Excitonic properties of hBN from a time-dependent

Hartree-Fock mean-field theory

Student: Francisco Lobo
Advisor: Bruno Amorim
Co-advisor: Nuno Peres

\'/

Il\

Universidade do Minho
Escola de Ciéncias

Francisco Lobo Excitons in hBN Master's thesis 1/19



Introduction

Francisco Lobo Excitons in hBN Master’s thesis




Main objective:

Francisco Lobo Excitons in hBN Master's thesis




Main objective:
® Formulate a general method to calculate excitonic properties

Francisco Lobo Excitons in hBN Master's thesis

2/19



Main objective:
® Formulate a general method to calculate excitonic properties

® Excitonic band structure
® Excitonic wave-functions

Francisco Lobo Excitons in hBN Master's thesis

2/19



Main objective:
® Formulate a general method to calculate excitonic properties
® Excitonic band structure
® Excitonic wave-functions
® Generalized susceptibility
® Optical conductivity

Francisco Lobo Excitons in hBN Master's thesis

2/19



Main objective:
® Formulate a general method to calculate excitonic properties
® Excitonic band structure
Excitonic wave-functions
Generalized susceptibility
Optical conductivity

® Apply it to the case of 2D materials such as hBN

Francisco Lobo Excitons in hBN Master's thesis 2/19



Main objective:
® Formulate a general method to calculate excitonic properties
® Excitonic band structure
Excitonic wave-functions
Generalized susceptibility
Optical conductivity

® Apply it to the case of 2D materials such as hBN

For this, we will need a:

Francisco Lobo Excitons in hBN Master's thesis 2/19



Main objective:
® Formulate a general method to calculate excitonic properties
® Excitonic band structure
Excitonic wave-functions
Generalized susceptibility
Optical conductivity

® Apply it to the case of 2D materials such as hBN

For this, we will need a:

® Time-dependent mean-field theory

Francisco Lobo Excitons in hBN Master's thesis 2/19



Main objective:

® Formulate a general method to calculate excitonic properties

® Excitonic band structure
Excitonic wave-functions
Generalized susceptibility
Optical conductivity

® Apply it to the case of 2D materials such as hBN

For this, we will need a:
® Time-dependent mean-field theory

® Expression for the effective two-particle Hamiltonian

Francisco Lobo Excitons in hBN

Master's thesis

2/19



Main objective:
® Formulate a general method to calculate excitonic properties
® Excitonic band structure
Excitonic wave-functions
Generalized susceptibility
Optical conductivity

® Apply it to the case of 2D materials such as hBN

For this, we will need a:
® Time-dependent mean-field theory
® Expression for the effective two-particle Hamiltonian
Specific to a given:
® System's degrees of freedom

® Eletronic model for the single-particle states
® FElectron-electron interaction

Francisco Lobo Excitons in hBN Master's thesis 2/19



Main objective:
® Formulate a general method to calculate excitonic properties

® Excitonic band structure
Excitonic wave-functions
Generalized susceptibility
Optical conductivity

® Apply it to the case of 2D materials such as hBN

For this, we will need a:
® Time-dependent mean-field theory
® Expression for the effective two-particle Hamiltonian
Specific to a given:
® System's degrees of freedom
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Theoretical
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excitons




Time-dependent Hartree-Fock mean-field theory
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Time-dependent Hartree-Fock mean-field theory

Many-body system of electrons
Heq = Z hapclcs + = Z cﬁcﬁyc(;

a,B'yJ
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Time-dependent Hartree-Fock mean-field theory

Many-body system of electrons

Heq = Z hapclcs + = Z cﬁcﬁyc(;
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Time-dependent Hartree-Fock mean-field theory
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Time-dependent Hartree-Fock mean-field theory

Reduced density matrix
Pba(t) = <C§(t)cb(f)>

%pab(t) = é <[H, cg(t)]c,,(t)> + ,ii <c}§(t)[H, ca(t)]>

aa(t) (hab + B«;bFi(t)) - (haB + B.;,BFi(t)) pBb(t)
(0} 1 (0}
vaﬁ <clc;cyca> — EVbJB <clcgc(;ca>

1
+ 5 fod <C};CLC’YC5> — EV%B <CZC2C7C5>

d
—ih—pap(t) =

+
RN~ D
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Time-dependent Hartree-Fock mean-field theory

Mean-field decoupling

<C:£C;3C7C5> ~ —pya(t)psp(t) + paa(t)pqs(t)
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iﬁ%p(t) =[h+ B - F(t) + Z"[p(t)] + =  [p(t)]. p(t)]

