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The current density in molecular wires connected to contacts is

investigated within the nonequilibrium Green’s function formalism

combined with the Landauer approach. Energy-dependent and total

current density through a series of molecular junctions are calculated

in real space representation. A rich variety of current patterns

including pronounced ring currents (“vortices”) are found even in

the defect-free minimal building blocks of molecular devices. The

influences of contact positions, functional groups as well as atomic

defects on the transport properties are examined systematically for

prototypical ortho-, meta-, and para-substituted benzenes as well as

heteroaromatic systems. It is found that substitutional functional

groups mainly shift the molecular levels and retain characteristic

transport channels, while a significant change of electronic pathways

and conductance is induced by hetero-aromaticity. The current distri-

bution is used to calculate the static magnetic field distribution in

the carbon-based conductors. VC 2017 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.24812

Introduction

There has been much progress in the understanding of elec-

tron transport through molecular devices and nanostruc-

tures.[1,2] Primarily, the transmission properties and I–V

characteristics of systems connected to electric contacts were

studied in terms of local molecular structures and topologies

as well as electron transfer (ET) pathways.[3–6] More recently

also the current distribution inside the molecules or nanostruc-

tures was explored.[7–15] Electronic pathways in molecules

could be identified using inelastic tunneling spectroscopy.[16]

Two-dimensional electron gases such as formed in semicon-

ductor heterostructures as well as graphene-related materials

are the typical models for theoretical[17–19] and experimental

transport studies.[20,21] While scanning tunneling probes give

access to the local density of states, their applicability to

molecular devices is limited: On the one hand, not all molecu-

lar positions may be accessible to the the STM tip. On the

other hand, the STM itself may influence the current distribu-

tion in the molecule.[22] This underlines the importance of

numerical simulations in the exploration of spatially resolved

transport characteristics.

The purpose of elucidating the relationship between current

density and atomic structures is two-fold. On the one hand, it is

expected to assist the device design toward miniaturization,

energy saving, and speed by pointing out structural motifs that

are prone to problems such as local heating[23–26] or electromi-

gration.[27,28] One the other hand, the current density analysis

may give insight into the structure–function relationship, for

example, in biological systems such as proteins and enzymes.

In this study, benzenes with different contact positions, with

functional groups, and with defects are used as model systems

to explore systematically structural and chemical influences on

the current distribution. The energy dependent and energy inde-

pendent local currents are studied using the nonequilibrium

Green’s function formalism in real-space representation. It is

found that the local currents and the current-induced magnetic

fields vary in strength and direction depending on local atomic

structure and energy. Flow vortices within and outside the

molecular structures may occur even in pristine systems, without

defects and disorder.

Methodology

We start from the Hamiltonian of the molecule connected to

electric contacts via linkers given by H5HM1RLðEÞ1RRðEÞ,
where HM describes the molecule and the linkers in the scat-

tering region and RL=RðEÞ are the self-energy terms for the

respective left and right contacts.[2] The Hamiltonian HM is

defined as HM5
X

i
eic

†

i ci1
X

i 6¼j
Vijc

†

i cj, where ei is the on-site

energy of ith orbital and Vij is the transfer integral between ith

and jth orbital. The c
†

i and ci are creation and annihilation

operator at the ith site, respectively. Parts of the left and right

linkers (parenthesized in Figs. 1a–1c) are included into the

scattering region to account for the rearrangement of atoms

and charge on contacting the molecule. The retarded

(advanced) Green’s function Gr=aðEÞ5½ðE6idÞI2HM2RL2RR�21

together with the spectral function of the left/right contact

CL=RðEÞ � i½RL=RðEÞ2R
†

L=RðEÞ� allow for calculating the transmis-

sion T using the Fisher–Lee relation, that is, TðEÞ5
trace½CLGaðEÞCRGaðEÞ�.

