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The Plan

I. Single Particle Picture of Transport   
(Landauer + Green’s function —> AIMS-transport module AITRANSS) 

II. Application: Silanes  (Collab. with Venkataraman Lab CU @ NYC) 

III. Application: Oligoacenes  (Collab. with Tal Lab @ WSI) 

IV. What else?  
Spatially resolved transport in AITRANSS 
Spin-resolved transport (non-collinear) in TURBOMOLE 

V. Outlook
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Literature:  
J. C. Cuevas, E. Scheer, Molecular Electronics, World Scientific 2010  
(also http://www.uam.es/personal_pdi/ciencias/jcuevas/Talks/JC-Cuevas-molecular-electronics-lecture1.pdf 
M. DiVentra, Electrical Transport in Nanoscale Systems, Cambridge 
F. Evers in Computational Methods for Large Systems, chapt. 1,  ed. J. Reimers, Wiley 

I. Single Particle Picture of 
Transport
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I. Transport as Scattering Process 
    Single Barrier

eikx +  r e-ikx teikx 
V0

a

Dispersion: �(k) =
�2k2

2m
Transmission: T (�) = |tk|2
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I. Transport as Scattering Process 
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eikx +  r e-ikx teikx 

VL

aL

VR

aR



Ferdinand Evers    Hands-on workshop density-functional theory and beyond, Berlin July 31th - August 11th, 2017 

I. Transport as Scattering Process 
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I. Transport as Scattering Process 
    Double Barrier
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Single resonance:  
Γ: inverse lifetimes 
ε : resonance position 
Breit-Wigner (Lorentzian) 
resonance shape
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I. Landauer Formula 
     Including transverse degrees of freedom: scattering channels
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intra-channel-scattering with energy conservation

inter-channel-scattering with energy conservation
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Landauer formula in Green’s functions 
Transport formalisms for extended molecules
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Landauer formula in Green’s functions 
Transport formalisms for extended molecules

(Lit:  A. Arnold, F. Weigend J. Chem. Phys. 2007) 

Electrode models in AITRANSS
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Landauer formula in Green’s functions 
Transport formalisms for extended molecules

(Lit:  A. Arnold, F. Weigend J. Chem. Phys. 2007) 

Electrode models in AITRANSS

Non-equilibrium Green’s function formalism

Non-interacting single level model: derivation of Breit-Wigner form
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Applications: 2-path interferometers

Constant M. Guédon, Hennie Valkenier, 
Troels Markussen, Kristian S. Thygesen, 
Jan C. Hummelen & Sense Jan van der Molen 
Nature Nanotechnology 7, 305–309 (2012)

http://www.nature.com/nnano/journal/v7/n5/fig_tab/nnano.2012.37_F1.html#auth-1
http://www.nature.com/nnano/journal/v7/n5/fig_tab/nnano.2012.37_F1.html#auth-2
http://www.nature.com/nnano/journal/v7/n5/fig_tab/nnano.2012.37_F1.html#auth-3
http://www.nature.com/nnano/journal/v7/n5/fig_tab/nnano.2012.37_F1.html#auth-4
http://www.nature.com/nnano/journal/v7/n5/fig_tab/nnano.2012.37_F1.html#auth-5
http://www.nature.com/nnano/journal/v7/n5/fig_tab/nnano.2012.37_F1.html#auth-6
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Applications: 2-path interferometers

Geranton, Seiler, Bagrets, Venkataraman, FE, PRB (2013)

Side remark:  
Quantum-Interference effects 
in transport through C60

Two level (toy)  
model of  
Homo-Lumo 
-transport

Constant M. Guédon, Hennie Valkenier, 
Troels Markussen, Kristian S. Thygesen, 
Jan C. Hummelen & Sense Jan van der Molen 
Nature Nanotechnology 7, 305–309 (2012)

http://www.nature.com/nnano/journal/v7/n5/fig_tab/nnano.2012.37_F1.html#auth-1
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Woochul Lee, Kyeongtae Kim, 
Wonho Jeong, Linda Angela Zotti, 
Fabian Pauly, Juan Carlos Cuevas,  
Pramod Reddy,  
Nature 498, 209–212 (13 June 2013)

Application: heating & thermopower

http://www.nature.com/nature/journal/v498/n7453/fig_tab/nature12183_F1.html#auth-1
http://www.nature.com/nature/journal/v498/n7453/fig_tab/nature12183_F1.html#auth-2
http://www.nature.com/nature/journal/v498/n7453/fig_tab/nature12183_F1.html#auth-3
http://www.nature.com/nature/journal/v498/n7453/fig_tab/nature12183_F1.html#auth-4
http://www.nature.com/nature/journal/v498/n7453/fig_tab/nature12183_F1.html#auth-5
http://www.nature.com/nature/journal/v498/n7453/fig_tab/nature12183_F1.html#auth-6
http://www.nature.com/nature/journal/v498/n7453/fig_tab/nature12183_F1.html#auth-7
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Woochul Lee, Kyeongtae Kim, 
Wonho Jeong, Linda Angela Zotti, 
Fabian Pauly, Juan Carlos Cuevas,  
Pramod Reddy,  
Nature 498, 209–212 (13 June 2013)

Application: heating & thermopower

Dissipated power in probe and substrate 
(Sivan, Imry, PRB 1987)

(Thermopower & Seebeck coefficient ) 
(experiment on molecules: Reddy, Segalman et al, Science 2007)

5

Then, in principle, the Landauer formula, Eq. (B4) in
the appendix, has to be employed.

A. Results: Transmission function

The full transmission function, T (E), as obtained from
the Landauer formula in the NEGF-formulation29 is dis-
played in Fig. 4a,b for the Au-C atop-geometry. It ex-
hibits pronounced non-Lorentzian features, with a sup-
pression of the transmission in the valley region. Com-
paring with the model of isolated resonances, Eq. (2),
one can see that the missing cross-terms between di⇥erent
transfer modes explains this behavior. We conclude that
interference between transport resonances play a quan-
titatively important role in electron transport through
C60 when the chemisorbed C60-molecule is only weakly
charged. The conductance could be reduced by roughly
one order of magnitude as a result

B. Discussion: e�ective two level model

We interpret our findings for the transmission function
using an e⇥ective two level model. Its precise definition
together with a derivation of basic properties are given
in the appendix D.54 The salient feature of the simplified
model are summarized by the following set of equations:

T (E) = T0 + T1 ± T̄01 (3)

T̄01(E) ⇤ 2
�

T0T1
(E � ⇥0)(E � ⇥1) + �0�1�
(E�⇥0)2+�2

0

�
(E�⇥1)2+�2

1

(4)

The two levels that one should refer to here derive from
the C60-HOMO quintett and LUMO-triplett, that ex-
hibit resonances with the strongest broadening. Accord-
ingly, we see from Table II the set of parameters: ⇥0 =
�1.68eV, ⇥1 = 0.1eV, �0 = 0.149meV, �1 = 0.116meV. A
decomposition of the LDoS given in Appendix C further
substatiates this simplification.

The sign in Eq. (3) controls the e⇥ective mixing be-
tween the two transport channels, i.e. whether they in-
terfere constructively (minus sign) or destructively (plus
sign) energies in the valley region, ⇥0 < E < ⇥1. As
we explain in the appendix, destructive interference oc-
curs in two-level models where both states couple with
similar strength to both reservoirs. Since for C60 there
is no reason to assume that with respect to the lead-
coupling there should be a qualitative di⇥erence between
the salient HOMO- and LUMO-levels, one expects that
C60 belongs to this class. Indeed, already from Fig. 4
we can see that for the case of the C60-Au-junction, the
transmission in the valley region is very strongly sup-
pressed supporting our claim.

Hence, we conclude that the plus-sign should be chosen
in Eq. (3). Furthermore, with symmetric coupling we

also have

Ti(E) =
�2
i

(E � ⇥i)2 + �2
i

, i = 0, 1. (5)

The sign in Eq. (3) is the toy model’s only ingredient in
T (E) that is not fixed by the LDOS alone.
In Fig. 5 (left) we compare the full transmission with

the one from the toy model, Eq. (3). Indeed, in the
valley region the toy model reproduces the transmission
and all its non-Lorentzian features well up to a small
shift of the minimum-transmission energy. This shift
is readily explained, e.g., by residual energy dependen-
cies in the pole-positions due to the structured density
of states in the reservoirs. For the minimum conduc-
tance at energy ⇥� we obtain a parametrical estimate
T �
constr ⇤ 4�0�1/|⇥0� ⇥�||⇥1� ⇥�| for constructive interfer-

ence and

T �
destr ⇤

1

4
T �2

constr (6)

in the other case.

