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Outline

* Introduction to the quantum transport
problem

* ADb Initio quantum conductance in the
presence of e-e interaction (TDDFT /
MBPT)
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Bothersome aspects of
quantum transport

| Ab-initio model
Non-equilibrium

Quantum Mechanics
Many-body problem

I(t)=I([U]);
Conductance
G=I/U for

steady state

THE UNIVERSITY of York N v KITP Informal Talk on Quantum Transport - Oct 2009 3

ETSF



Experiments & modelling

Experiments:

Octanedithiol/Au: R = 900 MQ2
[X. D. Cui et al., Science (2001).]
Benzene-di-amin/Au: R = 2 MQ)
[Quek, Nano Lett. (2007).]
Benzene-di-thiol/Au: R = 18+12 MQ)
[M. A. Reed et al. Science (1997).]
H2/Pt: G = 0.95G, (= 1/(13 kQ))

- t?i;'a% oy - [R.H.M.Smit et al. Nature (2002).]
700D
600
288 Theory — Density Functional Theory + NEGF:
300
200 for G = G, generally good
o for G << G, poor
Ot anier e.g. G = 0.046 G, for Benzene-di-amin/Au

X. D. Cui et al. Science, 294 571 (2001) [Quek, Nano Lett. (2007).]
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1. Ab Initio Quantum
Conductance with e-e
Interaction - Formalism



Quantum Transport
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« Conductance in 1-electron or mean-field theory
given by Landauer formula

» Drawbacks of usual approach:
— Can be orders of magnitude wrong
— Difficult to generalise to many-body case

— Calculation of T not readily compatible with periodic
bcs
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NEGF Laudauer-Buttiker

Mads Brandbyge et al. PRB (2002).
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Central region Right lead
e Real difficulty in transport - the system is infinite!! (C) (R)
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e Contacting-based formulation

Goe = Ge+Ge(dHe+ Xecc) - Gee,  “The Dyvson eq. - DFT SCF for centre”
3y

oo = TPL GL“’_L —+ 13(_—;31’3 “The leads” self-energies”

Gre GV Gee “leads - typically not SCE”

L Y Typically leads” SCF neglected =- errors few %
Il ?ﬂ{‘.{Tr- [VGic]} ' ' '
1

| Lirg | GEP;G;’_\.;J=$¢‘) | C'I-:LP":;GAIHZQ"‘"J |
1.0 0.39 1.24
1.5 0.97 1.08
3.0 1.00 1.00

[Mera, Bokes, Godby PRB 72, 085311 (2005).]
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Our Approach

» “Beyond ground-state DFT” description of
quantum transport still troublesome

* Formulate the linear-response theory of
conductance for rigorous ab-initio
modelling within a supercell technigue:
— well defined conductance MalSACEERCIEECEIES

— converged basis set
— realistic e-e interaction EElAuEe

P. Bokes, J. Jung and RWG, PRB 2007
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The 4-point conductance
P. Bokes, J. Jung and RWG, PRB 2007 |\ e
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Integrals - real space
formulation

“2P” conductance:

0 L
- ® ol - . A z
Glx"]=a f f dzdz' x""(z,7' i)

—-L Y0

irreducible polarizability:

irr (Sn(Z)
X Z,Z' ==
< ) 6vt0t<zy)

4P Correction factor:

0 L
faf[ Xirl'] - a,f (]:f (]: ’ Xirr (:., :r )z
=T, =<J;
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2. Implementation and
Convergence

Verstraete, Bokes and Godby,
J. Chem. Phys. 130 124715 (2009)



Real-space integrals

Oa P00E

Q. 0000
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Finite-size convergence
tests

 Study two simple systems for which G can
be calculated analytically as a function of
system size (also for infinite size)

— 1D jellium wire
— 1D tight-binding model
- Calculate at 7=0 and T~E_or bandwidth
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w—0 Limit
L cccccoibosoccconihant

10000000@o0cttsscmont
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* Moving electron does not “see” 2 _ L
neighbouring cell if w oy




Finite-size convergence tests -
Jellium wire

0.35

1D jellium, § = o0 ——

»

‘ 4
0.3 ] ') § eennns
N = 16 sowoseesns

N = 100

* N =no. of Na-
equivalent atoms

w, =21Vv,./L

» Convergence with
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Finite-size convergence tests -
Tight-binding wire
* N = no. of tight- 03] B
binding atoms ‘ o
- Dot indicates i .

