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Dark matter

Aim of our team

To develop a new, more
sensitive dark matter
detector

Target

Z, Liqud Xeno Silicon CCDs

no proven observations of
dark matter interactions

Motivation Simulated materials DFT and DFPT simulations Results



Detection

thin sample

_ Simulated materials DFT and DFPT simulations Results




Detection

chiral phonons

thin sample

_ Simulated materials DFT and DFPT simulations Results




chiral phonons

(Hanyu Zhu, et al.)

Circular or elliptical

Low energies =>
sensitive detectors

Recent discovery:
enormous magnetic
moments

crystal lattice vibrations

Motivation Simulated materials DFT and DFPT simulations Results



Detection

— Dark matter particle detected

chiral phonons -> phonon Hall effect

_ Simulated materials DFT and DFPT simulations Results




Detection

chiral phonons

Aim of this thesis:

« simulate potential candidates for the target material

* look for chiral phonons (and investigate their magnetic
moments)

Motivation Simulated materials DFT and DFPT simulations Results
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Motivation

PbTe and SnTe
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Simulated materials

DFT and DFPT simulations

Results



PbTe and SnTe
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CONDENSED MATTER PHYSICS moments of chiral phonons
Observation of interplay between phonon chirality and | ceeep Pb. Sn.Te seems like a
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Simulated structures

Pure PbTe
P @ ¢ &
‘ _____________
Layered Pby 55n, sTe
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Motivation Simulated materials

Pure SnTe
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Density functional theory (DFT)

Method for simulating many-particle systems

Schrodinger equation (after Born-Oppenheimer aproximation)

_%ng+ZZU(i,j)+ZV(z‘) Y = Ev,

_ 1 v <1

kinetic energy of electron-electron
electrons interaction
Motivation Simulated materials

nuclear effects on
electrons

DFT and DFPT simulations

Results



Density functional theory (DFT)

Method for simulating many-particle systems

Schrodinger equation (after Born-Oppenheimer aproximation)

h2 N N N ]
2 .o .
—5 =D Vi) D UlLd) + ) V()¢ = Ey,
_ () 1 <1 ? i
kinetic energy of electron-electron nuclear effects on
electrons interaction electrons

Many body problem

Motivation Simulated materials DFT and DFPT simulations Results



1-electron

Density functional theory (DFT) N /function
solution: w — n(’r‘) n(r) =2 E P (r)i(r)
electron electron 7]
wavefunction density
dim 3N dim 3
exchange-correlation
1OCC | ( ) ( ,) functional
nrnmTr
Eln(r)] = — > / Fih iV, d3r+§ // P &r dr'+ / V(r)n(r) dr+Excn(r)]
kinetic energy of electron-electron nuclear effects on
electrons interaction electrons

K-S equation: depend on n(r) -

hQ ) / \ must be
——V°+ V(T) + VH(T) + Vxc lbq,('r) = €;U; solved
_ 2m | iteratively

Motivation Simulated materials DFT and DFPT simulations Results 16



Density functional theory (DFT)

« Ground state properties -> electronic band structure

Density functional Perturbation theory (DFPT)
« Small perturbation (f.e. atomic displacement) applied on the crystal

« Second derivative of the ground state energy E
-> phonon band structure

Motivation Simulated materials DFT and DFPT simulations Results



Software: ABINIT

Electronic BS

Motivation

Band structure calculation

Numerical
parameters

Phonon BS
E tightly converged R interpolation of
a wavefunction database phonon BS
Postprocessing

angular momentum [ magnetic moment

- optimal coefficients for - using Born effective
mode combinations charges

python

Simulated materials DFT and DFPT simulations Results 18
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Electronic band structure

PbTe "7 Br (Fermi Level) Obtained for all four

(N}

f

empty bands

y 1 A investigated crystals
v M@K

! filled bands
N } \ \ /\\ /\‘\— energy an electron is
B allowed to have at a
&A\/\ given momentum
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high symmetry points in
reciprocal (momentum) space

Motivation Simulated materials DFT and DFPT simulations Results
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Electronic band structure

PbTe —---  Ep (Fermi Level)

\/\\ N \4 A4 \7

N

| fundamental

VAN

/\
WA

r X W K r . UW L K UX

Obtained for all four
investigated crystals

Used to locate the
fundamental band gap

= highest magnetic
moments of phonons

Motivation Simulated materials DFT and DFPT simulations Results 21



Phonon band structure

PbTe -~ Zero Frequency

Obtained for all four
investigated crystals

energy a phonon is
allowed to have at a
given momentum

high symmetry points in
reciprocal (momentum) space

Motivation Simulated materials DFT and DFPT simulations Results
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Phonon band structure

PbTe

N\

Motivation Simulated materials

Obtained for all four
investigated crystals

Searched for
degenerate modes

DFT and DFPT simulations Results 23



Motivation

degenerate linear modes

Simulated materials DFT and DFPT simulations

can generate
chiral modes!