Hartree and Fock self-energy terms
‘ N ) S("l'(\(‘l\l(‘(l
potentia
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T Io(t) — pO] = — W2 psa(t)
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Time-dependent Hartree-Fock mean-field theory
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Time-dependent Hartree-Fock mean-field theory

Linear response in the single-particle eigenbasis at zero temperature

hzc — €20 fo=1
t ~ (0) + (1) t ac av¥ac o

(hwS — Hew) pM(w) = 8T (w)

Effective two-particle Hamiltonian

R C | TbA
He_h:|:c1. R*:| ~ R

Resonant Block

R=H32 = (€e1 - 602) 5e16350204 + (V04el - W:216034)

€102 02€3
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Linear response eigenvalue solution
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Linear response eigenvalue solution

(hwS — Hep) - Wy = E\W.

Excitonic generalized eigen-problem

Hep Wx = ExS - Wy
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Linear response eigenvalue solution

(hwS — Hep) - Wy = E\W.

Excitonic generalized eigen-problem

Hep Wx = ExS - Wy

PV (w) = ax(w)Wx
X

Reduced density matrix solution

P =D wx ey S BF()
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Excitonic generalized
eigen-problem
in a crystal




Excitonic generalized eigen-problem in a crystal

Structure in the Bloch
momentum degree of freedom

L7{k+Q}C1,kV2(w7 Q + G)
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Excitonic generalized eigen-problem in a crystal

Structure in the Bloch
momentum degree of freedom

L7{k+Q}C1,kV2(w7 Q + G)

TDA K'+Q sk vy
Hew = Riw(Q) = H~£{k+0}c}1,kV2

{k+Ql>010'1 {k+Q}CgO’3 {k +Q}C10'1 {k'+Q}csos {k+9}5101 {k,+9}530'3
€{k+Q}cr ~ Ckvy éq—(kk/HG
kv270'2 k’l);0'4 k’l;20'2 k/';40'4
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Structure in the spin degree of freedom
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Structure in the spin degree of freedom

|s) = (1/V2) (lct,v 1) +]c b v 1))
Ri=e—W+2V

Spin-triplet set of solutions

ity =lctvi), [chvt), @/vV2)(letv ) —lcl,v])
Ri=e— W

> >

— _ i k+QYcr kv, kv {k+Q}c
€ = (€k+Q}e — hw) s W= kaZ,{k’+Q}C3’ =V {k10)a

Francisco Lobo Excitons in hBN Master’s thesis 9/19



Excitons on
hBN structures




Eletronic single-particle states - NN tight-binding model
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Eletronic single-particle states - NN tight-binding model

1

Hrg = Z GAQLIQR; = Z GBblT-‘.I_bRI.
i

—t Z (aTRI_bR,.Mj + bLjaRi_gj.)
(i)
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Eletronic single-particle states - NN tight-binding model

H,
10T .
© ¢ PO Hrg(k) = [ EAT tYk ]
¢ ¢ © © — Y €B
O O O O 0 E(k): T5C—M—T (eV)

¢ ¢ ¢ \_//
Hrg = Z EAQEiaR,. = Z GBblT-‘.I_bRI.
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Electron-electron interaction - Atomistic model
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Electron-electron interaction - Atomistic model

Hee =Y V((Ri+sy)— (Ra+5g)) ch o, Gho Roca 1y

RiR>
S1S2
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Electron-electron interaction - Atomistic model
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Electron-electron interaction - Atomistic model

Hee =Y V((Ri+sy)— (Ra+5g)) ch o, Gho Roca 1y

RiR>
S1S2

o V(g + G)oiqpe v
ko {K+a}

Coulomb Potential Rytova-Keldysh Potential
e? 1 e2 1 1

V k)= —— Wk —— —

2D( ) ( ) 2¢e0 “(l 1+ ro|k‘
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Electron-electron interaction - Atomistic model

Hee = Z Vv ((Rl + s<1) - (R2 + sCz)) Cl];lgl C|Ta2<2 CRy2 CR161

RiR>
S1S2

o V(g + G)oiqpe v
ko {K+a}

Coulomb Potential Rytova-Keldysh Potential
e 1 e 1 1

Vop(k) = =+ et 1 _
20(k) W) = o K TT oK W(w=0)
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Quick recap
&

Numerical
implementation




Implementing the electron-hole Hamiltonian
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Implementing the electron-hole Hamiltonian

Discretization of the hBN 1BZ

{k’l-i-Q}Cg,kllwl K
Hon(Q) = {k1+Q}erkivy
di

9000 k—points
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Implementing the electron-hole Hamiltonian
Discretization of the hBN 1BZ