w, =21V /L

« Convergence with _
N 0.25 : A = —-

...........
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3. Results for Real
Atomic Wires

Verstraete, Bokes and Godby,
J. Chem. Phys. 130 124715 (2009)



Uniform Na monowires

* Troullier-Martins
pseudopotential

* RPA, equivalent to
Landauer-Buttiker

 Plane-wave basis set

« Good convergence
of extrapolated value
with 8-atom cell, to
expected 2.0 quanta — —
(shown in blue)
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Na monowires with a gap

» Missing atom (e.g.
2+gap+2)

» Good extrapolation
available for even
nos. (odd has wrong
Fermi energy)
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imaginary frequency (Ha)
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Na monowires with a gap

(2)

« As a function of gap
size (8-atom leads)

» Good extrapolation
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Au wires with structured
leads

« 2-atom gold wire
between gold
electrodes

« Equivalently, a

constriction o 3 s
- 4 layers
-~ HGH_type 21a§+kpt

pseudopotential (6s)

« Convergence w.r.t.
electrode thickness

Conductance (atomic units)

0.5
Im frequency (Ha)
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4. Beyond RPA:
Many-Body Effects



Calculating x including
interactions

» Time-dependent density-functional theory
—e.g. J. Jung, P. Bokes, and RWG, PRL 2007

— but the form of the XC kernel is delicate

* Na Sai, PRL(2005), Koentopp PRB(2006), Toher
PRL(2005), Burke PRL(2005)

 or, Many-body perturbation theory

X(r,r';itT)=—2G(r,r';iT)G(r',r;—iT)

+ vertex diagrams
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Electronic Excitations

| N,0>

THE UNIVERSITY oFHork N&"‘
I ETSE

| N+1,5> | N-1,8>
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Hedin’s Equations

i / w ("1+: 3 ) G(1,4)T'(4.2,3)d (3.4)

i [ G(2.3)G(4.2)T(3,4,1)d(3,4)

v(1,2)+ [ W (1,3)P(3,4)v(4,2)d (3,4)
0(1,2)0(1,3)
/‘ 0% (1,2)

mc (4,6)G(7,5)1'(6,7,3)d(4,5,6,7)

« With X/G relation, exact closed equations
for G, X etc.
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The GW Approximation

lterate Hedin's equations once starting
with =0
[u 1%.3) G (1.4
—1 /(T 2.3)G (4.2)

)+ [ W (1L3)P(3,4)0(4,2)d(3,4)

2)0 ( l 3)
)

(1,2
o (1.
02
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Local-density-approximation
calculation of one-electron
wavefunctions and eigenvalues,
using ab initio pseudopotentials

Compute Green's Compute screened

_ Coulomb
function G interaction W

- QP
Compuzt(er ,i'e,li) )energy ene]ragies

Solve Dyson equation to obtain
updated Green's function
G(r,r',w)

Space-time method:

H.N. Rojas, RWG and

Charge density + R.J. Needs, Phys. Rev. Lett. 74
momentum distn. IREEYAQEES)

Updated
self-energy

THE UNWERSITYW N % = Quantum Simulations of Excited Electrons, Maxwell Soc, KCL, 16 Feb 2009
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GW(ST) method

Corrects band-gaps and band alignment
Introduces finite lifetime

GW and quantum transport:

— Thygesen JCP (2007), Darancet PRB (2007), Neaton
PRL (2007), ....

Convenient implementation: real-space /
iImaginary-time:

— Rojas, RWG, Needs PRL (1995)

Finite temperatures (metals): Verstraete (2008)
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[Conference Talk 3
November:
Stroboscopic Wavepacket
Approach for Calculating and
Interpreting Quantum
Transport]



Acknowledgements and
Summary



Collaborators

European

» Peter Bokes Theoretical
Spectroscc_n_:y

« Matthieu Verstraete LD
. Jeil Jung Manoqeanta
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Summary

» Response-function approach to
conductance prs 2007, JcP 2009
—well defined for interacting systems
—numerically feasible in supercell geometry
—results for Na and Au nanowire systems
—future: e-e interactions via MBPT or TDDFT

http://www-users.york.ac.uk/~rwg3
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