Results



Angular and magnetic moments of chiral phonons

Angular momentum Magnetic moment [uN]
o9 = (of lowest energy mode)
Pure PbTe | ® | | 0.028
.o
PureSnTe | @ ® . 0.084
g @
Layered 0
PbosSngsTe | o .
0.5°Mo.5 ‘ -------------- (no chiral phonons)
Diagonal 'O 87 g 0
Pb. .Sn. . Te | @ ® i .
05°Mo51€ 1 1 (due to negative interference)
(" SO

Motivation Simulated materials DFT and DFPT simulations Results



What does this mean for the DM detector?

------------
= =a

« most suitable: pure SnTe s

___________

SCIENCE ADVANCES | RESEARCH ARTICLE

* need to simulate larger
quasi-random structures

CONDENSED MATTER PHYSICS

Observation of interplay between phonon chirality and
electronic band topology

Felix G. G. Hernandez'#, Andrey Baydin®3+, Swati Chaudhary®**, Fuyang Tay*’, ° ad d to po log] C a l CO n t r] b u t] O n
Ikufumi Katayamas, Jun Takeda®, Hiroyuki Nojirig, Anderson K. Okazaki'%, Paulo H. O. Rappl"’, o
Eduardo Abramof'?, Martin Rodriguez-Vega®®, Gregory A. Fiete®®, Junichiro Kono®31"12* to m a g n et'l C m O m e n t

!

Pb,_.Sn, Te alloys are good candidates for DM detectors
and the simulation approach has to be extended

Motivation Simulated materials DFT and DFPT simulations Results



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

PbTe
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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

PbTe

1 et

Thank you for your attention!
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1) Zda se mi, ze v tabulce 6.4(b) odpovidaji magnetické momenty SnTe
(+0,048 a ¥0,045 puN) hodnote Z* = 5,69 e, tedy Bornovu efektivnimu
naboji PbTe, a nikoli hodnote 9,92 e uvedené v tabulce 6.3. Byly
momenty SnTe skutecné vyhodnoceny se spravnymi tenzory Z*?

e Corrected values:

(b) Magnetic Moments [py]

Material | L-point | Atom TA TO, TO, TOs3
Sn | £0.084  0.000 - -
Sn'Te L Te 0.000 =F0.078 - -
Total | £0.084 F0.078 - -
Before: 0.048, 0.045




2) Do vypoctu nebyla zahrnuta spin-orbitalni interakce, prestoze je ji ve zdroji [5]
prisuzovan puvod obrich chiralnich momentu. Jak by jeji zahrnuti ovlivnilo Vase
vysledky a bylo by vypocetné dosazitelné?

SCIENCE ADVANCES | RESEARCH ARTICLE Topological magnetic moment calculation
CONDENSED MATTER PHYSICS
Observation of interplay between phonon chirality and 1

electronic band topology

Felix G. G. Hernandez'#, Andrey Baydin®>f, Swati Chaudhary**¢, Fuyang Tay*’,
Ikufumi Katayama®, Jun Takeda®, Hiroyuki Nojiri®, Anderson K. Okazaki'%, Paulo H. 0. Rappl'®,
Eduardo Abramof'®, Martin Rodriguez-Vega4'5, Gregory A. Fiete®®, Junichiro Kono®311 12

SOC needed

Our approach:

* magnetic moment calculation through Born Effective Charge
= nontopological contribution
» depends only on BEC, phonon eigenvectors
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K

Born Effective Charge (BEC) Tensor

« describes macroscopic polarisation in response to atomic
displacement
A

e O o
J,xr ],y
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L
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Zj,yz
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K

Born Effective Charge (BEC) Tensor

« describes macroscopic polarisation in response to atomic
displacement
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Born Effective Charge (BEC) Tensor

« describes macroscopic polarisation in response to atomic
displacement

o @ o
*k *k
AT

J.xrxr 7,2y

®

LYyr  J,YY

X X
Zjvzx Zjvzy

_

BEC doesn’t depend heavily on SOC
(just a relativistic correction)

>k
L

k
Zj,yz
7%

2
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Comparison with experimental measurement from Li et al., 2014

Energy [meV]

« 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

36



3) Pouzivané znaceni mi prislo v nékterych castech prace ponéekud nevhodné az matouci.
Existuje napriklad néjaky prakticky duvod, proc je v praci pouzito pro slozky vektoru
tucneé znaceni misto intuitivnich sipek? V této souvislosti bych byl rad, pokud by autorka
mohla detailnéji okomentovat vztah (3.9).

