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Silicon CCDsLZ, Liquid Xenon Target

no proven observations of 

dark matter interactions

Aim of our team

To develop a new, more 

sensitive dark matter 

detector
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Detection

thin sample

chiral phonons
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Detection

chiral phonons

crystal lattice vibrations

• Circular or elliptical

• Low energies => 

sensitive detectors

• Recent discovery: 

enormous magnetic 

moments

(Hanyu Zhu, et al.)
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-> phonon Hall effect
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Detection
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chiral phonons

Dark matter particle detected
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Detection

Motivation Simulated materials DFT and DFPT simulations Results

chiral phonons

Aim of this thesis: 

• simulate potential candidates for the target material

• look for chiral phonons (and investigate their magnetic 

moments)
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PbTe and SnTe

+ alloys
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PbTe and SnTe

Motivation Simulated materials DFT and DFPT simulations Results

2023

• Extremely high magnetic 

moments of chiral phonons

• Pb1-xSnxTe seems like a 

good candidate for chiral-
phonon based DM detector

+ alloys
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Diagonal Pb0.5Sn0.5TeLayered Pb0.5Sn0.5Te

Pure PbTe Pure SnTe

Simulated structures
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DFT and DFPT simulations

Results



Density functional theory (DFT)

Method for simulating many-particle systems

Schrödinger equation (after Born-Oppenheimer aproximation)

kinetic energy of 

electrons
electron-electron 

interaction

nuclear effects on 

electrons
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Many body problem



Density functional theory (DFT)

solution:

electron 

wavefunction

electron 

density

1-electron 

function

K-S equation:

dim 3N dim 3

must be 

solved 

iteratively
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kinetic energy of 

electrons

electron-electron 

interaction

nuclear effects on 

electrons

exchange-correlation 

functional

depend on n(r)



Density functional theory (DFT)
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Density functional Perturbation theory (DFPT)

• Ground state properties -> electronic band structure

• Small perturbation (f.e. atomic displacement) applied on the crystal

• Second derivative of the ground state energy E 

-> phonon band structure



Band structure calculation

optimizing 

cutoff energy 

optimizing 

k-point grid density

geometry 

optimization

tightly converged 

wavefunction
derivative 

database

interpolation of 

phonon BS
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Software: ABINIT

Phonon BS

Electronic BS 

calculation 

using DFT

Electronic BS

Postprocessing

angular momentum
- optimal coefficients for 

mode combinationsp
y
th

o
n

a
b
in

it

a
b
in

it

a
b
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it

magnetic moment
- using Born effective 

charges

Numerical 

parameters
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Electronic band structure

high symmetry points in 

reciprocal (momentum) space 

energy an electron is 

allowed to have at a 

given momentum

empty bands

filled bands

Obtained for all four 

investigated crystals
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Electronic band structure

Obtained for all four 

investigated crystals

Used to locate the 

fundamental band gap

= highest magnetic 

moments of phonons

fundamental 

band gap
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Phonon band structure

Obtained for all four 

investigated crystals

high symmetry points in 

reciprocal (momentum) space 

energy a phonon is 

allowed to have at a 

given momentum
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Phonon band structure

Obtained for all four 

investigated crystals

Searched for 

degenerate modes

12
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1 2

12

degenerate linear modes 

Motivation Simulated materials DFT and DFPT simulations Results

can generate 

chiral modes!



Angular momentum
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Angular and magnetic moments of chiral phonons

Motivation Simulated materials DFT and DFPT simulations Results

Diagonal 

Pb0.5Sn0.5Te

Layered 

Pb0.5Sn0.5Te

Pure PbTe

Pure SnTe

Magnetic moment [μN] 
(of lowest energy mode)

0.028

0.084

0

(due to negative interference)

0

(no chiral phonons)
(broken symmetry)
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What does this mean for the DM detector?

• most suitable: pure SnTe

• need to simulate larger 

quasi-random structures

• add topological contribution 

to magnetic moment

Motivation Simulated materials DFT and DFPT simulations Results

Pb1-xSnxTe alloys are good candidates for DM detectors

and the simulation approach has to be extended
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Conclusion of this work

• Simulated phonon and electronic band structures using DFT and DFPT

• Developed a post-processing procedure 

• chiral superpositions of degenerate phonon modes

• angular and magnetic moments

• Some structures can't host chiral phonons, negative interference

• Future work: quasi-random approach, topological contribution to 

magnetic moment

21
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Thank you for your attention!