C. Thermopower

We complete our account of C60 transport proper-
ties with a discussion of the thermopower of an Au-C60-
Au junction. The thermopower or Seebeck coe⌅cient S
determines the magnitude of the built-in potential de-
veloped across the junction when a temperature di⇥er-
ence �T is applied.39 In particular, molecular junction
thermopower can be useful in determining the dominant
molecular orbital for transport and the identity of the pri-
mary charge carriers.40,41 With the additional presence
of an external voltage bias �V across the junction42,43,
the total current I in this case is simply

I =
2e2

h
[�T (EF)�V + T (EF)S(EF)� T] (7)

where T (EF) denotes the transmission at the Fermi
energy. For non-interacting electrons, the Seebeck-
coe⌅cient, S(E), is closely related to the transmission
function T (E), ultimately, because all transport pro-
cesses are controlled by the tunneling probabilities of
electrons with a given energy through the barrier. We
have

S(E) =
⇤2k2BT

3e

d lnT (E)

dE
(8)

where T denotes the (electronic) temperature. The sys-
tem specific information is all encoded in the logarthmic
derivative, which we now discuss.
Fig. 5b displays the logarithmic derivative for our

model system, C60. Again, we can convince ourselves
that the two-level model with destructive interference ac-
counts well for the salient features of the full DFT-based
trace. A striking characteristics to be observed here is the

QP(V ) =
2
h

� �

��
dE (µP � E) T (E, V )[fP � fS]

QS(V ) =
2
h

� �

��
dE (E � µS) T (E, V )[fP � fS]

http://www.nature.com/nature/journal/v498/n7453/fig_tab/nature12183_F1.html#auth-1
http://www.nature.com/nature/journal/v498/n7453/fig_tab/nature12183_F1.html#auth-2
http://www.nature.com/nature/journal/v498/n7453/fig_tab/nature12183_F1.html#auth-3
http://www.nature.com/nature/journal/v498/n7453/fig_tab/nature12183_F1.html#auth-4
http://www.nature.com/nature/journal/v498/n7453/fig_tab/nature12183_F1.html#auth-5
http://www.nature.com/nature/journal/v498/n7453/fig_tab/nature12183_F1.html#auth-6
http://www.nature.com/nature/journal/v498/n7453/fig_tab/nature12183_F1.html#auth-7
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(Lit:  A. Arnold, F. Weigend J. Chem. Phys. 2007) 

Technical excursion: 
 Reservoirs and  

Self Energy Models 
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Self energy as absorbing 
boundary condition

Gedankenexperiment: physical content of ΣR,L

extended molecule eM, no contacts: Propagator:

G(t, x,x′) =
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dE G(E,x, x′) e−iEt

Ψ(t) =
! t

−∞
dt′G(t − t′)Ψ(t′)

unitary time evolution:
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eM = E − HeM + i0

density of states (Tobservation = ∞):

ρ(E) =
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Figure 4: Homo energy of the pyramids as a function of the number of atoms
and the center of the Lumo resonance ✏ of the transmission through hexacene
W-type junction shown figure 3.1.

9

AITRANSS-module  
In fhi-aims with library of electrodes 

Figure 2: Structures of hexacene.

Figure 3: Ag clusters used to model electrodes. The top-most atom is the apex
which binds with the molecule. The color coding represents the leakage rate
⌘(µ̃). The top four atoms (inlc. apex) (gray) have zero ⌘. For the remaining
atoms, ⌘ = 2.7, 1.4, 0.7 eV for red, green and purple atoms, respectively.

8

Figure4:Homoenergyofthepyramidsasafunctionofthenumberofatoms
andthecenteroftheLumoresonance✏ofthetransmissionthroughhexacene
W-typejunctionshownfigure3.1.

9

transport calculation: R. Korytar, unpublished 

A. Bagrets  
(electrode 
library of  
AITRANSS)
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AITRANSS-module - β-version 
Exact self energy - decimation technique 

same lines as used before:

SSSM

a = V†
aGM�1

a Va , a = R,L . (18)

The Green’s function for an arbitrary device
Hdevice in the presence of the leads is readily found
via matrix inversion:

G(E) =
h
E1�Hdevice �SSSM

L (E)�SSSM

R (E)
i�1

.

(19)

The Green’s function G(E) thus found is
used to compute the transmission coefficient
(Eq. (Eq. (4))) and the electron current density
(Eq. (Eq. (9)), see Section 4 for details).35

Absorbing Boundary Conditions: The deci-
mation technique (DT) gives a numerically exact
result for the self-energy. It is efficient with quasi-
onedimensional wires and short range hopping.

In its standard implementation, DT is work-
ing with a (spatially) constant damping rate hdec.
In order to generate an effectively smooth lead
density of states near eF, its magnitude should
somewhat exceed the level spacing, hdec & D(M),
that decreases with the wire length D(M) ⇠
vF2p ¯h/(dM) where vF denotes the Fermi velocity
and d the width of each slice.

For realistic modeling, the absorption should oc-
cur in the leads, i.e. sufficiently far away from the
device. Therefore, a second requirement on hdec
is that it should be negligible near the contact to
the device. Ideally, hdec vanishes in the device re-
gion. Now, if the damping is taken to be spatially
constant, then hdec will be small everywhere, so
M must be large to satisfy the inequality. Indeed,
it turns out that DT is sufficient enough so that in
many cases the system size limit can be reached.

In our previous work, we have used an alterna-
tive way to include the reservoirs operating with
model self-energies that realize a Schroedinger-
type dynamics with absorbing boundary condi-
tions (ABC).32 In real-space notation, the corre-
sponding self-energies take the following form:

h(r) = h0 ekx

, ŜSSABC =�ih(r)d (r� r̂) ,
(20)

where k is the damping coefficient and x denotes
the distance between the device region and the ab-

Figure 3: Bottom: Schematic assembly of the to-
tal system for transport through an AGNR5 with
one nitrogen substituent. It consists of left and
right lead, and device region. For each lead,
M equal building blocks Hblock are connected us-
ing the coupling matrix V. The device region al-
ready contains the beginning of each lead, repre-
sented by two contact regions (dashed blue box).
Top: Schematic spatial dependence of the leakage
rates h(d) (with d = L�x) in the left and right lead
as used for absorbing boundary conditions. Near
and in the contact region the leakage rate is expo-
nentially small (nearly zero).

sorption point r inside the reservoir. The leakage
rate (or damping rate) h(r) describes how elec-
trons are adsorbed into the leads.

This approach can be efficient on its own when
working with Au-electrodes of pyramidal shape
(provided that enough Au-atoms can be kept as a
part of the device region in the DFT reference cal-
culation).26–28 In this case, it turns out to be diffi-
cult to reach the system size limit with a homoge-
nous damping, while there is no problem when the
damping is exponentially increased with growing
distance to the device region.

Since a standard DT (with spatially constant
hdec) becomes computationally expensive, e.g.,
because the coupling matrices V are large, we
combine both approaches with the replacement:
hdec ! ĥhhABC, using

h(r) = h0 e�k(L�x)
, ĥhhABC = h(r)d (r� r̂) ,

(21)
as default parametrization with the values h0 =
1Ha ⇡ 27.2eV and k = 16/L where L is total
length of each lead.36

Picturial illustration: Figure 3 shows an illus-
tration of building the leads, applying the ABC via
the damping rate hL/R, and connecting the leads to

5

M. Walz, A. Bagrets, FE, J. Chem. Theory Comput. 11, 5161 (2015). 

http://pubs.acs.org/doi/abs/10.1021/acs.jctc.5b00471
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, ĥhhABC = h(r)d (r� r̂) ,

(21)
as default parametrization with the values h0 =
1Ha ⇡ 27.2eV and k = 16/L where L is total
length of each lead.36

Picturial illustration: Figure 3 shows an illus-
tration of building the leads, applying the ABC via
the damping rate hL/R, and connecting the leads to

5

same lines as used before:

SSSM

a = V†
aGM�1

a Va , a = R,L . (18)

The Green’s function for an arbitrary device
Hdevice in the presence of the leads is readily found
via matrix inversion:

G(E) =
h
E1�Hdevice �SSSM

L (E)�SSSM

R (E)
i�1

.

(19)

The Green’s function G(E) thus found is
used to compute the transmission coefficient
(Eq. (Eq. (4))) and the electron current density
(Eq. (Eq. (9)), see Section 4 for details).35

Absorbing Boundary Conditions: The deci-
mation technique (DT) gives a numerically exact
result for the self-energy. It is efficient with quasi-
onedimensional wires and short range hopping.

In its standard implementation, DT is work-
ing with a (spatially) constant damping rate hdec.
In order to generate an effectively smooth lead
density of states near eF, its magnitude should
somewhat exceed the level spacing, hdec & D(M),
that decreases with the wire length D(M) ⇠
vF2p ¯h/(dM) where vF denotes the Fermi velocity
and d the width of each slice.

For realistic modeling, the absorption should oc-
cur in the leads, i.e. sufficiently far away from the
device. Therefore, a second requirement on hdec
is that it should be negligible near the contact to
the device. Ideally, hdec vanishes in the device re-
gion. Now, if the damping is taken to be spatially
constant, then hdec will be small everywhere, so
M must be large to satisfy the inequality. Indeed,
it turns out that DT is sufficient enough so that in
many cases the system size limit can be reached.

In our previous work, we have used an alterna-
tive way to include the reservoirs operating with
model self-energies that realize a Schroedinger-
type dynamics with absorbing boundary condi-
tions (ABC).32 In real-space notation, the corre-
sponding self-energies take the following form:

h(r) = h0 ekx
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M. Walz, A. Bagrets, FE, J. Chem. Theory Comput. 11, 5161 (2015). 

http://pubs.acs.org/doi/abs/10.1021/acs.jctc.5b00471
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experiment - group at CU NYC:  
Haixing Li, L. Venkataraman et al.   

theory - Regensburg / Prague:  
M. Camarasa-Gomez,  D. Hernangomez-Perez, FE, V. Pokorny, R. Korytar

II. Thiol terminated silanes

Haixing Li, Timothy Su, María Camarasa-Gómez,	Daniel Hernangómez-Pérez, Simon E. Henn, Vladislav 
Pokorný, Richard Korytár, Michael Steigerwald, Colin Nuckolls, FE,  Latha Venkataraman, submitted 
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Experiment @ CU - NYC 
mechanical-break junction measurement
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AITRANSS-module 
transmission calculation - structure definition 

vacuum relaxation: free molecule with Au-anchor 

contact relaxation: molecule in vacuum geometry plus Au-clusters

amino (NH2) linker thiole (S) linker
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AITRANSS-module 
transmission calculation - DFT calculation, amino linker 
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AITRANSS-module 
transmission calculation - amino (NH2) linkers

E - EFermi

T(
E)
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AITRANSS-module 
transmission calculation - amino (NH2) linkers

E - EFermi

     : work function 
mismatch of  Ag & AuT(

E)
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AITRANSS-module 
transmission calculation - thiole (S) linkers

E - EFermi

T(
E)
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AITRANSS-module 
transmission calculation
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III. Oligoacene wires

T. Yelin, R. Korytar, N. Sukenik, R. Vardimon, B. Kumar, C. Nuckolls, F. Evers, O. Tal,  Nature Materials. 15,  
444 (2016) 
R. Korytár, D. Xenioti, P. Schmitteckert, M. Alouani, F. Evers Nature Communications 5, 5000 (2014) 
P. Schmitteckert, R. Thomale, R. Korytár, and F. Evers J. Chem. Phys. 146, 092320 (2017)

theory:  R. Korytar, M. Alouani, D. Xenioti, P. Schmitteckert, R. Thomale, FE 

experiment: T. Yelin, N. Sukenik, R. Vardimon, B. Kumar, C. Nuckolls, O. Tal 

http://dx.doi.org/10.1038/ncomms6000
http://aip.scitation.org/doi/abs/10.1063/1.4975319
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Oligoacenes in a breakjunction 
(experiments: T. Yelin, R. Vardimon, O. Tal @ WSI)

 

Figure 2: The characteristic conductance of Ag/oligoacene and Pt/oligoacene junctions as a 
function of the number of benzene rings in the oligoacene molecule. Lower series: Most 
probable conductance of Ag/oligoacenes junctions, determined from the peaks in the pull (  ) 
and push (  ) conductance histograms. All the studied molecules except the pentacene showed a 
clear conductance peak in either pull or push directions. Upper series: Most probable 
conductance of Pt/oligoacenes junctions, determined from pull conductance histograms ( ). 
Error bars represent the standard deviation between independent experiments. Push values are 
typically higher by ~0.02-0.1G0, than pull values, probably due to induced elongation of the 
bonds in the pulling process that suppresses the conductance.  