For calculating the current density through open quantum

systems we follow Refs. 7–10. In short, the lesser Green’s func-

tion is given by
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G<ðEÞ5iGrðEÞ½fLðEÞCL1fRðEÞCR�GaðEÞ; (1)

where fL=RðEÞ are the Fermi distribution function of the left/

right contacts defined as fL=RðEÞ51=½11exp ðE2lL=R

kBT
Þ�. Here, lL=R,

T, kB are the chemical potential of the left/right contacts, tem-

perature, and the Boltzmann constant, respectively. For a dis-

cussion of the real-space expansion of local currents, see, for

example, Refs. 2,7–10. The real space representation of G<ðEÞ
may be expanded in atomic orbitals f/ð~rÞg as

G<ðE; r; r0Þ5
X

i;j

/iðrÞG<
i;jðEÞ/jðr0Þ�: (2)

In the absence of the external magnetic field, the current

density is given by[29]

J5
e

2m
ðW½pW��1W�½pW�Þ; (3)

which can be written in the form

Jðr; EÞ5 e

2m
lim
r0!r
½ðp-p0ÞWðrÞW�ðr0Þ�; (4)

where p � 2i�hr and p0 � 2i�hr0. Here, the gradient operators

r and r0 operate on r and r0, respectively. Finally, we replace

WðrÞW�ðr0Þ with 2iG<ðE; r; r0Þ=2p to obtain the energy-

dependent current density

2pJðr; EÞ52
e�h

2m
lim
r0!r
½ðr-r0ÞG<ðr; r0; EÞ�: (5)

The total current density is given by energy integration,

JðrÞ52

ð
Jðr; EÞdE; (6)

where the factor 2 accounts for spin degeneracy.

Numerically, our calculations are performed using the den-

sity functional-based tight binding (DFTB) method as imple-

mented in the DFTB1 package[30] together with the pbc-0-3

basis set.[31] At first, the central molecules and linkers were

separately structurally relaxed. Thereby polyene oligomers hav-

ing four units were used as conducting linkers. Next, these

linkers were attached to the central molecule and the com-

plete structure was relaxed again. In the third step, fictitious

contacts approximated within the wide band limit (WBL) were

attached to the terminal pz orbitals of the two linkers (see

Fig. 1) and the current density was calculated as described

above. The electronic temperature and the bias voltages are

set to 300 K and 0.5 V, respectively, for all calculations. This

means that the chemical potential for the left (right) feature-

less contact is shifted up (down) by 0.25 eV corresponding to

a total bias of 0.5 V. The bias dependence of the retarded

Green’s function is not included here for simplicity.

Obviously, the accuracy of the numerical results used here

to illustrate our approach depends on the level of theory used

for the underlying electronic structure calculation. It can be

improved, for example, by including quasiparticle effects in

the electronic self-energies:[32–39] The same framework can

then be used, but the eigenenergies and eigenstates {eKS
i ;W

KS
i }

are to be replaced by the corresponding quasi-particle

quantities {eQP
i ;WQP

i }. This will shift the resonance peaks in the

transmission and thus modify the current.

Results and Discussion

Local current through benzenes with

different contact positions

Benzene and its derivatives substituted at ortho, meta, and

para positions (cf. Fig. 1) are common test-beds for electron

Figure 1. Schematic view of model systems used for the analysis of the local current: Ortho-, meta-, and para-substituted phenyl rings with linkers (polyene

oligomers) are shown in (a–c). Featureless contacts with C51:0 eV are attached to the pz orbital of terminal carbon atoms of the linkers. The length of carbene

oligomers is n 5 4. d) Transmission spectra for the models (a–c) calculated within the wide-band limit (WBL). An antiresonance arising from quantum interfer-

ence is seen in the middle of the energy gap for meta-substituted benzene, chosen here as Fermi energy. [Color figure can be viewed at wileyonlinelibrary.com]
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transport studies. Especially, meta-substituted benzene is

known to exhibit an antiresonance for mid-gap energy due to

quantum interference, see, for example, Refs. 3,5,7,14,22,40–45.

While the bond current through the benzene and its

derivatives has been studied, this does not hold for its spatial

distribution. In Figure 2, the current distribution according to

eq. (6) is shown for benzenes with different contact positions.

The energy-dependent contributions to these currents [eq. (5)]

are shown in the Supporting Information, in Figures S1–S3.

