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1 Conditions for non-local interactions in the gapped

system

Consider an interaction described by the operator Â, with Kernel A (r, r′) = 〈r|Â|r′〉:

Âψ (r) =

∫

A (r, r′)ψ (r′) dr′. (1)
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This interaction is deemed non-local across the junction if the following inequality holds:

A (rL, rR) 6= 0 (2)

where rL (rR) are points on the left (right) leads of the junction. We now examine each of

the terms in the Fock operator F̂ = ĥ+ Ĵ − K̂, in order to identify which, if any, and under

what conditions, can create a non-local interaction across the junction:

The single particle Hamiltonian ĥ = −1

2
∇2 + veN (r) (where veN (r) is the electron-nuclear

Coulomb attraction potential) has the Kernel

h (r, r′) =
1

2

∂

∂ri

∂

∂r′i
δ (r − r

′) + δ (r − r
′) veN (r) (3)

showing, due to the presence of the δ-functions, that the non-locality condition in

Eq. (2) is violated. ĥ cannot therefore describe a non-local interaction across the

junction.

The Coulomb interaction of the Fock Ĵ =
∑

a Ja (r) with the summation a over the occupied

molecular orbitals (MOs; {χa}) is given by

∑

a

Ja (r)ψ (r) =

`[

∑

a

∫

χa (r′′)χa (r′′) |r− r′′|−1
dr′′

]

ψ (r) . (4)

Here the operator is shown to act on an arbitrary wave function, ψ(r). Once again,

comparing this with Eq. (1) we find that the Coulomb Kernel is proportional to a

δ-function:

J (r, r′) ≡ δ (r − r
′)
∑

a

Ja (r) , (5)

vioalting the non-locality condition of Eq. (2). Hence, the Coulomb interaction Ĵ also

cannot describe non-local across the junction.
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Finally, the exchange operator K̂ =
∑

aKa (r), defined by its operation on an arbitrary

wave function ψ (r) is:

∑

a

Ka (r)ψ (r) =
∑

a

χa (r)

∫

χa (r
′) |r− r′|

−1
ψ (r′) dr′ ≡

∫

K (r, r′)ψ(r′)dr′. (6)

Therefore the kernel obtained by comparing to Eq. (1) is given by:

K (r, r′) ≡ Γ (r, r′) |r− r′|
−1
, (7)

where

Γ (r, r′) =
∑

a

χa (r)χa (r
′) (8)

is the reduced density matrix (RDM). Clearly K (r, r′) is as non-local as the RDM and

thus is the only element in the Fock operator F̂ that can cause a non-local interaction

across the junction.

We now identify the specific requirements for this to happen in the gapped system where

due to symmetry, all MOs come in pairs χ2k−1 (x) and χ2k (x) (k = 1, 2, . . . ). Each pair of

orbitals can be represented as a linear combination of left-electrode localized wave function

λk (r) and a right-electrode localized wave function ρk (r) states:







χ2k−1 (r)

χ2k (r)






=







cos θk sin θk

− sin θk cos θk













λk (r)

ρk (r)






. (9)

The angle θk ∈ [0, 2π) is the non-local mixing angle, where θk = 0 (θk = π) corresponds to

purely left (right) localization. The contribution of these two states to the RDM Γ (rL, rR)where

rL is a point in the left lead and rR a point in the right lead, is given by:

f2k−1χ2k−1 (rL)χ2k−1 (rR) + f2kχ2k (rL)χ2k (rR) (10)
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where fn corresponds to either 2 (occupied by two electrons of up and down spin) or 0

(unoccupied) MOs. The two products can be developed in terms of the localized orbitals

and the mixing angle:

χ2k−1 (rL)χ2k−1 (r
′) = cos2 θkλk (rL)λk (rR) + sin2 θkρk (rL) ρk (rR) (11)

+ sin θk cos θk (λk (rL) ρk (rR) + λk (rR) ρk (rL))

χ2k (r)χ2k (r
′) = sin2 θkλk (rL)λk (rR) + cos2 θkρk (rL) ρk (rR) (12)

− sin θk cos θk (λk (rL) ρk (rR) + λk (rR) ρk (rL)) .