 

To understand the origin of the conductance trend along the Ag/oligoacene series, we 
performed Ab-initio transport calculations. The calculations show that due to the direct 
coupling, the molecule has the freedom to align with the electrodes in a variety of 
configurations. Fig. 3a presents the transmission curves for a compact configuration of the 
molecule (Fig. 3, inset), with its long axis pointing out of the electrodes axis. This configuration 
yields the best fit to the experimental values along the Ag/oligoacene series. Moreover, the 
measured total elongation of the molecular junctions shows no correlation with molecule 
length, consistent with a compact configuration, for which the length of the molecule is not 
manifested in the junction length. The conductance, determined by the value of the 
transmission curves at the Fermi energy (EF), is dominated by the lowest unoccupied molecular 
orbitals (LUMO) which are much closer to EF than the highest occupied molecular orbitals 
(HOMO). The difference between the transmission values at EF diminishes with molecule length, 
implying the onset of conductance saturation. The transmission peaks can be approximated by 
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Most one-dimensional conductors are quite similar since the Fermi surface is a point and the elec-
tron energy dispersion relation near the Fermi surface is linear. It is pointed out that in polyacene
the Fermi surface lies at the edge of the Brillouin zone, but that an accidental degeneracy between
the valence and conduction bands makes it metallic nonetheless. The dispersion relation is therefore
quadratic, and the density of states diverges at the Fermi surface. Thus, polyacene [(C4Hz)„] and
its possible derivatives represent a conceptually new class of quasi-one-dimensional conductors.
Moreover, we find that this class of materials has the possibility of possessing interesting condensed
phases including high-temperature superconductivity and ferromagnetism.

I. INTRODUCTION: WHAT IS POLYACENE?

In this paper we consider the properties of a novel or-
ganic polymer, polyacene [(C&H2)„] [Fig. 1(a)]. Polyacene
is an infinite linear acene. The linear acenes from
naphthalene [Fig. 1(b)] to heptacene [Fig. 1(c)] have been
made. ' Higher members of this series have proved too
reactive to isolate under ordinary conditions. We believe,
however, that it will be possible to work with these ma-
terials under suitable conditions.
The finite length of an acene chain affects its properties

in two ways. First, in the finite acenes, the energy levels
are discrete. Most importantly, this results in a gap be-
tween the highest-lying occupied ~ orbital and the
lowest-lying unoccupied ~ orbital. This gap decreases as
one goes up the series from naphthalene to heptacene. '
Let us obtain a crude theoretical estimate of the typical
spacing hE between levels near the Fermi surface for a
chain of X monomers. As we shall see, the energy is a
quadratic function of the wave vector k and so

hE- 8'/1V, where 8'=10 eV is the ~-band width. For
N sufficiently large that b,E is small compared to other
characteristic energies (most importantly compared to the
transition temperature kT, to the low-temperature ordered
phase) the spectrum can be treated as a continuum. The
second finite-length effect is that the chemical nature of
the chain ends affects the bond-alternation pattern of the
molecule. In principle, this effect could be eliminated if a
cyclic polymer [Fig. 1(d)] could be synthesized.
In this paper we will discuss the qualitative features of

the electronic properties of the infinite polyacene. Since it
has not yet been synthesized our discussion is necessarily
speculative and hence we confine ourselves, as much as
possible, to conclusions that follow directly from the sym-
metries of the molecule. However, to make our discussion
more concrete we will consider a microscopic model of
polyacene in the same spirit as the model of polyacetylene
[(CH)„] considered by Su, Schreiffer, and Heeger.
Indeed, the fact that polyacene and polyacetylene have all
the same constituents and that polyacene can be viewed as

(b) (c)

FICx. 1. (a) Polyacene [(C&H2)„]; (b) naphthalene [(H2(C4H2)C6H4)]; (c) heptacene [(Hz(C4H2)6C6H4)]; (d) a cyclic polyacene.
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Figure 5: The conductances (G) and centres (✏) and widths (�) of the Lumo
resonances. The horizontal axis is the number of rings in the molecule. Left
column: shown are data for the lengthwise contacted molecules. The di↵erent
symbols indicate di↵erent electrode volumes, see legend in the top. Center
column: similar for the widthwise contacted molecules. Right column: data for
other types of binding geometries. We show only data calculated with 82 atoms
per electrode. Di↵erent symbols indicate di↵erent structures, see legend in the
top.
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⌘(µ̃). The top four atoms (inlc. apex) (gray) have zero ⌘. For the remaining
atoms, ⌘ = 2.7, 1.4, 0.7 eV for red, green and purple atoms, respectively.
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Figure 5: The conductances (G) and centres (✏) and widths (�) of the Lumo
resonances. The horizontal axis is the number of rings in the molecule. Left
column: shown are data for the lengthwise contacted molecules. The di↵erent
symbols indicate di↵erent electrode volumes, see legend in the top. Center
column: similar for the widthwise contacted molecules. Right column: data for
other types of binding geometries. We show only data calculated with 82 atoms
per electrode. Di↵erent symbols indicate di↵erent structures, see legend in the
top.

10

Figure 2: Structures of hexacene.
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atoms, ⌘ = 2.7, 1.4, 0.7 eV for red, green and purple atoms, respectively.
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conductance. On one hand, the reduction in the separation ε between EF and the peak center 
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value at EF are LUMO-type peaks, centered at energies higher than EF. Inset: An example for a 
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conductance. The peak is characterized by ε, the separation between the peak center and EF 
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obtained from simple physical considerations, based on the length of the oligoacene molecules 
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proportional to N, since   the   number   of   π   electrons   increases   linearly   with   the   number   of  
conjugated rings, increasing n accordingly. This results in (1) ε=c1/N+c2/N2 (c1, c2 constants). 
When the molecules are attached to the metal electrodes, the energies of the molecular levels 
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LUMO resonance: parameters 
Fitting experimental data guided by toy model 

length is preserved, implying a better alignment of these orbitals with EF [5, 8, 11, 23] and an 

increase of conductance. In order to understand the onset of saturation that follows the 

conductance increase, it is important to consider another factor, the broadening Γ of the 

molecular levels, which results from the coupling to the extended states of the electrodes [1, 

23]. Similar to ε, the extent of coupling is also related to the molecule length. The LUMO π-

orbital is normalized over the molecule length, yielding a probability density that is inversely 

proportional to the length (Fig. 4b). This leads to a reduction in the overlap of the LUMO with 

the metal frontier orbitals. Consequently, Γ scales inversely with molecule length, (2) Γ=c3/N (c3 

constant). The reduction in Γ with molecule length acts to decrease the conductance, as oppose 

to the reduction in ε.  

In the single Lorentzian model, the conductance can be described by: (3) G=G0/[(ε/Γ)
2
+1]. From 

here it follows that a faster reduction of ε with molecule length relative to Γ yields a 

conductance increase. However, when both ε and Γ have the same length dependence, the ratio 

ε/Γ is a constant, yielding a constant conductance. According to the above approximations for ε 

and Γ (equations (1) and (2)), indeed, for long enough oligoacenes (large N), the second term of 

ε (c2/N2
) becomes negligible, and both ε and Γ effectively scale as 1/N. This yields a constant ε/Γ 

ratio, which is independent on length, resulting in conductance saturation. In this framework, 

the conductance can be written as: (4) G=G0/[(ca+cb/N)
2
+1] (ca=c1/c3, cb=c2/c3), which is used to 

produce a fit to the measured conductance trend, shown in the inset of Fig. 4c. The 

corresponding Lorentzian transmission peaks for N=2,4,6 are shown in Fig. 4c demonstrating 

conductance  increase  (a→b)  and  the  onset  of  conductance  saturation  (b→c).   

As long as a single level model applies, the ratio ε/Γ   is the only dimensionless parameter. It 

indicates not only the conductance but also the charge-transfer between the electrodes and the 

molecular   level.   According   to   Friedel’s   sum   rule,   the   conductance can be expressed uniquely 

through the charging of the level q, G=G0·sin
2
(q·∙π/2)  (see  supporting  information). The relation 

shows that saturation of the conductance, which is a non-equilibrium quantity, results from the 

saturation of the charge, which is an equilibrium quantity. Thus conductance saturation at 

G~0.5-0.6 G0 is associated with charge transfer of q~0.5-0.6 electrons to the molecule. In view of 

the above, the conductance saturation can be modeled even in situations where the 

assumptions  derived  from  a  “particle  in  a  box”  do  not  apply  or  when  ε is not proportional to the 

HOMO-LUMO gap.  
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length is preserved, implying a better alignment of these orbitals with EF [5, 8, 11, 23] and an 

increase of conductance. In order to understand the onset of saturation that follows the 

conductance increase, it is important to consider another factor, the broadening Γ of the 

molecular levels, which results from the coupling to the extended states of the electrodes [1, 

23]. Similar to ε, the extent of coupling is also related to the molecule length. The LUMO π-

orbital is normalized over the molecule length, yielding a probability density that is inversely 

proportional to the length (Fig. 4b). This leads to a reduction in the overlap of the LUMO with 

the metal frontier orbitals. Consequently, Γ scales inversely with molecule length, (2) Γ=c3/N (c3 

constant). The reduction in Γ with molecule length acts to decrease the conductance, as oppose 

to the reduction in ε.  

