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Importance of 2D Electron Systems

M electronics and
semiconductor
heterostructures

B superconductivity in
layered structures
(Wang, Nature (2015))

“Contact

JX¥XU 2/18



Importance of 2D Electron Systems

M electronics and
semiconductor

heterostructures

B superconductivity in
layered structures
(Wang, Nature (2015))

B applications in

“Contact

spintronics
B spin transistor of

Datta and Das, Applied
Physics Letters (1990)
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Characterisation

Wigner-Seitz Radius

rs - ap is the radius of a circle occupied by one electron

B o l/r?
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Characterisation

Wigner-Seitz Radius 7

rs - ap is the radius of a circle occupied by one electron

H o l/r?

Spin-Polarisation ¢

excess of electrons with majority spin; ( = [ny —ny| /n

B ( =0 — paramagnetic

B ( =1 — ferromagnetic

B ground state properties of interest:
kinetic energy, potential energy, total energy, pressure,
compressibility etc.
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Important Functions

Pair Distribution Function g(r)

normalised probability density of finding two particles a distance
r apart

Structure Factor S(k)

measurable in elastic scattering experiments 3—6 x S(k)

Fourier-Transform

S(k) =14 FToplg — 1](k)

2D Electron Liguid

g(r):

S(k):

JXU

JOHANNES KEPLER|
UNIVERSITY LINZ
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Spin-Resolved Treatment

B treat subsystems of spins independently
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Spin-Resolved Treatment

B treat subsystems of spins independently
= g(r)=c1g"(r) +e2 g™ (r) +e39™(r)
M ¢, ... constants

B results in matrix form (intuitive)

o) — ( g1(r) g™r) )

g (r) gH(r)
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Spin-Resolved Treatment
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treat subsystems of spins independently
g(r) =c1g'1(r) +e2 g™ (r) + ez g™ (r)
c; ... constants

results in matrix form (intuitive)

o ( g1r) ) )
g g ) gHr)
advantage: further properties accessible

gm(r) =1 g™ (r) + 2 gH(r) — c3 g™ (r)
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Spin-Resolved Treatment

[ |
=
|
|

4

treat subsystems of spins independently
g(r) =c1g'1(r) +e2 g™ (r) + ez g™ (r)
c; ... constants

results in matrix form (intuitive)

y_ ( 70 o )
= gt (r) g~(r)
advantage: further properties accessible
gu(r) = c1 gM(r) + c2 gH(r) = c5 g™ (r)
similar for S(k) and Syi(k)

I
—~
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How can g(r) and S(k) be calculated?

1. Quantum Monte-Carlo Simulations (QMC)

[J give accurate results
[] take a lot of time

= several hours to calculate g(r) and S(k) for one system at a
single 7

[0 need powerful computers
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How can g(r) and S(k) be calculated?

[J give accurate results
[] take a lot of time

= several hours to calculate g(r) and S(k) for one system at a
single 7

[0 need powerful computers
2. Hyper-Netted-Chain Theory (HNC)

L] pair theory which takes correlations into account
(] developed in the 60ies for classical liquids
[J moderate computational effort
= 59 min for 100 r¢-values (rs = 0.1...10, Ars = 0.1) on an
average laptop

O results in agreement with QMC (1)

JXU 7/18



Energy Comparison with the Literature!
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HYPER-NETTED-CHAIN
THEORY
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Ansatz

B Ansatz with Bose (!) symmetry

Jastrow Ansatz

Y = H H /f(ra,iy ra’,j) = expé—i { E Z/Ug’al(l‘o,i, ra’,j)}

0,0 1<j o,0' 1,5

’
B includes two-body correlations u3"”
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Ansatz

B Ansatz with Bose (!) symmetry

Jastrow Ansatz

Y = H H f(ra 17ra,j) = exXp gy { E Z/ug,al(ro,iara’,j)}

o,0’ 1<] o,0’ 1,5

| includes two-body correlations ug”
W g7 o I (9] )

B Mayer Cluster expansion

B minimise energy

= HNC-EL equations (Euler-Lagrange)
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Bosonic HNC

A n sajrl goml(k)

Q(_%
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Fermionic HNC (Kallio (1996), Davoudi)

AV\Sdll
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RESULTS
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g(r) & effective interaction (paramagnetic)
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effective

interaction (paramagnetic)
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g(r) & effective interaction (paramagnetic)
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g(r) & effective interaction (paramagnetic)
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Shift of the Peak in Sy;(k) (dilute system)
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Shift of the Peak in Sy;(k) (dilute system)
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Shift of the Peak in Sy;(k) (dilute system)
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Energy Comparison with the Literature!
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Phase Transition

JXU
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Phase Transition

1.66

1.65

1.64

1.63

1.62

1.61

(e-em)'rs3/? [Rydberg]

1.60
1.59

1.58

JXU

Year Group Transition
PM FM - 1978 Ceperley re = 13
1989 Tanatar rs = 37
i J 1996 Senatore rs = 20
2 . 2002 | Attaccalite g = 26
B i 2009 | Drummond re = 31
L // . B Different QMC groups
i obtain vastly different
results!!
RS | HNC| AT
1 1
15 20 25 30 35 40

I's

16/18



Outlook

B algorithm also applicable to other Fermi systems
B systems with more than two components
B spin-resolved extension to 2D systems with finite thickness

B input for dynamic theories

JYU 17/18



Thank you!