They depend strongly on contact position and energy. The

rotation direction of the electronic vortex flips when passing

the antiresonance energy in meta-substituted benzene (see

Supporting Information Figs. S2b-S2c). Some vortices present

in the energy-dependent current density remain after the

energy integration in eq. (6) and are still visible in the total

current density, as indicated by arrows in Figures 2a and 2b.

Therefore, current-induced magnetic fields can be expected, as

will be explored below. The occurrence of current vortices is

not limited to intramolecular regions, they are also observed

outside the molecule, see, for example, Figures 2a and 2c. In

case of meta-substitution, the centers of vortices are localized

not on the top of the center of the phenyl ring like in Figure

2a, but on the top of carbon atoms where electric leads are

attached, cf. Figure 2b.

Influence of functional groups

The electronic structures and transport properties of organic

materials are frequently modified and tuned by means of

attaching functional groups.[14,15,46–59] Here, the influence of

functional groups is exemplarily studied using benzenes con-

nected to electric leads at the para position. In Figure 3, the

current distribution according to eq. (6) is shown for the

molecular wires with different functional groups (X5AH,

ACH3, ACOOH, ANH2, ANO2, and AOH). It can be seen that

all functional groups substituting for hydrogen give rise to vor-

tices outside the phenyl ring. The respective net contribution

of upper, that is, functionalized, and lower part of the molecu-

lar structure to the total current through the molecule is

shown in Figure 3g. As expected, upper and lower pathway

contribute equally in case of the pristine system (X5 AH in

Fig. 3a) in accordance with the molecular symmetry. The sym-

metry break induced by the functional groups, however,

clearly shows up in the current distribution. The lower current

flow is higher than the upper one—most pronounced for the

AOH group—for all cases except for the one with ACOOH

group. These findings can partially be understood from the

on-site energies of the pz orbitals along the upper and lower

pathways, see Figures 4g–4h. All samples apart from the one

with ACOOH group have shallower potential wells in the

lower pathways than in the upper pathways. The AOH group,

for example, is found to induce a strong corrugation in the

upper energy profile that can be expected to give rise to

potential well scattering,[60] while no significant differences are

observed for the ACOOH group. The hydroxyl group discussed

above is found to lead to the strongest variation, 26%, in the

relative current strengths through upper and lower molecular

bridge. Generally, the modifications are moderate, as also

shown by the rather similar isosurfaces of the respective cur-

rent densities shown in Figures 4a–4f. This is due to the trans-

port channel defined by the carbon atoms that is not affected

by the functionalization, at least not for energies close to the

Fermi energy, see Figure 3h. The functional groups shift only

the relative positions of molecular eigenstates with respect to

the Fermi energy by donating or withdrawing electrons, and

do not substantially change the electronic structure along the

pathways. Similar trends were observed earlier.[15] Also, it is

known that the meta-substitution is particularly sensitive to

the change of the functional group[14,53] and the change of

the position of the Fermi energy. This agrees with the present

Figure 2. Electron current density in benzenes with different contacts positions. A 2D slice of the 3D electronic current vector field 1.0 Å below the

molecular plane is plotted. The chemical potential for the left (right) featureless contact is shifted up (down) by 0.25 eV. The energy-dependent

current density is shown in Supporting Information Figures S1–S3. The vortices observed in the energy-dependent current density in Supporting Information

Figures S1–S3 still remain even after energy integration. [Color figure can be viewed at wileyonlinelibrary.com]
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analysis of the local current in real-space representation (see

Supporting Information Figs. S6 and S7). The details of the

influence of the bias voltage and the position of the Fermi

energies are summarized in Supporting Information Figures

S4–S9.

Influence of defects and impurities

Conducting organic materials such p-conjugated oligomers and

polymers typically contain various defects arising from disorder

and impurities which modify the transfer integrals and substan-

tially impact the transport properties.[50,61–67] Walz et al. have

Figure 3. a–f ) Electron current density in para-substituted benzene with different functional groups plotted in a plane 1.0 Å beneath the molecule. The

parameters for broadening function within WBL are set to CL=R51:0 eV. The chemical potential for the left (right) featureless contact is shifted up (down)

by 0.25 eV. Current vortices appear around the functional groups. Major pathways through the benzene frameworks are hardly disturbed by the functional

groups (see also Figs. 4a–4f ). g) Comparison of currents through upper and lower pathways in a series of the benzene derivatives and (h) their transmis-

sion spectra. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 4. a–f ) Isosurface of local current density for the benzene derivatives with functional groups. g, h) On-site energies of pz orbitals along the upper

and lower pathways. Threshold value for the isosurface of the current density is r510210A/Å2. [Color figure can be viewed at wileyonlinelibrary.com]