A standard practice in literature:

James Patt

Carl P. Romao®,!"* Riccardo Catena,? Nicola A. Spaldin .l and Marek Matas©!-*
‘Deparrmem of Materials, ETH Ziirich, CH-8093 Ziirich, Swiizerland
2Department of Physics, Chalmers University of Technology, SE-412 96 Géteborg, Sweden

II. THEORETICAL FORMALISM

A. Classical angular momentum and magnetic
moments of phonon modes @ (Received 2 March 2023; accepted 17 November 2023; published 19 December 2023)

Solid-

Let (ay, ay, a3) be
by

where (I, b, 1)
written as simply

We begin by reviewing the microscopic expression for
the angular momentum L and the magnetic moment M of a
general elliptically polarized phonon mode, which is a super-
position of two orthogonal linearly polarized phonon modes.
This formalism has been developed recently, see Ref. [14],
and we summarize the formulas relevant to our present study
below. We focus on phonon modes at the Brillouin zone center
that can be excited with light and for which we may neglect
the momentum dependence. L. and M, defined per unit cell,
are given by

L =Q x 3Q, (1)

M =yL, (2)

While not fully understood, these giant phonon magnetic
moments are believed to arise from interactions between the
ionic and electronic angular momenta [43], e.g., by coupling
to the crystal field splitting of 4 f paramagnets [33,35], or to
topological electronic states [31,44]. Such electronic contri-
butions to the phonon magnetic moment can be expressed in
terms of anomalously large effective charges (Z;) of the ions
[44], such that the phonon magnetic moment is

Z
ion =D Lpnas 9

where Ly, o are the angular momenta of each atom participat-
ing in the phonon and m,, are the atomic masses [45].
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3) V této souvislosti bych byl rad, pokud by autorka
mohla detailnéji okomentovat vztah (3.9).

BEC tensor
(tensor)
elementary charge
effective
magnetic moment
(vector) \ angular momentum

\
Hqv = ng
=117

/ vector
7,qV

of atom j

mass of atom j
of phonon mode v at
a given wavevector q

BEC tensor

(7 202 )

jZCZE j:z:y 1,02
* _ 7% 7%

Z] ]Wf Jyy J:Yz

\Zj2x Zjay Zjez)

» describes macroscopic
polarization

of phonon mode v at
a given wavevector q

38
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DEHFIQ ORACLE,

WHAT 15 THE
NATURE OF
DARK MATTER?

IT'6 ABOUT

20 POUNDS.

JJ
.\\

WHAT?

DARK MATTER 1S A
PARTICLE. IT WEIGHS
ABOUT 20 POUNDS.

IT ONLY INTERACTS
THROUGH GRAVITY.

[((.))}

OvNLY| GRAVITY, HUH?

50 NONE OF OUR
EXPERIMENTS ARE
REALLY GOING TO
TELL US ANYTHING

HORE ABOUT IT; THEN.

AFRP\\D NOT.

S0 WHAT DO WE DO?

[ YOU SHOULD GO
OUT FOR BURRITOS.

HOW WILL
THAT HELP?

LJIJELL
\ BURRITOS ARE

PRETTY GOOD.
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DARK. MATTER CANDIDATES:

eV eV eV keVMeV GeV TV 107K Mg Mg g r:lg N 0% 10%kg  10%g 10%%s  10%%

IlIlI.lI.I.IlIJ.lJ.II_I_IlJ_Illl.LIIIIIIIIIILlIIIr I"I I.Il .IJ_ r I 1 I
] '] 'l p___B | T 1 v i

.——ﬁmr:r:rmwa wmrm-' —

FAONS. LS Pt i ]
ARIONS Srerie Q-BALLS MICRD |  BUZZKILL
NEUTRINOS |  NEVTRAUNGO NO-SEE-UMS Lmsme LENSING | ASTRONOMERS

ELECTRONS PAINTED DEELISF-."": GAMMA NEUTRON - SOLAR SYSTEM
LITH SPACE. CAMOUFLAGE 8-BALLS MONOUTHS, Rﬁfgﬂ STAR DATA  STABILTY

PYRAFIDS MAYBE THOSE oRBIT LINES IN SPRCE
DIAGRAMS ARE REAL AND VERY HEAVY




Comparison with experimental measurement from Li et al., 2014
Sn'Te PbTe

T

Energy [meV]

_—————~

X T x X r X

« 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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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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(a) Angular Moments [h]

(b) Magnetic Moments [fx]

