of nondiagonal supercells is clear with the largest
grid; while for nondiagonal supercells, only supercells of
up to 6 atoms are needed (scaling linearly with grid size
N), the diagonal supercell would contain 216 atoms (scal-
ing as N

3). For the case of iron the DFT+DMFT force
calculations are remarkably robust; the di↵erence be-
tween the force computed directly by DFT+DMFT (Fi)
and that required by the acoustic sum rule (�

P
j 6=i Fj)

is smaller than 0.1% (cf. Methods).
The agreement between the experimental data (grey

dots in Fig. 1, Ref. [30]) and the calculations is very good,
although there are small di↵erences in the frequencies at
certain q-points, and the splitting of the branches along
� ! H is much smaller than in the experiment.

The phonon dispersion of the ferromagnetic ↵-phase
is shown in Fig. 2 for a temperature of 1160 K. While
the experimental Curie temperature TC is 1043 K, it is
overestimated by DFT+DMFT calculations due to the
fact that DMFT is a mean field theory and as such

overestimates phase transition temperatures. Within
DFT+DMFT, the transition temperature depends on the
choice of Coulomb interaction in the impurity solver. The
two options are the density-density only (‘Ising’) and ro-
tationally invariant (‘Full’) Coulomb interaction. In the
case of Fe, the choice of Coulomb interaction has an ef-
fect on the magnetic properties; while the Curie temper-
ature with the Ising Coulomb interaction is 2500 K, using
the Full interaction, the TC is 1550 K [9]. As a conse-
quence, the magnetic moment for the same physical tem-
perature of 1160 K is larger for Ising (2.38 µB) than for
Full (1.7 µB). A comparison of the phonon dispersions
at 1160 K calculated with Ising and Full Coulomb inter-
actions demonstrates that the phonon frequencies with
Ising are larger (Fig. 2), as expected given the larger
magnetic moment with Ising. For the paramagnetic case,
no such di↵erence is observed and the phonon disper-
sions computed with the two methods are identical (not
shown). This illustrates two important points: 1) it is
consistent with the interpretation that the phonon soft-
ening is largely due to melting of the ferromagnetic or-
der [9], and 2) it suggests that phonons can be sensitive
to the choice of Coulomb interaction. If this is the case,
the approach used in Ref. [9] of scaling the physical tem-
perature with respect to TC is appropriate.

While the use of non-diagonal supercells significantly
speeds up the DFT+DMFT lattice dynamics calcula-
tions, it is still very expensive compared to DFT. The
cost of the DFT+DMFT calculations increases with the
number of atomsNat in the unit cell as aNat+bN

3
at
, where

the linear term is due to the solution of the quantum im-
purity problems, which dominates the cost of the DFT
calculation (cubic term, small b) for reasonably sized sys-
tems [31]. The lattice dynamics calculations use very
small atomic displacements (0.02 bohr) and it is worth
checking how much the solution of the impurity prob-
lem is a↵ected by the small changes in atomic positions.
Fig. 3 shows the di↵erence between phonon dispersions

FIG. 2. Phonon dispersion of ferromagnetic bcc ↵-Fe
(T = 1160 K) computed with a 2 ⇥ 2 ⇥ 2 q-point grid. The
phonon dispersion shows clear di↵erences between density-
density (‘Ising’) and rotationally invariant (‘Full’) Coulomb
interactions used in the impurity solver. With ‘Ising’, the
magnetic moment is larger than with ‘Full’, and the phonons
are consequently harder.
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What is materials science?
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“The underlying physical laws for the mathematical theory of a large 
part of physics and the whole of chemistry are thus completely 
known, and the difficulty is only that the exact application of these 
laws leads to equations much too complicated to be soluble. It 
therefore becomes desirable that approximate practical methods of 
applying quantum mechanics should be developed, which can lead 
to an explanation of the main features of complex atomic systems 
without too much computation” 

Paul Dirac

Nobel Prize in Physics 1933 (together with Schrödinger)
“for the discovery of new productive forms of atomic theory”

Quantum Mechanics of Many-Electron Systems  
Proceedings of the Royal Society A 123, 714 (1929)



What is materials science?
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“The constructionist hypothesis breaks down when confronted with 
the twin difficulties of scale and complexity. The behaviour of large 
and complex aggregates of elementary particles, it turns out, is not to 
be understood in terms of a simple extrapolation of the properties of a 
few particles. Instead, at each level of complexity entirely new 
properties appear.” 