FULL PAPER WWW.C-CHEM.ORG

1688 Journal of Computational Chemistry 2017, 38, 1685–1692 WWW.CHEMISTRYVIEWS.COM

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


shown that defects such as adatoms or substitutional nitrogen

induce vortices and inhomogeneities in the current density in

graphene nanoribbons.[8,9]

Below the influence of oxygen, nitrogen, and hydrogen

defects on the current density in para-subsitututed benzene

systems is studied. Figure 5 summarizes the effect of substitu-

tional defects in the phenyl rings on the current density and

the transmission spectra. In comparison to the influence of

functional groups, cf. Figure 3, far more drastic changes of the

current density (cf. Figs. 6a–6f ) are observed. This is attributed

to the substantial defect-induced change of the electronic

parameters such as on-site energies (see also Figs. 6g–6h) and

transfer integrals along the electronic pathways (see also Sup-

porting Information Fig. S10). The oxygen-related defects

shown in Figures 5e and 5f even cause an electronic back

flow. The interpretation of the current density changes only in

Figure 5. Electron current density in heteroaromatic systems. a–f ) A 2D slice of the 3D electronic current vector field 1.0 Å below the molecular plane is

plotted. The broadening parameter within the WBL is CL=R51:0 eV. The chemical potential for the left (top) featureless contact is shifted up (down) by

0.25 eV. g) Comparison of currents through upper and lower pathways in a series of heteroaromatic systems and (h) the calculated transmission spectra.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 6. a–f ) Isosurface of local current density for the benzene derivatives with different defects. g–h) On-site energies of pz orbitals along the upper

and lower pathways. r is the threshold value for the isosurface of the current density. [Color figure can be viewed at wileyonlinelibrary.com]
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terms of modified on-site energies—successful for the func-

tional groups above—fails for some substitutional defects: The

lower electron pathway of the structure Figure 5f, for example,

features a deep potential well (cf. Figs. 6g and 6h). Neverthe-

less it carries about twice as much current as the upper path-

way, cf. Figure 5g. This indicates strong modifications of the

transfer integrals. The transmission calculated for the defect

structures studied here varies largely and within a wide energy

window, cf. Figure 5h. Interestingly, the oxazine derivatives

shown in Figures 5e and 5f give rise to antiresonances in the

transmission spectra. In case of 4H-1,3-oxazine (Fig. 5f ) the

antiresonance nearly quenches the current, while, counterintui-

tively, the current is even enhanced for 2H-1,2-oxazine (Fig.

5e). The latter results from the molecular level shift caused by

the substitutional defects, which shift the antiresonance in the

transmission spectrum away from the Fermi energy.

Finally, we compare the current calculated, on the one hand,

using the conductance spectra (i.e., transmission function), and,

on the other hand, from the present current densities. The

results for the systems in Figures 3 and 5 are summarized in

Table 1. Here, the current density was integrated over a cross-

sectional area normal to the current flow or an energy integra-

tion of the transmission function over the bias window, respec-

tively, was performed. It can be seen from Table 1 that the

currents obtained from the two approaches agree nicely, with

deviations typically smaller than 20%. Both approaches result in

the same trends concerning the influence of functional groups

(Fig. 3) and defects (Fig. 5). In addition to the information

obtained from the transmission profile, however, the analysis of

local currents allows for identifying electron pathways and back

flows (see e.g., Fig. 5f ).

Current-induced magnetic field

Static currents through molecular systems induce magnetic

fields.[8,9,68,69] The variety of the patterns in the current density

Table 1. Comparison of current (in nA) obtained either from the integration of the current density over a cross-sectional area normal to the current flow

(A) or from the energy integral of the transmission function over the bias window (B).