Taking into account that λ (rR) = ρ (rL) = 0 we find the following contribution of the 2k

and 2k − 1 orbital pair to Γ (rL, rR) :

(f2k−1 − f2k) sin θk cos θkλk (rL) ρk (rR) . (13)

We see that this contribution is null unless both of the following two conditions are met:

1. Different occupations, f2k−1 6= f2k, and

2. Mixing: θ 6= 0, π.

When 4 electrons occupy the pair of MOs f2k−1 = f2k = 2 these orbitals do not contribute to

non-local interactions, hence they stay degenerate (system does not break symmetry). The

same happens when zero electrons occupy these MOs (f2k−1 = f2k = 0). However, when this

pair of MOs “entertains” 2 electrons f2k−1 = 2 while f2k = 0, non-local interaction becomes

possible and the SCF process can identify a mixing angle θk 6= 0, π which lowers the exchange

energy of the occupied orbital ψ2k−1 relative to that of ψ2k. It is for this reason that the HF

HOMO and LUMO can mix non-locally through the exchange part to give a splitting in the

energy.
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2 Computational Details

The transmission is calculated using

T (E) = Tr[ΓL(E)G
†(E)ΓR(E)G(E)] (14)

and where

G (E) = (SE − F − ΣL − ΣR)
−1 (15)

is the Green’s function (GF) of the system. S and F are, respectively, the overlap and the

Fock matrix of the system in the AO basis, and the E variable includes a broadening factor

(η)

E = E ′ + iη. (16)

The self energy (SE)

ΣL/R = d
†

L/RgdL/R (17)

is evaluated at the wide-band limit with the coupling to the left/right lead dL/R as calculated

in the Fock matrix for neighboring gold layers. The gold surface GF (g) is represented by

a wide band limit expression, where 0.07 eV correponding to the gold electronic DOS is

employed. We use η = 0.01eV where we confirm that increasing or decreasing η does not

affect significantly the transmission functions (see SI Figure 6.) The broadening functions

ΓL/R = i
(

Σ†

L/R − ΣL/R

)

(18)

are the imaginary part of the self energy. (The T-Chem input section is provided below).
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Figure 1: (Color online) Part (a) of Fig.1 panel in the main text: Larger representation of
the iso-surface of the key orbitals for the bridge system with Au31/Au41 electrode models
(HF closed-shell singlet spin model).
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Figure 2: (Color online) Part (b) of Fig.1 panel in the main text: Larger representation of
the iso-surface of the key orbitals for the gapped system with Au31/Au41 electrode models
(HF closed-shell singlet spin model).
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Figure 3: (Color online) Part (c) of Fig.1 panel in the main text: Larger representation of
the iso-surface of the key orbitals for the gapped system with Au31/Au41 electrode models
(LDA closed-shell singlet spin model).
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Figure 4: (Color online) The iso-surface of the key orbitals for the gapped system with
Au31/Au41 electrode models. Closed-shell singlet spin model with B3LYP functional calcu-
lations.
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Figure 5: (Color online) Transmission for the bridge system with Au31/Au41 electrode
models using Stuttgart-Bonn ECP (SRSC) basis set. (HF Closed-shell singlet spin level.)
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Figure 6: (Color online) Transmission for the bridge system with Au31/Au41 electrode
models with the broadening parameter (η) changed. (HF Closed-shell singlet spin level.)
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Table 1: Coordinates for the optimal bridge system with Au41 electrode model