1) Zdá se mi, že v tabulce 6.4(b) odpovídají magnetické momenty SnTe 

(±0,048 a ∓0,045 μN) hodnotě Z* = 5,69 e, tedy Bornovu efektivnímu 

náboji PbTe, a nikoli hodnotě 9,92 e uvedené v tabulce 6.3. Byly 

momenty SnTe skutečně vyhodnoceny se správnými tenzory Z*?

• Corrected values:

30

Before: 0.048, 0.045



31

2) Do výpočtů nebyla zahrnuta spin-orbitální interakce, přestože je jí ve zdroji [5] 

přisuzován původ obřích chirálních momentů. Jak by její zahrnutí ovlivnilo Vaše 

výsledky a bylo by výpočetně dosažitelné?

Topological magnetic moment calculation

SOC needed

Our approach:

• magnetic moment calculation through Born Effective Charge 

= nontopological contribution 

• depends only on BEC, phonon eigenvectors
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Born Effective Charge (BEC) Tensor

• describes macroscopic polarisation in response to atomic 

displacement

x

y
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Born Effective Charge (BEC) Tensor

x

y

P*

• describes macroscopic polarisation in response to atomic 

displacement
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Born Effective Charge (BEC) Tensor

x

y

P*

BEC doesn’t depend heavily on SOC 

(just a relativistic correction)

• describes macroscopic polarisation in response to atomic 

displacement
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Comparison with experimental measurement from Li et al., 2014

• simulation fits data well -> phonon band structure not 

affected by turning off the SOC

=> SOC not used in our calculations
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Topological Contribution Calculation 

• adding SOC - simulation must exclude some of the 

symmetries => very resource-demanding calculations

• several extra simulations needed

• much more complex theory (Berry curvature, Chern 

numbers…)

Goal for our future work



A standard practice in literature:
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3) Používané značení mi přišlo v některých částech práce poněkud nevhodné až matoucí. 

Existuje například nějaký praktický důvod, proč je v práci použito pro složky vektorů 

tučné značení místo intuitivních šipek? V této souvislosti bych byl rád, pokud by autorka 

mohla detailněji okomentovat vztah (3.9).
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magnetic moment

(vector) angular momentum

(vector)

of atom j

of phonon mode ν at 

a given wavevector q

mass of atom j

(scalar)

elementary charge

(scalar)

of phonon mode ν at 

a given wavevector q

BEC tensor

(tensor)

• describes macroscopic 

polarization 

BEC tensor

effective

3) V této souvislosti bych byl rád, pokud by autorka 

mohla detailněji okomentovat vztah (3.9).
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Comparison with experimental measurement from Li et al., 2014

• experimental data measured using inelastic neutron scattering

• all phonon branches not uniformly resolved 

(dependency on neutron momentum transfer and interference of specific 

atomic scattering contributions)

• simulation fits data reasonably well and is therefore considered to have 

predictive value

Motivation Simulated materials DFT and DFPT simulations Phonons
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Motivation Simulated materials DFT and DFPT simulations Phonons
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BEC Tensor values
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Convergence of numerical parameters

Motivation Simulated materials DFT and DFPT simulations Results

Convergence done for:

•  cutoff energy

•  density of k-point grid

• geometry parameters 

of given crystal

Obtained numerical 

parameters needed for 

follow-up simulations
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Diagonal Pb0.5Sn0.5TeLayered Pb0.5Sn0.5Te

Pure PbTe Pure SnTe

Simulated structures

Motivation Simulated materials DFT and DFPT simulations Results
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k-point grid 
c
u
tto

f e
n
e
rg

y

Motivation Simulated materials DFT and DFPT simulations Results
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geometry optimization

experimental values were taken from literature

• simulated lattice 

parameters reasonably fit 

the experimental values

• optimized values of cutoff 

energy, k-point grid density 

and lattice parameters were 

used for further simulations

k-point grid 

Motivation Simulated materials DFT and DFPT simulations Results



50

Electronic band structure

Motivation Simulated materials DFT and DFPT simulations Results
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Phonon band structure

Motivation Simulated materials DFT and DFPT simulations Results



Particle nature of dark matter

52



How would the detector distinguish dm particle from 
everything else?

• Directionality (Cygnus constellation)
• Seasonality
• …
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Why we think dark matter exists?

• Galaxy rotation curves

• Gravitational lensing

• Cosmic structure formation

• Cosmic microwave background

54
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