In the single Lorentzian model, the conductance can be described by: (3) G=G0/[(ε/Γ)
2
+1]. From 

here it follows that a faster reduction of ε with molecule length relative to Γ yields a 

conductance increase. However, when both ε and Γ have the same length dependence, the ratio 

ε/Γ is a constant, yielding a constant conductance. According to the above approximations for ε 

and Γ (equations (1) and (2)), indeed, for long enough oligoacenes (large N), the second term of 

ε (c2/N2
) becomes negligible, and both ε and Γ effectively scale as 1/N. This yields a constant ε/Γ 

ratio, which is independent on length, resulting in conductance saturation. In this framework, 

the conductance can be written as: (4) G=G0/[(ca+cb/N)
2
+1] (ca=c1/c3, cb=c2/c3), which is used to 

produce a fit to the measured conductance trend, shown in the inset of Fig. 4c. The 

corresponding Lorentzian transmission peaks for N=2,4,6 are shown in Fig. 4c demonstrating 

conductance  increase  (a→b)  and  the  onset  of  conductance  saturation  (b→c).   

As long as a single level model applies, the ratio ε/Γ   is the only dimensionless parameter. It 

indicates not only the conductance but also the charge-transfer between the electrodes and the 

molecular   level.   According   to   Friedel’s   sum   rule,   the   conductance can be expressed uniquely 

through the charging of the level q, G=G0·sin
2
(q·∙π/2)  (see  supporting  information). The relation 

shows that saturation of the conductance, which is a non-equilibrium quantity, results from the 

saturation of the charge, which is an equilibrium quantity. Thus conductance saturation at 

G~0.5-0.6 G0 is associated with charge transfer of q~0.5-0.6 electrons to the molecule. In view of 

the above, the conductance saturation can be modeled even in situations where the 

assumptions  derived  from  a  “particle  in  a  box”  do  not  apply  or  when  ε is not proportional to the 

HOMO-LUMO gap.  
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Most one-dimensional conductors are quite similar since the Fermi surface is a point and the elec-
tron energy dispersion relation near the Fermi surface is linear. It is pointed out that in polyacene
the Fermi surface lies at the edge of the Brillouin zone, but that an accidental degeneracy between
the valence and conduction bands makes it metallic nonetheless. The dispersion relation is therefore
quadratic, and the density of states diverges at the Fermi surface. Thus, polyacene [(C4Hz)„] and
its possible derivatives represent a conceptually new class of quasi-one-dimensional conductors.
Moreover, we find that this class of materials has the possibility of possessing interesting condensed
phases including high-temperature superconductivity and ferromagnetism.

I. INTRODUCTION: WHAT IS POLYACENE?

In this paper we consider the properties of a novel or-
ganic polymer, polyacene [(C&H2)„] [Fig. 1(a)]. Polyacene
is an infinite linear acene. The linear acenes from
naphthalene [Fig. 1(b)] to heptacene [Fig. 1(c)] have been
made. ' Higher members of this series have proved too
reactive to isolate under ordinary conditions. We believe,
however, that it will be possible to work with these ma-
terials under suitable conditions.
The finite length of an acene chain affects its properties

in two ways. First, in the finite acenes, the energy levels
are discrete. Most importantly, this results in a gap be-
tween the highest-lying occupied ~ orbital and the
lowest-lying unoccupied ~ orbital. This gap decreases as
one goes up the series from naphthalene to heptacene. '
Let us obtain a crude theoretical estimate of the typical
spacing hE between levels near the Fermi surface for a
chain of X monomers. As we shall see, the energy is a
quadratic function of the wave vector k and so

hE- 8'/1V, where 8'=10 eV is the ~-band width. For
N sufficiently large that b,E is small compared to other
characteristic energies (most importantly compared to the
transition temperature kT, to the low-temperature ordered
phase) the spectrum can be treated as a continuum. The
second finite-length effect is that the chemical nature of
the chain ends affects the bond-alternation pattern of the
molecule. In principle, this effect could be eliminated if a
cyclic polymer [Fig. 1(d)] could be synthesized.
In this paper we will discuss the qualitative features of

the electronic properties of the infinite polyacene. Since it
has not yet been synthesized our discussion is necessarily
speculative and hence we confine ourselves, as much as
possible, to conclusions that follow directly from the sym-
metries of the molecule. However, to make our discussion
more concrete we will consider a microscopic model of
polyacene in the same spirit as the model of polyacetylene
[(CH)„] considered by Su, Schreiffer, and Heeger.
Indeed, the fact that polyacene and polyacetylene have all
the same constituents and that polyacene can be viewed as

(b) (c)

FICx. 1. (a) Polyacene [(C&H2)„]; (b) naphthalene [(H2(C4H2)C6H4)]; (c) heptacene [(Hz(C4H2)6C6H4)]; (d) a cyclic polyacene.
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plicitly in the Appendix) which, in general, are even func-
tions of k with t~(rr/2a) =0.
In the simplest version of the theory we retain only cou-

plings out to nearest neighbors, as shown in Fig. 3(a). (We
call this the nearest-neighbor model. ) We define the zero
of energy such that the site energy on all odd-numbered
sites is zero. The site energy on even-numbered sites is—eo which may be slightly different from zero. The off-
diagonal matrix element between neighboring sites on a
single chain is t0-2. 5 eV which we expect to be of rough-
ly the same magnitude as the matrix element between even
sites on the two different chains, tz. For this model,
eg(k)=(e'0+At&), eq(k)=@a+At~, and rg(k)=2rocos(k).
The band structure for this model is shown in Fig. 4(a).
As can be clearly seen, there is a degeneracy between the
highest-lying occupied (negative energy) state and the
lowest-lying empty (positive energy) state.
This degeneracy is possible because the two bands

which are degenerate at the Fermi surface have different
parity. Since this degeneracy is essential to obtain con-
ducting behavior, it is worth examining the nature of the
zero-energy Fermi-surface states. They are shown
schematically in Figs. 4(b) and 4(c). They are the even-

and odd-parity standing-wave states with k=a/2a and
zero amplitude on all even-numbered sites. The degenera-
cy of these two states is accidental. However, it is only
when one includes much-farther-neighbor (hence much
smaller) tight-binding matrix elements in the model that
the degeneracy at k=m/2a is destroyed. The first such
matrix element is the fourth-neighbor interaction, tg,
shown as a dashed line in Fig. 3(a). This term splits the
even- and odd-parity states by an amount 2tg. If tg has
the same sign as tq (which seems likely), then the effect of
including tg is to cause the even and odd bands to cross
[see Fig 5(.a)]. If tg has the opposite sign to t~, then tg
opens a gap at the Fermi surface. In which follows, we
will assume that tg is small and has the same sign as tj.
Thus, we can treat the nearest-neighbor model as a first-
order approximation and then correct our results to in-
clude the effects of farther-neighbor interactions.
The result of having the Fermi surface lie at the edge of

the Brillouin zone is anomalous behavior of the electron
gas. Typically, the energy dispersion relation near the
Fermi surface is of the form Eq ——AVz(

~

k
~

—k~), but in
polyacene,

5.0

where 4=+1 for the conduction band and —1 for the
valence band and m~ A(t~ A@0)/——(4to—) . As a result,
the density of states diverges in the vicinity of the Fermi
surface:

O

4+2m„
v'[E

)

(3)

O I.O-

0

) 0-0)
LU

-2.0-

Although three-dimensional effects (interchain coupling)
and farther-neighbor interactions such as tg will tend to
round out this divergence, we expect polyacene to have a
very large density of states at the Fermi surface and hence
unusually strong instabilities.
To explore these instabilities, we must include electron-

phonon and direct electron-electron interactions in our

-5.0- 0.4--

-4.0- 0.2--

(b)
X=+(
E=0 C

0.0—

—Q2--
4Pa
Ld

x=-I
E=0

—0 4--

FICir. 4. Electronic states in polyacene. (a) Band structure of
the undistorted molecule. (b) and (c), wave functions of the
Fermi-surface states.

