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EXCITON

e An exciton Is a bound state of an electron and a hole
» Bosonlike quasi-particle with a net charge zero

 Formed when the binding energy of the electron-
hole pair is larger than the band gap

e Good candidates for the development of
topologically protected qubits, switching devices,
and heat exchangers

K. Wu et al., Physical Review Applied 2 (2014) 054013
S. K. Banerjee et al., IEEE Electron Device Letters 30 (2009) 158
S. Peotta et al., Phys. Rev. B 84 (2011) 184528
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EXCITON

e An exciton Is a bound state of an electron and a hole
» Bosonlike quasi-particle with a net charge zero

 Formed when the binding energy of the electron-
hole pair is larger than the band gap

e Good candidates for the development of
topologically protected qubits, switching devices,
and heat exchangers

We need non-perturbative
calculations for bound states

K. Wu et al., Physical Review Applied 2 (2014) 054013
S. K. Banerjee et al., IEEE Electron Device Letters 30 (2009) 158
S. Peotta et al., Phys. Rev. B 84 (2011) 184528
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THE HUBBARD MODEL

U
H —u-q=—KZ(pIpy—hIhyHEzq%—Mqu
X X

(xy)

o Q
e pT,p : creation/annihilation operators for particles »
o h', h: creation/annihilation operators for holes U
e Kk : hopping parameter oy ®
e [J : on-site interaction y
e g, =n? —nl =plp, —hlh, :local charge PR O
e u : chemical potential

‘e
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THE HUBBARD MODEL
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o Q
e pT,p : creation/annihilation operators for particles »
o h', h: creation/annihilation operators for holes U
e Kk : hopping parameter | oy ®
e [J : on-site interaction y
e g, =n? —nl =plp, —hlh, :local charge PR O
e u : chemical potential
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THE HUBBARD MODEL

Non-Interacting case

e An exact solution exists for non-interacting case at half-filling

EEJ_r = i(—;c)\/3 + 2 (cos (g k, + ?ky) + cos (; k, — ?ky) + cos(\/§ky))

e It gives rise to a two-band structure

* \We can calculate all multi-particle energies

a-ky a- k.

H
&) JULICH
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THE HUBBARD MODEL

Non-Interacting case

e An exact solution exists for non-interacting case at half-filling

Ez, = i(—;c)\/B + 2 (cos (g k, + ?ky) + cos (; ky — ?ky) + cos(\/§ky))

e It gives rise to a two-band structure

e We can calculate all multi-particle energies

More interesting when we turn on interactions

@« ks
IJ JULICH
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THE HUBBARD MODEL

One-body band gap
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THE HUBBARD MODEL

One-body band gap
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One-body gap forms at U, = 3.835

What happens with two-body states? ‘J JULICH
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CORRELATION FUNCTIONS

Two-point correlation functions

C(t) = (007 (0))

* The Hubbard model can have single-electron excitations, while QCD does not have single-quark excitations
[=1/2,S=1/2
BN EETE ST

e \We can construct from these one-body operators all two-body operators

l) JULICH
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CORRELATION FUNCTIONS

Two-body correlation functions

[1=05=0
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I; =0 L tooot
CEX) E(pkpz + o0t hkhl + hkhl)
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hkpl )
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\/i(pkhl

I, = 1
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@=0)
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ﬁ(pkhl - hkpl)
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CORRELATION FUNCTIONS

Two-body correlation functions

[1=05=0

=0 I, =0
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Do not measure channels with disconnected diagrams
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CORRELATION FUNCTIONS

Two-body correlation functions

[1=05=0

=0
(IQ—o) M

I=15=1

G-2 ﬁ(p,thl — hep))

I,=0 1
CEL)) E(p;pl =

— hih)

I,=-1 1
(5 - -2 ﬁ(pkh? — hip)

L=1
L,=0

\/_ (pkh-l_ + hkpl )
L=-1

Results in these channels
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CORRELATION FUNCTIONS

Two-body correlation functions

[1=05=0
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We expect I, = +1 to be repulsive while I,
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HONEYCOMB LATTICE

 Bipartite lattice

e Two triangular lattices

e Every lattice site has a neighbor from the other sublattice
e We work in momentum space

e Momenta modes of interest are - I', K, K, M, M’, M”

e Only the first Brillouin zone (BZ) is of interest because
everything outside can be modded back.
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HONEYCOMB LATTICE

Symmetries

Must account the structure of the lattice
» Possible to leave the first BZ when adding momenta

e \WWork with total momentum P and relative
momentum p instead

k,l - P,p
e Total momentum is conserved

e with total momentum P construct shells of relative
momentum in irreps of the little group (allowing for
umklapp)

Member of the Helmholtz Association 30 July 2024 Page 11

K+K =T
K+K=K
K+ K =K

/.