Functional group AH ACH3 ACOOH ANH2 ANO2 AOH

System Figure 3a Figure 3b Figure 3c Figure 3d Figure 3e Figure 3f

A 4.09 4.08 4.18 5.46 5.33 4.29

B 5.16 4.98 5.28 6.80 6.88 5.34

System Figure 5a Figure 5b Figure 5c Figure 5d Figure 5e Figure 5f

A 3.92 3.54 4.92 3.09 71.0 0.394

B 5.09 5.05 5.88 4.33 98.0 0.417

Figure 7. Side and top view of the current-induced magnetic field in (a) ortho-, (b) meta-, and (c) para-subsituted benzenes (current strength an other

parameters correspond to Fig. 2). The field is plotted in a plane 0.5 Å above of the molecular plane. [Color figure can be viewed at wileyonlinelibrary.com]

FULL PAPER WWW.C-CHEM.ORG

1690 Journal of Computational Chemistry 2017, 38, 1685–1692 WWW.CHEMISTRYVIEWS.COM

http://wileyonlinelibrary.com


discussed above is expected to cause various patterns in the

magnetic field, the control of which may be interesting in the

context of high-density molecular memory storage consisting of

single molecular magnets.[70–72] In addition, it has been proposed

that the NMR-type experiment in the presence of dc-current flow

can be performed to observe the spatial fluctuations of the

induced magnetic fields.[8] Here, we study exemplarily the influ-

ence of the benzene contact positions on the current-induced

magnetic field. It is calculated using the Biot–Savart law

BðrÞ5 l0

4p

ð
V

J3r̂0dV

jr0j2
; (7)

where dV is the volume element, J is the current density in

that volume, l0 is the vacuum permeability, and r0 is the unit

vector from the volume element to the point r at which the

field is being computed.

The calculated magnetic field for the differently contacted

benzenes are shown in Figure 7. It summarizes the current-

induced magnetic fields in three configurations with different

contact positions. The corresponding current densities are

shown in Figure 2. In case of the ortho-substitution, several

current vortices appear inside and outside the phenyl ring (see

Fig. 2a), thus magnetic flux generated from these current vorti-

ces is expected. This is indeed the case, as shown in Figure 7a.

The signatures of the strongest current vortices inside and

outside the phenyl ring are clearly visible by the magnetic flux

penetrating through the molecular plane. Interestingly, the

maximum of the magnetic field is not inside, but outside the

phenyl ring, due to the high current density at the contacts,

as well as due to the cancellation of the magnetic fields

induced by the partially parallel current around the phenyl

ring (see Fig. 2a). Meta-substituted benzene features an antire-

sonance in the electron transmission spectrum near the Fermi

energy. Hence, the current density and consequently the

current-induced magnetic field is weaker than for the ortho-

substitution. Again, the magnetic field is strongest close to the

carbon atoms where electric contacts are attached. There

strong current vortices form as shown in Figure 2b. It is also

noteworthy that the sign of the magnetic field is opposite to

the case of ortho-substitution. In case of the para-substitution

(Fig. 7c), the magnetic fields induced by the two currents

along the upper and lower molecular pathways partially cancel

each other. Thus, there is nearly no magnetic field inside the

phenyl ring.

Conclusions

The current density in benzene-derived molecular structures

embedded between electric contacts has been studied from

the Green’s function formalism combined with the Landauer

approach. It is found that the local currents depend strongly

on the contact positions, functional substituents, and defects.

In cases where functional groups are attached on side of the

main electron pathway, the variation of the local currents can

largely be interpreted in terms of potential-well scattering. This

simple interpretation breaks down in case of substitutional

defects in the electron pathway. In this case not only the on-

side energies but also the transfer integrals are affected, and

very strong modifications of the current density may result. A

variety of current vortices form, even outside the molecular

structure. This clearly shows, on the one hand, the limits of

electron pathway analyses based on bond strengths. On the

other hand, the random magnetic fields arising from these vor-

tices in combination with multiple scattering processes can be

expected to cause spin relaxation in materials with low spin-

orbit interaction, such as organic semiconductors. We expect

current density analyses such as performed here to be helpful

for the design of functional molecular devices with enhanced

performance as well as for the interpretation and elucidation

of experimental observations.
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