FIG. 5. Band structure near the edge of the Brillouin zone in-
cluding the effect of farther-neighbor interactions: (—), in the
undistorted molecule; (———), for a distorted molecule of the
sort shown in Fig. 2(e).
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plicitly in the Appendix) which, in general, are even func-
tions of k with t~(rr/2a) =0.
In the simplest version of the theory we retain only cou-

plings out to nearest neighbors, as shown in Fig. 3(a). (We
call this the nearest-neighbor model. ) We define the zero
of energy such that the site energy on all odd-numbered
sites is zero. The site energy on even-numbered sites is—eo which may be slightly different from zero. The off-
diagonal matrix element between neighboring sites on a
single chain is t0-2. 5 eV which we expect to be of rough-
ly the same magnitude as the matrix element between even
sites on the two different chains, tz. For this model,
eg(k)=(e'0+At&), eq(k)=@a+At~, and rg(k)=2rocos(k).
The band structure for this model is shown in Fig. 4(a).
As can be clearly seen, there is a degeneracy between the
highest-lying occupied (negative energy) state and the
lowest-lying empty (positive energy) state.
This degeneracy is possible because the two bands

which are degenerate at the Fermi surface have different
parity. Since this degeneracy is essential to obtain con-
ducting behavior, it is worth examining the nature of the
zero-energy Fermi-surface states. They are shown
schematically in Figs. 4(b) and 4(c). They are the even-

and odd-parity standing-wave states with k=a/2a and
zero amplitude on all even-numbered sites. The degenera-
cy of these two states is accidental. However, it is only
when one includes much-farther-neighbor (hence much
smaller) tight-binding matrix elements in the model that
the degeneracy at k=m/2a is destroyed. The first such
matrix element is the fourth-neighbor interaction, tg,
shown as a dashed line in Fig. 3(a). This term splits the
even- and odd-parity states by an amount 2tg. If tg has
the same sign as tq (which seems likely), then the effect of
including tg is to cause the even and odd bands to cross
[see Fig 5(.a)]. If tg has the opposite sign to t~, then tg
opens a gap at the Fermi surface. In which follows, we
will assume that tg is small and has the same sign as tj.
Thus, we can treat the nearest-neighbor model as a first-
order approximation and then correct our results to in-
clude the effects of farther-neighbor interactions.
The result of having the Fermi surface lie at the edge of

the Brillouin zone is anomalous behavior of the electron
gas. Typically, the energy dispersion relation near the
Fermi surface is of the form Eq ——AVz(

~

k
~

—k~), but in
polyacene,
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where 4=+1 for the conduction band and —1 for the
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of the resonance center ✏. The gas-phase gaps are shown in blue, scaled down by
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latter can be formally viewed as

j(r) =
~

2im
lim
r0!r

(rr �rr0) 
⇤(r0) (r) . (1)

To keep the ab initio e↵ort tractable, we employ
the massively parallelized ab initio package FHI-aims,
whose scalability has already been demonstrated up to
several thousand CPUs14. To preserve this scalability,
shared-memory (via OpenMP) and distribute-memory
(via MPI) parallelization approaches are implemented in
our framework. Our framework is readily adopted to
other electronic structure code which deliverers all (oc-
cupied and virtual) eigenstates in terms of local basis
functions, and we demonstrate this on the example of
the Turbomole package.

This method has already been applied in separate
publications1,2. Here, we provide details of the imple-
mentation and further examples. In Sec. II, we summa-
rize the transport formalism used, which is based on the
non-equilibrium Green’s function (NEGF) technique. In
Sec. III, we reconstruct the KS-Hamiltonian of a finite
system from the DFT calculation, and show how to ex-
tract parametrizations for the infinite system. The cal-
culation and convergence tests for local current densities
and induced local magnetic fields are discussed in Sec. IV
and Sec. V, respectively. We close with an investigation
of the computational performance (Sec. VI) and a con-
clusion section in Sec. VII.

II. METHOD

A. Ab initio transport calculation in
Landauer-Büttiker picture

Electron transport calculations are performed with
the in-house built module AitransS12,13. It takes
as input a set of KS-orbitals and corresponding ener-
gies and reconstructs the underlying KS-Hamiltonian
HKS of the system (for details, see Sec. III). Further,
the Landauer-Büttiker approach merged with the non-
equilibrium Green’s function formalism for independent
particles is employed to compute the ballistic transmis-
sion as well as the current density.

To be more specific, consider an example — a thin
armchair graphene nanoribbon (AGNR5) — as shown in
Fig. 2. We partition it into a central “device” region, a
left and a right lead. We extract the KS Green’s func-
tion GKS

0

(E)

GKS

0

(E) =
�
E1�HKS + i0

��1

(2)

for the uncoupled “device” region from the DFT calcu-
lations. To model the infinite extension of the system
in the (current flow) x-direction, we compute the self-
energies ⌃

L/R

using absorbing boundary conditions16 as
specified in Sec. II B. The resulting Green’s function

G(E)�1 = GKS

0

(E)�1 �⌃
L

(E)�⌃
R

(E) (3)

FIG. 2: Armchair graphene nanoribbon partitioned into left
lead, right lead and central “device” region containing one ni-
trogen impurity (green). We assume that the leads are filled
up to their respective chemical potentials µ. The latter di↵er
because of an applied bias voltage Vbias. In the energy win-
dow µR < E < µL, the states in the left lead are filled and
propagate through the “device” to the empty states of the
right lead, thereby generating a current I.

describes the propagation of KS particles in the “device”
region in the presence of leads and is used to calculate
the transmission T (E) through the system:

T (E) = Tr{�
L

G�
R

G†} . (4)

Here, �
L/R

denote the anti-Hermitian parts of the self-

energies, i.e., �
L/R

= i(⌃
L/R

�⌃†
L/R

). They account for
the level broadenings in the “device” region due to the
coupling to the leads.
When a bias-voltage V

bias

is applied between the leads,
the total current (per spin) is the given by

I =
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�
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(E)� f

R

(E)
�
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which depends on the occupation numbers f

L/R

(E) of
the left and right-travelling scattering states. For low
temperatures, the occupation numbers can be modelled
by step functions [f

L

=⇥("
F

+eV
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�E), f
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=⇥("
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�E)]
and the total current becomes

I =
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with "
F

denoting the Fermi energy.
The Green’s function also allows to calculate the non-

equilibrium Keldysh Green’s function G<(E):

G< = iG
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. (7)

Inside the voltage window (f
L

=1, f
R

=0), G< reduces to

G<(E) = iG(E)�
L

(E)G†(E) . (8)

The Keldysh Green’s function is transformed to real-
space representation using the orthonormalized basis
functions '̃

i

(r) based on the underlying DFT calcula-
tion: G

<(r, r0, E) =
P

ij

'̃

i
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ij

(E)'̃⇤
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(r0) (for details,
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gies and reconstructs the underlying KS-Hamiltonian
HKS of the system (for details, see Sec. III). Further,
the Landauer-Büttiker approach merged with the non-
equilibrium Green’s function formalism for independent
particles is employed to compute the ballistic transmis-
sion as well as the current density.

To be more specific, consider an example — a thin
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Fig. 2. We partition it into a central “device” region, a
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lead, right lead and central “device” region containing one ni-
trogen impurity (green). We assume that the leads are filled
up to their respective chemical potentials µ. The latter di↵er
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dow µR < E < µL, the states in the left lead are filled and
propagate through the “device” to the empty states of the
right lead, thereby generating a current I.

describes the propagation of KS particles in the “device”
region in the presence of leads and is used to calculate
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space representation using the orthonormalized basis
functions '̃

i

(r) based on the underlying DFT calcula-
tion: G

<(r, r0, E) =
P

ij

'̃

i

(r)G<

ij

(E)'̃⇤
j

(r0) (for details,

2

latter can be formally viewed as

j(r) =
~

2im
lim
r0!r

(rr �rr0) 
⇤(r0) (r) . (1)

To keep the ab initio e↵ort tractable, we employ
the massively parallelized ab initio package FHI-aims,
whose scalability has already been demonstrated up to
several thousand CPUs14. To preserve this scalability,
shared-memory (via OpenMP) and distribute-memory
(via MPI) parallelization approaches are implemented in
our framework. Our framework is readily adopted to
other electronic structure code which deliverers all (oc-
cupied and virtual) eigenstates in terms of local basis
functions, and we demonstrate this on the example of
the Turbomole package.

This method has already been applied in separate
publications1,2. Here, we provide details of the imple-
mentation and further examples. In Sec. II, we summa-
rize the transport formalism used, which is based on the
non-equilibrium Green’s function (NEGF) technique. In
Sec. III, we reconstruct the KS-Hamiltonian of a finite
system from the DFT calculation, and show how to ex-
tract parametrizations for the infinite system. The cal-
culation and convergence tests for local current densities
and induced local magnetic fields are discussed in Sec. IV
and Sec. V, respectively. We close with an investigation
of the computational performance (Sec. VI) and a con-
clusion section in Sec. VII.

II. METHOD

A. Ab initio transport calculation in
Landauer-Büttiker picture

Electron transport calculations are performed with
the in-house built module AitransS12,13. It takes
as input a set of KS-orbitals and corresponding ener-
gies and reconstructs the underlying KS-Hamiltonian
HKS of the system (for details, see Sec. III). Further,
the Landauer-Büttiker approach merged with the non-
equilibrium Green’s function formalism for independent
particles is employed to compute the ballistic transmis-
sion as well as the current density.

To be more specific, consider an example — a thin
armchair graphene nanoribbon (AGNR5) — as shown in
Fig. 2. We partition it into a central “device” region, a
left and a right lead. We extract the KS Green’s func-
tion GKS
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for the uncoupled “device” region from the DFT calcu-
lations. To model the infinite extension of the system
in the (current flow) x-direction, we compute the self-
energies ⌃

L/R

using absorbing boundary conditions16 as
specified in Sec. II B. The resulting Green’s function
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FIG. 2: Armchair graphene nanoribbon partitioned into left
lead, right lead and central “device” region containing one ni-
trogen impurity (green). We assume that the leads are filled
up to their respective chemical potentials µ. The latter di↵er
because of an applied bias voltage Vbias. In the energy win-
dow µR < E < µL, the states in the left lead are filled and
propagate through the “device” to the empty states of the
right lead, thereby generating a current I.
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FIG. 2: Armchair graphene nanoribbon partitioned into left
lead, right lead and central “device” region containing one ni-
trogen impurity (green). We assume that the leads are filled
up to their respective chemical potentials µ. The latter di↵er
because of an applied bias voltage Vbias. In the energy win-
dow µR < E < µL, the states in the left lead are filled and
propagate through the “device” to the empty states of the
right lead, thereby generating a current I.
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see Sec. IV). Using this decomposition, the current den-
sity (per spin and energy) is
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The factor 2⇡ stems from working in the energy domain,
i.e., from a Fourier transformation. When applying a
finite bias voltage V

bias

between left and right lead, cur-
rent contributions within the bias window have to be
integrated, i.e.,
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The current response to the bias voltage (at zero bias)
is given by
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The Fermi energy "

F

can be varied experimentally, e.g.,
by applying a back-gate voltage V

gate

.
Further, the electric current density j
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= �ej induces
a magnetic field B and a magnetization m which is cal-
culated by Biot-Savart law as:
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Remark on finite basis sets: The current density
as written in Eq. (9) satisfies a continuity-equation in
the basis set limit: r · j(r) = 0. For finite basis sets this
equation is violated. The magnitude |r·j| decreases with
increasing basis set size. At the end of all calculations,
one has to ensure that the basis set was large enough, so
that r · j ⇡ 0.