JULICH

Forschungszentrum



DATA ANALYSIS

e Analysis is done at
e Total momentum I, K and source/sink momenta K, K’
e Lattice size - (3,3)
e U=3.0and U =4.0
e B =80

e We are not fitting an exponent because we leverage the symmetry of the correlators

fiy2() = S An cosh (B2t = 5))

Calculate the energy shift
AE = E? — 2E1

Extrapolate to the continuum limit N, — oo

Repeat for every channel

Repeat for all available irreducible representations (Only Al results presented)
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RESULTS

One-Body Correlation Function

—  Ngtates = 3 @ [1,63]: AIC=-130.19
— Nywres =3 @ [2,62]: AIC=-125.44
410 — Ngates = 3 @ [3,61]: AIC=-121.06
—  Ngates = 3 @ [4,60]: AIC=-117.04
— Nuwes =3 @ [5,59]: AIC=-113.21
3x 10! ——  Nyates =3 @ [6,58]: AIC=-109.49
S ——  Nates = 2 @ [6,58]: AIC=-109.29
— Nyues =2 @ [7,57]: AIC=-107.71
——  Niates = 3 @ [7,57]: AIC=-107.69
Ny =2 @ [8,56]: AIC=-107.63

Ntates = 2 @ [5,59]: AIC=-106.31

! Correlator Data

2x 1071

0 10 20 30 40 50 60

/s

The correlator is exceptionally flat!

IJ JULICH
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RESULTS

One-Body Correlation Function

p(m|D)
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RESULTS

One-Body Correlation Function
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RESULTS

Two-Body Correlation Function

1,95): AIC=-169.68
2,94]: AIC=-165.91
3,93]: AIC=-163.33

— Niates =3 Q[
— Niates =3 @ [
— Nitates =3 @ [
—— Niates =3 @ [4,92]: AIC=-161.01
9 % 101 —— Nuares =3 @ [5,91]: AIC=-157.85
— —— Nuares =3 @ [6,90]: AIC=-154.28
O Nitates =3 @ [7,89]: AIC=-151.03
Nytates = 3 @ [8,88]: AIC=-148.17
— Ngates = 3 @ [9,87]: AIC=-144.81
107! — Nyues =2 @ [10,86]: AIC=-144.11
Nitates =2 @ [9,87]: AIC=-143.08
}  Correlator Data

0 20 40 60 80
T/é
1=1S=1;1,=0,S,=1(U = 3.0)
E, = 0.093(11)
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RESULTS

Continuum Limit U=3.0 @ P=I"

0.051

0.04;

0.031

AF,

0.01

0.00

—0.014

0.021

m AE!=0.0112(51)

AE2 = —0.0010(139)
[ ]
4+ AE, data
0.00 0.05 0.10 0.15 0.20 0.25

4]

I=1,S=11,=0,S,=1(U = 3.0)
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RESULTS

Continuum Limit U=4.0 @ P=I

0.0
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RESULTS

Continuum Limit U=3.0 @ P=K

0.09-
0.041
0.08
0.02 0.07
S 5 0.06
< <]
0.001 0.05-
! 0.04
0.02 [ AE6:0.0167(59) ’ | AE&:0.0695(49)
—0.021 !
AE; =0.032(17) 0.03 AEZ =0.069(14)
4+ AFE, data <4+ AE, data
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RESULTS

Continuum Limit U=4.0 @ P=K

s AE}=0.131(17) ¢
_ 0.3
—0.175 AFEZ = —0.286(45)
Y _ A
0.225] _ 0.1
(am]
= R |
< _0.2501 | < 00 f +
—0.275 —0.11
mm AE! = —0.198(12) 0.9
—0.300 AE2 = —0.199(35)
—0.31
0395 <+ AEFE, data
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
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[1=1,5=1;1,=0,5, =1 (U =4.0) I=1,S=1;1,=1,5,=1 (U = 4.0)
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SUMMARY

Outlook

W What did we find?
As expected, we found that the attractive channel has smaller energy shift than the repulsive one.
’ Found positive energy shift at U = 3.0 in the channel with non-zero net charge at both total momenta.

Found positive or close to zero energy shift at U = 3.0 in the channel with zero net charge at both total
momenta.

Negative or close to zero energy shift at U = 4.0 in the channel with non-zero net charge at both total
momenta.

Negative zero energy shift at U = 4.0 in the channel with zero net charge at both total momenta. Possible
bound state?

9 JULICH
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SUMMARY

Outlook

P What did we find?

W What does the future hold?

Generate ensembles, so we can reach the three limits simultaneously.
Add more data points to the extrapolations
Scan over U to get AE,(U)

Perform simulations at non-zero chemical potential (u # 0)

&) JULICH
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