R{k’1+Q}C3,k'1v4 K/
Hon(Q) = {k1+Q}erkivy

v di

Fixed excitonic
center of mass (E{k—i—Q}cl — Ekvg) 6{k+Q}cl {kI+Q}CB5kU2 klv4
momentum ’ ’

9000 k—points

+ Vklv4,{k+Q}cl . {k+Q}e1 K'vy
k’U27{k’+Q}C3 kvg,{k’-l-Q}Cg

Francisco Lobo Excitons in hBN Master's thesis 12/19



Implementing the electron-hole Hamiltonian
Discretization of the hBN 1BZ

R{k’1+Q}C3,k'1v4 K/
Hon(Q) = {k1+Q}erkivy

v di

Fixed excitonic
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Implementing the electron-hole Hamiltonian
Discretization of the hBN 1BZ

R{k’1+Q}C3,k'1v4 K/
H.,(Q) = {k1+Q}ey kivy

v di

Fixed excitonic
center of mass (E{k—i—Q}cl — Ekvg) 6{k+Q}cl,{k’+Q}035kU2,k’”4

momentum

9000 k—points

+ Vklv4,{k+Q}cl . {k+Q}e1 K'vy
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Implementing the electron-hole Hamiltonian
Discretization of the hBN 1BZ

R{kI1+Q}C3>k11U4 K
H.,(Q) = {k1+Q}er kv

Vi di

Fixed excitonic

9000 k—points

E::iiﬁiﬁm (E{k+Q}Cl - Ekv2) O{k+Qler, {K+QhesOkoy Koy
(Vk va{ktQler _ {k+Q}c1,k’U4)
kvo {k'+Q}e3 kvo, {kK'+Q}c3
€k Cbk)\ K p K 1
R ﬁ V 2Eo\kl Wik 2€u\k\ T+r[k|
Hrp(k o )
Q kA p = Eg el(k —ktp)sc ( i)\) f{//\/
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Results for the excitonic
energy band-structure
and wave-functions




Isolated hBN monolayer: Spin-singlet with Q =0
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Isolated hBN monolayer: Spin-singlet with Q =0

spin singlet
Q< cq
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Isolated hBN monolayer: Spin-singlet with Q =0

7.75} Eg

7.501

7.25¢+
e & ©

7.00

spin singlet
Q| <cq

E prignt (€V)

6.75

6.50 |

6.324@ | } ] ! | ]
1 2 3 4 5 6 7 8
States

T. Galvani, Phys. Rev. B 94 (2016): Eping = —1.93 eV
Quintela, Phys. Status Solidi. B 259(7) (2022): Euina = —1.31 eV
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Isolated hBN monolayer: Spin-singlet with Q =0

In recriprocal space:

hBN
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Isolated hBN monolayer: band structure
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Isolated hBN monolayer: band structure
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hBN-metal hetero-structure
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hBN-metal hetero-structure

Xd

X2D
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hBN-metal hetero-structure
Xd

X2D

10°
Metal-screened Rytova-Keldysh Distance 4 (4)
—F— 20
10° — 30
e 1 1 -
Wpk)= ———F——— 3
2 k lL A
€0 K 1ok + 3 Gnn(kd) =10
For metal-screened Coulomb set r; =0 10’ —
0.000 0.025 0.050 0.075 0.100

1

[k (A )
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hBN-metal hetero-structure: Spin-singlet with Q =0
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Conclusions

Formulated a method to calculate
excitonic energies and wave-function

® Simple yet effective:

® Easy to compute

® Relatively small computational time

® Precision up to 2 decimal places (scaling with k-point sampling)

® Results within reason when comparing to more challenging techniques
® Versatile in the:

® System'’s degrees of freedom (could account for spin-orbit effects or
three-band models with some additional tweaks)

® Eletronic model to the single particle eletronic states

® Eletron-eletron interaction

® Choice of eletrostatic potential (different types of screenings)
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Future work...
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Generalized susceptibility
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XAB(U)) = <12_>(c(d)) — Zab ’;A:a(lzf)ba( )

Optical conductivity

Exciton life-times

Excitons in hBN Master’s thesis 19/19



Generalized susceptibility

w M,
XAB(U)) = <12_>(c(d)) — Zab ’;A:a(lzf)ba( )

Optical conductivity
Exciton life-times
Dependence on the screening effective radius

Dependence on the dieletric of the hetero-structure

Francisco Lobo Excitons in hBN Master’s thesis 19/19



Generalized susceptibility

w M,
XAB(U)) = <12_>(c(d)) — Zab ’;A:a(lzf)ba( )

Optical conductivity
Exciton life-times
Dependence on the screening effective radius
Dependence on the dieletric of the hetero-structure

Three-band model TMDs
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More on the screening of the Hartree and the Fock terms...