B. Modeling the infinite system:
Construction of the self-energy

1. Decimation Technique

The self-energy ⌃ has to represent the particle reser-
voir given by the semi-infinite leads. Computationally,
we built a long lead and introduce absorbing boundary
conditions (see Sec. II B 2). The Hamiltonian Hlead of
the long lead is assembled as a nearest-neighbour tight-
binding chain in terms of blocks, with “on-site-energy”
term Hblock and “hopping” term V. Formally, the lead
HamiltonianHlead is given by a block-tridiagonal matrix,

Hlead =

0

BBBBB@

Hblock

[0]

V 0
V† Hblock

[1]

. . .

. . .
. . . V

0 V† Hblock

[M�1]

1

CCCCCA
, (14)

FIG. 3: PIC IS NEW Top: Assembly of the self-
energy ⌃L, exemplary for the left lead, from M equal build-
ing blocks Hblock connected using the coupling matrix VL.
The action of the M blocks Hblock on the coupling region
(dashed blue box) is given by the recursively calculated self-
energy ⌃M

L . Bottom: Schematic spatial dependence of the
leakage rate ⌘L in the left lead as used for absorbing bound-
ary conditions. Near and in the coupling region the leakage
rate is exponentially small (nearly zero).

with M identical building blocks Hblock, see Fig. 3 (top)
(the index [m] is used for counting the blocks). The num-
ber of blocks M typically ranges from 50 till 200. There-
fore, it is too expensive to directly calculate the lead’s
Green’s function Glead = [E1�Hlead + i0]�1. Coupling
the lead to the device region, the self-energy describing
the e↵ect of the lead is ⌃ = [Vlead]†GleadVlead. An
extended coupling matrix [Vlead]† =

�
0 · · · 0 V†� de-

scribes the coupling between the last block in the lead
and one identical block in the device region.
So, instead of directly calculating the self-energy ⌃,

the self-energy is calculated by a standard block dec-
imation technique17, e↵ectively a Gaussian elimination
scheme. For every block that we wish to eliminate, we
calculate the “decimation” self-energy ⌃m

dec

⌃m

dec

(E) = V†Gm�1(E)V , ⌃0

dec

(E) = 0 , (15)

which includes all processes where a particle hops (de-
scribed by V) to the previous block m�1 and propa-
gates there until it hops back. The propagation in the
previous block is described by the retarded Green’s func-
tion Gm�1 of the previous block. Using this self-energy,
the Green’s function Gm for the block m (already cou-
pled to all blocks m

0 with m

0
< m) can be calculated

as

Gm(E) =
h
E1�Hblock

[m]

�⌃m(E)
i�1

, (16)

⌃m(E) = ⌃m

dec

(E) +⌃m

ABC

. (17)

Here, ⌃m

ABC

describes how the infinitely sharp states
in the (finite) lead are broadened in the calculation
(see Sec. II B 2), formally it just includes the infinitesi-
mal imaginary part from the definition of the retarded
Green’s function, ⌃m

ABC

= �i0.
Next, Eqs. (15), (16), (17) are iterated M times, build-

ing a lead of M blocks29. The construction of these self-
energies is independent of the “device” region. There-
fore, it can be done once, stored on the hard disk and
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To keep the ab initio e↵ort tractable, we employ
the massively parallelized ab initio package FHI-aims,
whose scalability has already been demonstrated up to
several thousand CPUs14. To preserve this scalability,
shared-memory (via OpenMP) and distribute-memory
(via MPI) parallelization approaches are implemented in
our framework. Our framework is readily adopted to
other electronic structure code which deliverers all (oc-
cupied and virtual) eigenstates in terms of local basis
functions, and we demonstrate this on the example of
the Turbomole package.

This method has already been applied in separate
publications1,2. Here, we provide details of the imple-
mentation and further examples. In Sec. II, we summa-
rize the transport formalism used, which is based on the
non-equilibrium Green’s function (NEGF) technique. In
Sec. III, we reconstruct the KS-Hamiltonian of a finite
system from the DFT calculation, and show how to ex-
tract parametrizations for the infinite system. The cal-
culation and convergence tests for local current densities
and induced local magnetic fields are discussed in Sec. IV
and Sec. V, respectively. We close with an investigation
of the computational performance (Sec. VI) and a con-
clusion section in Sec. VII.

II. METHOD

A. Ab initio transport calculation in
Landauer-Büttiker picture

Electron transport calculations are performed with
the in-house built module AitransS12,13. It takes
as input a set of KS-orbitals and corresponding ener-
gies and reconstructs the underlying KS-Hamiltonian
HKS of the system (for details, see Sec. III). Further,
the Landauer-Büttiker approach merged with the non-
equilibrium Green’s function formalism for independent
particles is employed to compute the ballistic transmis-
sion as well as the current density.

To be more specific, consider an example — a thin
armchair graphene nanoribbon (AGNR5) — as shown in
Fig. 2. We partition it into a central “device” region, a
left and a right lead. We extract the KS Green’s func-
tion GKS
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for the uncoupled “device” region from the DFT calcu-
lations. To model the infinite extension of the system
in the (current flow) x-direction, we compute the self-
energies ⌃

L/R

using absorbing boundary conditions16 as
specified in Sec. II B. The resulting Green’s function
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FIG. 2: Armchair graphene nanoribbon partitioned into left
lead, right lead and central “device” region containing one ni-
trogen impurity (green). We assume that the leads are filled
up to their respective chemical potentials µ. The latter di↵er
because of an applied bias voltage Vbias. In the energy win-
dow µR < E < µL, the states in the left lead are filled and
propagate through the “device” to the empty states of the
right lead, thereby generating a current I.
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non-equilibrium Green’s function (NEGF) technique. In
Sec. III, we reconstruct the KS-Hamiltonian of a finite
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as input a set of KS-orbitals and corresponding ener-
gies and reconstructs the underlying KS-Hamiltonian
HKS of the system (for details, see Sec. III). Further,
the Landauer-Büttiker approach merged with the non-
equilibrium Green’s function formalism for independent
particles is employed to compute the ballistic transmis-
sion as well as the current density.
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FIG. 2: Armchair graphene nanoribbon partitioned into left
lead, right lead and central “device” region containing one ni-
trogen impurity (green). We assume that the leads are filled
up to their respective chemical potentials µ. The latter di↵er
because of an applied bias voltage Vbias. In the energy win-
dow µR < E < µL, the states in the left lead are filled and
propagate through the “device” to the empty states of the
right lead, thereby generating a current I.
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To keep the ab initio e↵ort tractable, we employ
the massively parallelized ab initio package FHI-aims,
whose scalability has already been demonstrated up to
several thousand CPUs14. To preserve this scalability,
shared-memory (via OpenMP) and distribute-memory
(via MPI) parallelization approaches are implemented in
our framework. Our framework is readily adopted to
other electronic structure code which deliverers all (oc-
cupied and virtual) eigenstates in terms of local basis
functions, and we demonstrate this on the example of
the Turbomole package.

This method has already been applied in separate
publications1,2. Here, we provide details of the imple-
mentation and further examples. In Sec. II, we summa-
rize the transport formalism used, which is based on the
non-equilibrium Green’s function (NEGF) technique. In
Sec. III, we reconstruct the KS-Hamiltonian of a finite
system from the DFT calculation, and show how to ex-
tract parametrizations for the infinite system. The cal-
culation and convergence tests for local current densities
and induced local magnetic fields are discussed in Sec. IV
and Sec. V, respectively. We close with an investigation
of the computational performance (Sec. VI) and a con-
clusion section in Sec. VII.

II. METHOD

A. Ab initio transport calculation in
Landauer-Büttiker picture

Electron transport calculations are performed with
the in-house built module AitransS12,13. It takes
as input a set of KS-orbitals and corresponding ener-
gies and reconstructs the underlying KS-Hamiltonian
HKS of the system (for details, see Sec. III). Further,
the Landauer-Büttiker approach merged with the non-
equilibrium Green’s function formalism for independent
particles is employed to compute the ballistic transmis-
sion as well as the current density.

To be more specific, consider an example — a thin
armchair graphene nanoribbon (AGNR5) — as shown in
Fig. 2. We partition it into a central “device” region, a
left and a right lead. We extract the KS Green’s func-
tion GKS
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for the uncoupled “device” region from the DFT calcu-
lations. To model the infinite extension of the system
in the (current flow) x-direction, we compute the self-
energies ⌃

L/R

using absorbing boundary conditions16 as
specified in Sec. II B. The resulting Green’s function
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FIG. 2: Armchair graphene nanoribbon partitioned into left
lead, right lead and central “device” region containing one ni-
trogen impurity (green). We assume that the leads are filled
up to their respective chemical potentials µ. The latter di↵er
because of an applied bias voltage Vbias. In the energy win-
dow µR < E < µL, the states in the left lead are filled and
propagate through the “device” to the empty states of the
right lead, thereby generating a current I.

describes the propagation of KS particles in the “device”
region in the presence of leads and is used to calculate
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the left and right-travelling scattering states. For low
temperatures, the occupation numbers can be modelled
by step functions [f

L

=⇥("
F

+eV

bias

�E), f
R

=⇥("
F

�E)]
and the total current becomes

I =
e

h

"F+eVbiasZ

"F

dE T (E) . (6)

with "
F

denoting the Fermi energy.
The Green’s function also allows to calculate the non-

equilibrium Keldysh Green’s function G<(E):

G< = iG
⇥
f

L

�
L

+ f

R

�
R

⇤
G†

. (7)

Inside the voltage window (f
L

=1, f
R

=0), G< reduces to

G<(E) = iG(E)�
L

(E)G†(E) . (8)

The Keldysh Green’s function is transformed to real-
space representation using the orthonormalized basis
functions '̃

i

(r) based on the underlying DFT calcula-
tion: G

<(r, r0, E) =
P

ij

'̃

i

(r)G<

ij

(E)'̃⇤
j

(r0) (for details,

2

latter can be formally viewed as

j(r) =
~

2im
lim
r0!r

(rr �rr0) 
⇤(r0) (r) . (1)

To keep the ab initio e↵ort tractable, we employ
the massively parallelized ab initio package FHI-aims,
whose scalability has already been demonstrated up to
several thousand CPUs14. To preserve this scalability,
shared-memory (via OpenMP) and distribute-memory
(via MPI) parallelization approaches are implemented in
our framework. Our framework is readily adopted to
other electronic structure code which deliverers all (oc-
cupied and virtual) eigenstates in terms of local basis
functions, and we demonstrate this on the example of
the Turbomole package.