Phil Anderson

Nobel Prize in Physics 1977 (together with Mott and Van Vleck)
“for their fundamental theoretical investigations of the electronic structure of 
magnetic and disordered systems”

More is Different 
 Science 177, 393 (1972)
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Course B: Materials for Devices
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‣ Lectures: 
- Slides: will be available on Moodle 
- All lectures are recorded and will be available for the rest of the year 
- Lectures are for understanding the bigger picture

‣ Supervisions and Labs: 
- Supervisions to go over course material in detail 
- Labs cover some of the topics discussed in lectures 
- Supervisions and labs are for understanding the details

‣ Resources: 
- Handout: relatively new, any typos/errors/clarifications welcome! 
- Problems + solutions: check my group website at www.tcm.phy.cam.ac.uk/~bm418/ 
- Talk to each other 
- Textbooks and online resources 
- Other resources are for gaining independence and self-sufficiency
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Electric dipole moment
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Polarisation
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P = nμ

n : number of dipoles per unit volume [m−3]

[C m−2]



Polarisation mechanisms: electronic polarisation
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Polarisation mechanisms: ionic polarisation
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Polarisation mechanisms: orientation (molecular) polarisation

17

μ =
N

∑
i=1

μi ≃ 0

μ1 μ2

μi

μ =
N

∑
i=1

μi ≃ Nμ1

μ1

μ2

μi

μ
H H

O
δ+ δ+

δ−



Dielectric materials
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‣ Dielectric material: electrical insulator that can be polarised by applied electric field 
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‣ Dielectric material: electrical insulator that can be polarised by applied electric field 
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Dielectric materials
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E

‣ Dielectric material: electrical insulator that can be polarised by applied electric field 
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Dielectric materials
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E

‣ Dielectric material: electrical insulator that can be polarised by applied electric field 
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Dielectric materials
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‣ Displacement field:

D = ε0E + P

[F = C V−1]

E : electric field [Vm−1]

D : displacement field [Cm−2]

ε0 : permittivity of free space
[8.85 × 10−12 Fm−1]

[C m−2]P : polarisation
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‣ Displacement field in linear, homogeneous, 
and isotropic dielectric with instantaneous 
response:

D = εE

[F = C V−1]

E : electric field [Vm−1]
D : displacement field [Cm−2]
ε : permittivity [Fm−1]
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‣ Displacement field:

D = εE = κε0E

E : electric field [Vm−1]
D : displacement field [Cm−2]
ε : permittivity [Fm−1]

ε0 : permittivity of free space
[8.85 × 10−12 Fm−1]

κ = ε
ε0

: dielectric constant [dimensionless]
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E

‣ Dielectric material: electrical insulator that can be polarised by applied electric field 
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Dielectric materials
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‣ See derivation of polarisation in terms of dielectric constant and susceptibility

P = ε0E(κ − 1) = ε0 χE



Examples of dielectric materials
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κ

1 10 100 1,000 10,000 100,000

vacuum 
(1)
air 

(1.0006)
paper 
(1.4)

glass 
(3.7 − 10)

water 
(50 − 90)

BaTiO3 
(1,200 − 10,000)

CaCu3Ti4O12 
(10,000 − 300,000)

Credit: Scherff [CC BY-SA 3.0] via Wikimedia Commons 
José Manuel Suárez [CC BY-SA 2.0] via Wikimedia Commons 

Materialscientist [CC BY-SA 3.0] via Wikimedia Commons 
Scientific Reports 8, 1392 (2018)
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[F = C V−1]

−Q+Q L

V = L |E |



Charge density on parallel plate capacitor
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‣ See derivation in handout Appendix A (non-examinable)

σ = Qfree
A

= |D | [C m−2]



Parallel plate capacitor
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Parallel plate capacitor: alternative explanation
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https://www.youtube.com/watch?v=rkntp3_cZl4
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Additional slides



Aside: Gauss’s law
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ΦD = Qfree

ΦD : displacement field flux over closed surface S [C]
Qfree : total free charge enclosed by surface S [C]

ε0 : permittivity of free space [8.85 × 10−12 Fm−1]

ΦD = ∮S
D ⋅ dA

D : displacement field

dA : infinitesimal area element of surface S [m2]
[Cm−2]