3 = + v + + ..
G \%4 Vv
Go Gy Go Gy Gy Gy

= = + 1% + 1% v +oe
g
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1% % Vv %4 Vv v
Wrpa L L L
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More on the structure in the spin degree of freedom...

T3Ta T34 13ta 3da (1)
RT1T2 RT1T2 RT1T2 RT1T2 Pests,vata jclTlaVZTZ
RT3T4 RT3~L4 R‘I’3T4 R~L3~L4 (1) b
Al — T1d2 T1d2 112 T1d2 Pestsle | — ativalo
RT3T4 RT3¢4 R¢3T4 R¢3~L4 (1) T
#1'%2 #112 Jf? JfTLZ pa#,v‘;ﬁ jC1¢1,V2T2
314 304 3Ta 304 Gl gy
Riliz R¢1~L2 Ri1l2 Ri1¢2 Pesls,vala N
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More on the structure in the spin degree of freedom...

e+ V-W 0 0 14 L
R— 0 e—W 0 0 o
N 0 0 e— W 0 It
Vv 0 0 e+V-w | U
- _ o ik+QYcr k' va kv {k+Q}c
€= (6{k+0}<:1 6kV2) ) W= Wsz,{k’—i—Q}c:.;’ V = kV2,{k'+Q}C3
1 1
vy A
0 0 1 0
U= 0 0 01
1 1
vz ~va 00
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More on the discretization of the linear response problem...

pllitQlakiv  {orQlalkou K
{{k1+Q}}C1,k1V2 {{k1+Q}}C1,k1V2
. ki +Q fcs,kiva ky+Qfes,kove K
hw]lNkXNk R{k2+Q}C1,k2V2 R{k2+Q}C1,k2V2 = %
i i
p(l)
({k)i""Q}Qki"“ j{k1+Q}C1,k1V2
! =1 J
— k: k:
SN Rl
k
b
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Parameters used

Eletronic parameters:

e2/eo = 10*/55.3 eVA Numerical parameters:

® Ny = 8649 k-points

® ¢, =7.8¢eV

e t=31¢eV ® |kcutoff| =15 A

* a0 =142/3A Tamm-Dancoff Approx.
°* =10 A
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More on the TD Hartree-Fock mean-field theory...

Linear regime

p(t) ~ p + pM(t)
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More on the TD Hartree-Fock mean-field theory...

S SR

hac = €a0a¢

~ 0 1 p(D)
p(t) = p™” + pt(t) o0 — £5.
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More on the TD Hartree-Fock mean-field theory...

S SR

hac = €a0a¢
P = fabab

p(t) ~ p + pM(t)

Linear response problem

(modzy = H2p ) pL3 () = Japlw)
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More on the TD Hartree-Fock mean-field theory...

Single partice basis
haC = 6a(Sac

~ 0 1 p(D)
p(t) = p™” + pt(t) o0 — £5.

Linear response problem
(modzy = H2p ) pL3 () = Japlw)
Effective two-particle Hamiltonian

HI = (ea — e6) s + (fs — ) (V2 — W)
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More on the TD Hartree-Fock mean-field theory...

i : ingle-particl '
Single partice basis
haC = 6a(Sac

~ 0 1 p(D)
p(t) = p™” + pt(t) o0 — £5.

Linear response problem

(modzy = H2p ) pL3 () = Japlw)

Effective two-particle Hamiltonian

HI = (ea — e6) s + (fs — ) (V2 — W)

Source term

Jap(w) = (fo — f) Bl Fi(w)
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More on the TD Hartree-Fock mean-field theory...

Zero temperature regime

At T = 0K, the occupational degree of freedom can only be classified as
either occupied |o) or empty |e) meaning that f, =1 or f. = 0.
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More on the TD Hartree-Fock mean-field theory...

Zero temperature regime

At T = 0K, the occupational degree of freedom can only be classified as
either occupied |o) or empty |e) meaning that f, =1 or f. = 0.

aE oo e | [ 2
mﬂ _ Hggg H?%; H5013<§ H%f%; pa;u ((.U) = je102(w)
fag Tam Mam Mam | ]| realo) || Jeale)
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More on the TD Hartree-Fock mean-field theory

Zero temperature regime

At T = 0K, the occupational degree of freedom can only be classified as
either occupied |o) or empty |e) meaning that f, =1 or f. = 0.

1
Hee 0 0 0 pgeigﬂ(w) 0
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4
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More on the TD Hartree-Fock mean-field theory...

Zero temperature regime

At T = 0K, the occupational degree of freedom can only be classified as
either occupied |o) or empty |e) meaning that f, =1 or f, = 0.
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