This method has already been applied in separate
publications1,2. Here, we provide details of the imple-
mentation and further examples. In Sec. II, we summa-
rize the transport formalism used, which is based on the
non-equilibrium Green’s function (NEGF) technique. In
Sec. III, we reconstruct the KS-Hamiltonian of a finite
system from the DFT calculation, and show how to ex-
tract parametrizations for the infinite system. The cal-
culation and convergence tests for local current densities
and induced local magnetic fields are discussed in Sec. IV
and Sec. V, respectively. We close with an investigation
of the computational performance (Sec. VI) and a con-
clusion section in Sec. VII.
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Landauer-Büttiker picture

Electron transport calculations are performed with
the in-house built module AitransS12,13. It takes
as input a set of KS-orbitals and corresponding ener-
gies and reconstructs the underlying KS-Hamiltonian
HKS of the system (for details, see Sec. III). Further,
the Landauer-Büttiker approach merged with the non-
equilibrium Green’s function formalism for independent
particles is employed to compute the ballistic transmis-
sion as well as the current density.

To be more specific, consider an example — a thin
armchair graphene nanoribbon (AGNR5) — as shown in
Fig. 2. We partition it into a central “device” region, a
left and a right lead. We extract the KS Green’s func-
tion GKS
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for the uncoupled “device” region from the DFT calcu-
lations. To model the infinite extension of the system
in the (current flow) x-direction, we compute the self-
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FIG. 2: Armchair graphene nanoribbon partitioned into left
lead, right lead and central “device” region containing one ni-
trogen impurity (green). We assume that the leads are filled
up to their respective chemical potentials µ. The latter di↵er
because of an applied bias voltage Vbias. In the energy win-
dow µR < E < µL, the states in the left lead are filled and
propagate through the “device” to the empty states of the
right lead, thereby generating a current I.

describes the propagation of KS particles in the “device”
region in the presence of leads and is used to calculate
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To keep the ab initio e↵ort tractable, we employ
the massively parallelized ab initio package FHI-aims,
whose scalability has already been demonstrated up to
several thousand CPUs14. To preserve this scalability,
shared-memory (via OpenMP) and distribute-memory
(via MPI) parallelization approaches are implemented in
our framework. Our framework is readily adopted to
other electronic structure code which deliverers all (oc-
cupied and virtual) eigenstates in terms of local basis
functions, and we demonstrate this on the example of
the Turbomole package.

This method has already been applied in separate
publications1,2. Here, we provide details of the imple-
mentation and further examples. In Sec. II, we summa-
rize the transport formalism used, which is based on the
non-equilibrium Green’s function (NEGF) technique. In
Sec. III, we reconstruct the KS-Hamiltonian of a finite
system from the DFT calculation, and show how to ex-
tract parametrizations for the infinite system. The cal-
culation and convergence tests for local current densities
and induced local magnetic fields are discussed in Sec. IV
and Sec. V, respectively. We close with an investigation
of the computational performance (Sec. VI) and a con-
clusion section in Sec. VII.
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as input a set of KS-orbitals and corresponding ener-
gies and reconstructs the underlying KS-Hamiltonian
HKS of the system (for details, see Sec. III). Further,
the Landauer-Büttiker approach merged with the non-
equilibrium Green’s function formalism for independent
particles is employed to compute the ballistic transmis-
sion as well as the current density.

To be more specific, consider an example — a thin
armchair graphene nanoribbon (AGNR5) — as shown in
Fig. 2. We partition it into a central “device” region, a
left and a right lead. We extract the KS Green’s func-
tion GKS
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for the uncoupled “device” region from the DFT calcu-
lations. To model the infinite extension of the system
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specified in Sec. II B. The resulting Green’s function
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FIG. 2: Armchair graphene nanoribbon partitioned into left
lead, right lead and central “device” region containing one ni-
trogen impurity (green). We assume that the leads are filled
up to their respective chemical potentials µ. The latter di↵er
because of an applied bias voltage Vbias. In the energy win-
dow µR < E < µL, the states in the left lead are filled and
propagate through the “device” to the empty states of the
right lead, thereby generating a current I.
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see Sec. IV). Using this decomposition, the current den-
sity (per spin and energy) is

j(r, E) =
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<(r, r0, E) . (9)

The factor 2⇡ stems from working in the energy domain,
i.e., from a Fourier transformation. When applying a
finite bias voltage V

bias

between left and right lead, cur-
rent contributions within the bias window have to be
integrated, i.e.,
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The current response to the bias voltage (at zero bias)
is given by
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The Fermi energy "

F

can be varied experimentally, e.g.,
by applying a back-gate voltage V

gate

.
Further, the electric current density j

e

= �ej induces
a magnetic field B and a magnetization m which is cal-
culated by Biot-Savart law as:
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Remark on finite basis sets: The current density
as written in Eq. (9) satisfies a continuity-equation in
the basis set limit: r · j(r) = 0. For finite basis sets this
equation is violated. The magnitude |r·j| decreases with
increasing basis set size. At the end of all calculations,
one has to ensure that the basis set was large enough, so
that r · j ⇡ 0.

B. Modeling the infinite system:
Construction of the self-energy

1. Decimation Technique

The self-energy ⌃ has to represent the particle reser-
voir given by the semi-infinite leads. Computationally,
we built a long lead and introduce absorbing boundary
conditions (see Sec. II B 2). The Hamiltonian Hlead of
the long lead is assembled as a nearest-neighbour tight-
binding chain in terms of blocks, with “on-site-energy”
term Hblock and “hopping” term V. Formally, the lead
HamiltonianHlead is given by a block-tridiagonal matrix,

Hlead =

0

BBBBB@

Hblock

[0]

V 0
V† Hblock

[1]

. . .

. . .
. . . V

0 V† Hblock
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CCCCCA
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FIG. 3: PIC IS NEW Top: Assembly of the self-
energy ⌃L, exemplary for the left lead, from M equal build-
ing blocks Hblock connected using the coupling matrix VL.
The action of the M blocks Hblock on the coupling region
(dashed blue box) is given by the recursively calculated self-
energy ⌃M

L . Bottom: Schematic spatial dependence of the
leakage rate ⌘L in the left lead as used for absorbing bound-
ary conditions. Near and in the coupling region the leakage
rate is exponentially small (nearly zero).

with M identical building blocks Hblock, see Fig. 3 (top)
(the index [m] is used for counting the blocks). The num-
ber of blocks M typically ranges from 50 till 200. There-
fore, it is too expensive to directly calculate the lead’s
Green’s function Glead = [E1�Hlead + i0]�1. Coupling
the lead to the device region, the self-energy describing
the e↵ect of the lead is ⌃ = [Vlead]†GleadVlead. An
extended coupling matrix [Vlead]† =

�
0 · · · 0 V†� de-

scribes the coupling between the last block in the lead
and one identical block in the device region.
So, instead of directly calculating the self-energy ⌃,

the self-energy is calculated by a standard block dec-
imation technique17, e↵ectively a Gaussian elimination
scheme. For every block that we wish to eliminate, we
calculate the “decimation” self-energy ⌃m

dec

⌃m

dec

(E) = V†Gm�1(E)V , ⌃0

dec

(E) = 0 , (15)

which includes all processes where a particle hops (de-
scribed by V) to the previous block m�1 and propa-
gates there until it hops back. The propagation in the
previous block is described by the retarded Green’s func-
tion Gm�1 of the previous block. Using this self-energy,
the Green’s function Gm for the block m (already cou-
pled to all blocks m

0 with m

0
< m) can be calculated

as

Gm(E) =
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ABC

. (17)

Here, ⌃m

ABC

describes how the infinitely sharp states
in the (finite) lead are broadened in the calculation
(see Sec. II B 2), formally it just includes the infinitesi-
mal imaginary part from the definition of the retarded
Green’s function, ⌃m

ABC

= �i0.
Next, Eqs. (15), (16), (17) are iterated M times, build-

ing a lead of M blocks29. The construction of these self-
energies is independent of the “device” region. There-
fore, it can be done once, stored on the hard disk and
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see Sec. IV). Using this decomposition, the current den-
sity (per spin and energy) is

j(r, E) =
1

2⇡

~
2m

lim
r0!r

(rr0 �rr)G
<(r, r0, E) . (9)

The factor 2⇡ stems from working in the energy domain,
i.e., from a Fourier transformation. When applying a
finite bias voltage V

bias

between left and right lead, cur-
rent contributions within the bias window have to be
integrated, i.e.,

j(r) =

"F+eVbiasZ

"F

dE j(r, E) . (10)

The current response to the bias voltage (at zero bias)
is given by

dj(r)

deV
bias

����
Vbias=0

= j(r, "
F

) . (11)

The Fermi energy "

F

can be varied experimentally, e.g.,
by applying a back-gate voltage V

gate

.
Further, the electric current density j

e

= �ej induces
a magnetic field B and a magnetization m which is cal-
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Remark on finite basis sets: The current density
as written in Eq. (9) satisfies a continuity-equation in
the basis set limit: r · j(r) = 0. For finite basis sets this
equation is violated. The magnitude |r·j| decreases with
increasing basis set size. At the end of all calculations,
one has to ensure that the basis set was large enough, so
that r · j ⇡ 0.