B Helga Bohm
B Raphael Hobbiger
B Dominik Kreil

B Jirgen Drachta
JXU

B Michaela Haslhofer
B Robert Zillich
M Arthur Ernst

M all members of the ITP
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Influence

of Finite Thickness (¢ = 0, r, = 10)
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Influence of Finite Thickness (( = 0, ry = 10)
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Influence of Finite Thickness (( = 0, r

1.2 T

g(r)

10)

B correlations diminish —
peak decreases
B value of g(0) increases

B GaAs/AlGaAs quantum
well
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Analogies to Statistical Physics

Statistical Physics HNC
B Canonical Ensemble: B Normalisation:
ZN = on [dTU exp(—f(H) I = [dXexp (Z ug’gl)
_ 0 o _ 2§
mU-= —%IHZN g7 = oyl §ug In1

B excellent summaries available at our institute (Bac
Hebenstreit, Kobler, Kurunczi-Papp)

B | Mayer Cluster Expansion and Diagrammatics‘
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HNC-Equations

g(r) = exp [uz(r) + N(r) + E(r)}
S(k)=1+FTg(r)—1] (k)

B What are ug(r), E(r) and N(r) ??
B E(r):=0— HNC/0

Euler-Equation

JXU 3/16



Euler-Equation

)
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rs—0 2m
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27.2 /
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HNC-EL Equations for Bosons

B (bosonic) induced potential

B particle-hole potential

! / / h
VO',O' (,r) — Ug,o’ go‘,o _"_ E

B structure factor
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Turning Bosons into Fermions

B include fermionic properties
B solution: alter interaction appropriately!

2

, ’ / h2 / / !
Voo(r) = |37 3% + wg’“'} g7+ (Vg | (977 = 1) il

u v{i""(r) and wg"’/(r) contain the quantities of the free system
(S?U/(@ and g%’”'(r)) in a way that in the limit of ry — 0 the
solution of the equations is Sg’al(k) and gg"’/(r)

B feasible solution from a physical point of view

B Solve the equations!
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Pair Distribution Function (Full Form)

o = (155) oo+ (155) oo+ 550

2 2 2
2 _ 2 2
mil) = (132) o0+ (F52) o0 - 550
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1/r

Analytical FT
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1/r

Numerical FT
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Calculating Thermodynamic Observables

2N K20
oF 5 Oc
=— | =npz= = E/N
p oV T,N on T,N7 ¢ /
1__,0 _rsde  rid
K oVirn 4 0rs 4 0r?

JXU
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Contributions to the Energy

5(7'& C) = 50(TSa C) + 6x(TSa C) + 56(7'57 C)

D+2

(1+OF +(1-07

eo(rs, ¢) = €o(rs)

4 e’k 8v/2
5x(rs) = _g WF = _37T’I" ER In 2D
S
3 e?kp 3
X - — = 3D
ex(7s) 1 27T047“SSR in
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Comparison with QMC!

T T Pl
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gas”. In: Physical Review B 70 (2004)
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2D Electron System in a Semiconductor!

SCI
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1J. T. Drachta Plasmon Properties in dilute, two
dimensional Electron Liquids
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Real Units!

GaAs/AlGaAs
T3 Ts i) ‘ 10 ‘ 20
nfem™?] L1600 ()7 || 3022101 | 309 5 101 | 3,02 x 10° | 7.5 x 10°
s
ke[l0°cm™] | ZB 1218 13.78 1.38 0.69
Ex[meV] i, L 10.80 0.1 | 27x1072
s b S

1J. T. Drachta Plasmon Properties in dilute, two
dimensional Electron Liquids
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Phase Diagram'
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Superconductivity'

— Bulk
— Bilayer
— Monolayer

R(T)/R(300 K)
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1X. Xi, Z. Wang, W. Zhao, J. Park, K. T. Law, H. Berger,

L. Forré, J. Shan and K. F. Mak. “Ising pairing in

superconducting NbSe2 atomic layers”. In: Nature Physics
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SFHNC vs.

JXU
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