Material | L-point | Atom TA TO, TO, TO;, Material | L-point | Atom TA TO, TO, TO;
Sn +1.000  0.000 - - Sn +0.084  0.000 - -
SnTe L Te 0.000  +1.000 - - SnTe L Te 0.000 =F0.078 - -
Total | +£1.000 +1.000 - - Total | £0.084 =F0.078 - -
Pb | +1.000 0.000 - - Pb | £0.028 0.000 - -
PbTe L Te | 0.000 +1.000 - - PbTe L Te | 0.000 70.045 - -
Total | +£1.000 =+1.000 - - Total | £0.028 F0.045 - -
Layers A no chiral phonons due to symmetry breaking Layers A no chiral phonons due to symmetry breaking
Pb | £0.357 +0.273 +0.371 =+0.000 Pb | £0.011 =0.009 =+ 0.012  0.000
r Sn +0.204 +0.166 <+0.630 0.000 T Sn | £0.009 =F0.010 =+0.037 0.000
Diagonal Teys | £0.220 40.280  0.000 +0.500 Diagonal Te;» | 70.010 +0.015  0.000 +0.027
Total | =1.000 =+£1.000 =+1.000 =1.000 Total | 0.000 +0.011 40.049 +0.053
F no chiral phonons due to symmetry breaking I no chiral phonons due to symmetry breaking
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BEC Tensor values

Material | Atom | 27, Z; 27, 2, Z.. Z,.
Sn 9.92 992 992 0.00 0.00 0.00
Sn'Te
Te |-9.92 -992 -992 0.00 0.00 0.00
Pb 5.69 5.69 5.69 0.00 0.00 0.00
PbTe
Te |-5.69 -5.69 -5.69 0.00 0.00 0.00
Snio | 7.84 784 756 0.00 0.00 0.00
Pbys | 6.57 6.57 6.97 0.00 0.00 0.00
Layers ’
Te;s | -6.97 -6.97 -6.97 0.00 0.00 0.00
Tegs | -7.44 -7.44 -7.56 0.00 0.00 0.00
Sn 3.27 6.61 6.82 -1.11 -0.68 -0.21
Diagonal | Pb 5.80 6.49 6.53 -0.23 -0.14 -0.04
Te;s | -4.03 -6.05 -6.68 0.67 041 0.12
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Convergence of numerical parameters

—@— Relative Energy

—_
-] |

T

Relative Energy [Ha]

—
L—
1

-l- AE [meV]

PbTe

Converged Region Convergence done for:
e cutoff energy

e

—

e’
1

20 « density of k-point grid

« geometry parameters
of given crystal

Obtained numerical
parameters needed for
follow-up simulations

Motivation

Cutoff Energy [Ha]

Simulated materials

DFT and DFPT simulations Results
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Simulated structures

Pure PbTe

-----------
--—

A
'\ 4rs ¢ c
® @
¢ o I % :
L i

Motivation Simulated materials

Pure SnTe

____________
=2

-’

Results

DFT and DFPT simulations
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K-point grid
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K-point Grid Density

Motivation

1 3 5 7 9
K-point Grid Density

Simulated materials

DFT and DFPT simulations

geometry optimization

Material | agm [A]  aexp [A]  Tix [K] Error [%)]
SnTe 6.23 6.32 300 1.42
PbTe 6.38 6.43 0 0.78
Layers 6.32 6.39 300 1.10

Diagonal 6.31 6.39 300 1.25

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

Results
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Electronic band structure

q

Motivation

Simulated materials

DFT and DFPT simulations

Results



Phonon band structure

Sn'Te
15 x 15- P
i § 10 /
gé N
. iy 4v/8
SN LS
_5_ 0- _____________________________________________________________________
U X T X M r Z R A 7 M A
PbTe PbSnTe Diagonal

N/ NI

Motivation Simulated materials DFT and DFPT simulations Results



Particle nature of dark matter

56’

a7t

—55°58'

6h58m42: 36 30 24

[8°

12
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How would the detector distinguish dm particle from
everything else?

* Directionality (Cygnus constellation)
* Seasonality

53



Why we think dark matter exists?

» Galaxy rotation curves
 Gravitational lensing

« Cosmic structure formation

« Cosmic microwave background

54



DARK. MATTER CANDIDATES:

MV meV eV KeVMeV GV Tev 107 MG Mg g K3 TONIO°ks 0%y  10%s 107k  10™%ks
e I T T T T Y T Y T T T T T T T R B T M T T T T T T T
.——wmwmw-ﬂ

n ez zza .

Prmnua Gﬁﬁuﬁ FOLLEN T‘]IERD BUZZKILL
NEUTRALINGS NO-SEE-MS ING Lﬂmuﬁﬂﬁfﬁﬂm

ﬂzcm& PAINTED
WITH SPACE CAMOUFLAGE

{]ﬁEusrﬁ NEUTRON  SOLAR SYSTEM
B-BALLS MoNOUTHS, %EH STARDATA  STABILTY

b5 MAYBE THOSE ORBIT LINES IN SPACE
DIARGRAMS ARE REAL AND VERY HEAVY
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