Atom x y z

Au -20.33740 0.46795 9.39362

Au -20.33740 1.90995 6.89600

Au -20.33740 -0.97405 6.89600

Au -20.33740 0.46795 4.39838

Au -17.98262 0.46795 7.72854

Au -17.98262 -0.97405 5.23092

Au -17.98262 1.90995 5.23092

Au -17.98262 0.46795 2.73330

Au -15.62784 0.46795 6.06346

Au -15.62784 -0.97405 3.56584

Au -15.62784 1.90995 3.56584

Au -15.62784 0.46795 1.06822

Au -13.27306 0.46795 4.39838

Au -13.27306 1.90995 1.90076

Au -13.27306 -0.97405 1.90076

Au -13.27306 0.46795 -0.59686

Au -10.91828 0.46795 2.73330

Au -10.91828 -0.97405 0.23568

Au -10.91828 1.90995 0.23568

Au -10.91828 0.46795 -2.26194

Au -8.56350 0.46795 1.06822

Au -8.56350 -0.97405 -1.42940

Au -8.56350 1.90995 -1.42940

Au -8.56350 0.46795 -3.92702

Au -6.20872 0.46795 -0.59686

Au -6.20872 1.90995 -3.09448

Au -6.20872 -0.97405 -3.09448

Au -6.20872 0.46795 -5.59210

Au -3.85394 0.46795 -2.26194

C 1.39999 -0.00836 -0.05535

S 3.24045 0.00062 -0.00033

C 0.68908 -1.21870 -0.05670

H 1.23000 -2.15735 -0.09704

C -0.70597 -1.21030 0.00116

H -1.26014 -2.14195 0.00699

C -1.40026 0.00959 0.05479

S -3.24071 0.00062 -0.00033

C -0.68935 1.21993 0.05616

H -1.23027 2.15857 0.09648

C 0.70571 1.21154 -0.00201

H 1.25987 2.14318 -0.00754

Au 3.85348 -0.46682 2.26268

Au 6.20826 -0.46682 0.59760

Au 6.20826 -1.90882 3.09522

Au 6.20826 0.97518 3.09522

Au 6.20826 -0.46682 5.59284

Au 8.56304 -0.46682 -1.06748

Au 8.56304 -1.90882 1.43014

Au 8.56304 0.97518 1.43014

Au 8.56304 -0.46682 3.92776

Au 10.91782 -0.46682 -2.73256

Au 10.91782 -1.90882 -0.23494

Au 10.91782 0.97518 -0.23494

Au 10.91782 -0.46682 2.26268

Au 13.27260 -0.46682 -4.39764

Au 13.27260 -1.90882 -1.90002

Au 13.27260 0.97518 -1.90002

Au 13.27260 -0.46682 0.59760

Au 15.62738 -0.46682 -6.06272

Au 15.62738 -1.90882 -3.56510

Au 15.62738 0.97518 -3.56510

Au 15.62738 -0.46682 -1.06748

Au 17.98216 -0.46682 -7.72780

Au 17.98216 -1.90882 -5.23018

Au 17.98216 0.97518 -5.23018

Au 17.98216 -0.46682 -2.73256

Au 20.33694 -0.46682 -9.39288

Au 20.33694 -1.90882 -6.89526

Au 20.33694 0.97518 -6.89526

Au 20.33694 -0.46682 -4.39764
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Appendix: Input file of Q-Chem for the bridge system with Au41 electrode model by the

restricted spin model with the HF functional.
$molecule

READ bridge Au41.txt

$end

$rem

sym ignore true

max scf cycles 500

exchange hf

correlation none

ecp lanl2dz

basis lanl2dz

thresh 11

scf convergence 6

trans enable 1

$end

$trans-method

trans spin 0

trans npoints 800

trans method 0

trans readhs 0

trans htype 0

trans printdos 1

trans efermi -5.1

trans vmax 0.4

trans emin -9.5

trans emax -2.0

trans devsmear 0.01
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trans bulksmear 0.01

trans greens 0.07

trans temperature 298.15

trans printiv 2

trans ipoints 300

$end

$trans-model

trans lgatom 13

trans latom 17

trans ratom 54

trans rgatom 58

$end
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