B. Modeling the infinite system:
Construction of the self-energy

1. Decimation Technique

The self-energy ⌃ has to represent the particle reser-
voir given by the semi-infinite leads. Computationally,
we built a long lead and introduce absorbing boundary
conditions (see Sec. II B 2). The Hamiltonian Hlead of
the long lead is assembled as a nearest-neighbour tight-
binding chain in terms of blocks, with “on-site-energy”
term Hblock and “hopping” term V. Formally, the lead
HamiltonianHlead is given by a block-tridiagonal matrix,
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FIG. 3: PIC IS NEW Top: Assembly of the self-
energy ⌃L, exemplary for the left lead, from M equal build-
ing blocks Hblock connected using the coupling matrix VL.
The action of the M blocks Hblock on the coupling region
(dashed blue box) is given by the recursively calculated self-
energy ⌃M

L . Bottom: Schematic spatial dependence of the
leakage rate ⌘L in the left lead as used for absorbing bound-
ary conditions. Near and in the coupling region the leakage
rate is exponentially small (nearly zero).

with M identical building blocks Hblock, see Fig. 3 (top)
(the index [m] is used for counting the blocks). The num-
ber of blocks M typically ranges from 50 till 200. There-
fore, it is too expensive to directly calculate the lead’s
Green’s function Glead = [E1�Hlead + i0]�1. Coupling
the lead to the device region, the self-energy describing
the e↵ect of the lead is ⌃ = [Vlead]†GleadVlead. An
extended coupling matrix [Vlead]† =

�
0 · · · 0 V†� de-

scribes the coupling between the last block in the lead
and one identical block in the device region.
So, instead of directly calculating the self-energy ⌃,

the self-energy is calculated by a standard block dec-
imation technique17, e↵ectively a Gaussian elimination
scheme. For every block that we wish to eliminate, we
calculate the “decimation” self-energy ⌃m

dec

⌃m

dec

(E) = V†Gm�1(E)V , ⌃0

dec

(E) = 0 , (15)

which includes all processes where a particle hops (de-
scribed by V) to the previous block m�1 and propa-
gates there until it hops back. The propagation in the
previous block is described by the retarded Green’s func-
tion Gm�1 of the previous block. Using this self-energy,
the Green’s function Gm for the block m (already cou-
pled to all blocks m

0 with m

0
< m) can be calculated

as

Gm(E) =
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, (16)

⌃m(E) = ⌃m
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Here, ⌃m

ABC

describes how the infinitely sharp states
in the (finite) lead are broadened in the calculation
(see Sec. II B 2), formally it just includes the infinitesi-
mal imaginary part from the definition of the retarded
Green’s function, ⌃m

ABC

= �i0.
Next, Eqs. (15), (16), (17) are iterated M times, build-

ing a lead of M blocks29. The construction of these self-
energies is independent of the “device” region. There-
fore, it can be done once, stored on the hard disk and
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Non-Equilibrium Green’s Function (NEGF) Formalism

Lesser Green’s function
Lesser Green’s function:

G<(r, t ; r�, t �) =
i
~
⇥⇥†(r�, t �)⇥(r, t)⇤

Generalization of the density matrix:

�(r, r�, t) � G<(r, t ; r�, t)

After Fourier transformation:

G<(E) = iG(E)
�
fL(E)�L(E) + fR(E)�R(E)

⇥
G†(E)
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Non-Equilibrium Green’s Function (NEGF) Formalism

Lesser Green’s function
Lesser Green’s function:

G<(r, t ; r�, t �) =
i
~
⇥⇥†(r�, t �)⇥(r, t)⇤

Generalization of the density matrix:

�(r, r�, t) � G<(r, t ; r�, t)

After Fourier transformation:

G<(E) = iG(E)
�
fL(E)�L(E) + fR(E)�R(E)

⇥
G†(E)
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Local Currents in Graphene Ribbon N = 5

Different cuts through the local currents

��j(r)
�� @ z=�1 au

��j(r)
�� @ y =�4.6 au r · j(r) @ z=�1 au

E = �1 eV
T = 1

E = �2 eV
T = 2

M. Walz – Ab-Initio Electronic Transport through Graphene 06.02.2013 16/18

Snake formation in armchair nano-ribbons 



Ferdinand Evers    Hands-on workshop density-functional theory and beyond, Berlin July 13th - July 23rd, 2015 

1Institute of Nanotechnology (INT)
2Center for Functional Nanostructures (CFN)
3Institute for Theoretical Condensed Matter Physics (TKM)

Karlsruhe Institute of Technology, D-76131 Karlsruhe, Germany

Ab-initio transport calculations of functionalized
graphene flakes: ring currents & vortices

Michael Walz1,2,3, Alexei Bagrets1, Ferdinand Evers1,2,3

KIT – University of the State of Baden-Wuerttemberg and
National Research Center of the Helmholtz Association www.kit.edu

Motivation

For long term goals like building graphene-based
electronic devices, it is indispensable to study the
effects of impurities/functional groups and their in-
fluence in diverting the local electronic current.

Graphene flake adsorbed with hydrogen: current I and (hy-

pothetical) current density j induced by applying a voltage V
We use ab-initio techniques to investigate the local
current density in graphene flakes which are func-
tionalized by adsorbed atoms. We are especially
interested in loop currents since they can exceed
the average current considerably. The associated
local magnetic fields can reach Tesla-magnitude.

Calculation Framework
Implementation

– May 14, 2013 1/1

Density Functional Theorie Calculation

using FHI-aims & TURBOMOLE [1,2]

Postprocessing of DFT-calculation

Extraction of Kohn-Sham-Hamiltonian:

HKS =
ÿ

n

|nÍÁnÈn| molecular orbitals: |nÍ
orbital energies: Án

Approximation of single particle Green’s function:

G0(E) ¥
!

E1 ≠ HKS
"≠1

Landauer-Büttiker-Formalism

global current I
local current j(r)

Total currents

We apply standard Green’s function techniques
(e.g. see [3]). The retarded Green’s function

G(E) =
�
G�1

0 � SL � SR
��1

incorporates the leads by adding self-energies SL
and SR. We calculate the transmission function

T(E) = Tr
�
G GLG†GR

�
Ga := i

�
Sa � S†

a

�

in a Landauer-Büttiker approach [4]. The total cur-
rent is given as

I = 2
e
h

•Z

�•

⇥
fL(E)� fR(E)

⇤
T(E)dE ,

with f (E) being the Fermi functions of the leads.

Local currents via NEGF

The local currents are calculated by applying a
non-equilibrium Green’s function (NEGF) formal-
ism. The lesser Green’s function

G<(E) = iG(E)
h

fL(E)GL(E) + fR(E)GR(E)
i
G†(E)

is used to calculate the local current channels

j(r, E) =
h̄2

2m
lim
r0!r

(rr0 �rr)G<(r, r0, E) .

Graphene-Ribbon (N=5); Nitrogen Impurity

Graphene-Ribbon (N=5) terminated with hydrogen (red) in-

cluding one nitrogen (green) impurity in the device region

The device region is coupled to two reservoirs with
different chemical potentials due to an applied bias
voltage. For coupling to the leads, we use energy
dependent self-energies Sa(E) calculated by a re-
cursive decimation technique.

0

0.5

1

1.5

2

�2 �1 0 1

T
r
a
n
s
m

i
s
s
i
o
n
T
(E

)

E � "F [eV]

pristine ribbon

nitrogen at pos. 1

nitrogen at pos. 2

nitrogen at pos. 3

Transmission function of different impurity configurations

The transmission functions of the pristine ribbon
shows sharp steps due to scattering-free Bloch
states. When introducing a single nitrogen impu-
rity at different positions, the transmission drops to
zero near a gate voltage of VG=+1 V for pos. 1+2.

Local current through pristine ribbon at height of pi-orbitals

(cut at z = +1 au; E = #
F

+ V
G

; V
G

= +1 V)

The pristine ribbon shows one current channel
at VG = +1 V whose density is localized at the
borders. Placing a nitrogen at pos. 3 shows very
similar current density pattern (not shown).

Ribbon with nitrogen impurity showing induced loop current

(N at pos. 1; cut at z = +1 au; E = #
F

+ V
G

; V
G

= +1 V)

Due to scattering off the nitrogen impurity the total
current induces a loop current which is amplified by
a factor of ten. The loop current induces a magne-
tization which might be measured experimentally.

dI
dV

��
total⇡20µS dI

dV

��
loop=

R
dA j(r)⇡200µS

dmz
dV ⇡1.3µBohr

V
dBz
dV ⇡0.9 T

V (at center of the ring R)

Hydrogen Impurity

Loop currents are general phenomena; preliminary
calculations show loop currents also in ribbons
containing hydro-
gen impurities.

The adjacent
current pattern is
integrated over z,
perpendicularly to
the ribbon plane.

Therefore,such
Current pattern in a ribbon with a

hydrogen impurity (V
G

=�1.48 V)

current vortices near impurities should be present
in experimentally fabricated graphene as well.

Tight-Binding-Model

Infinite tight-binding chain with an impurity inside a loop

To investigate the loop current further, we look at
a tight-binding model with nearest-neighbor hop-
ping t where we include a loop containing an im-
purity modelled by an on-site energy #T.
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[
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Energy E in t

transmission T (E)
= total current j

total

top current j
T

bottom current j
B

magnetization mz

Transmission, currents inside the loop, magnetization

(#T = t0; loop area: A)

Even this simple tight-binding model shows local
currents flowing opposite to the total current lead-
ing to a local magnetization mz µ 1

2(jB � jT).

Conclusion & Outlook

Our ab-initio transport calculations suggest that
current vortices exist in graphene flakes contam-
inated by impurities.
Such vortices induce local magnetic fields which
leads to a variety of new questions: What hap-
pens with spin-orbit coupling? How does the
magnetic field influence local spins?
Can the current vortices become larger for larger
graphene flakes? Do they appear with random
disorder in more realistic flake sizes?
For larger system sizes, highly parallelized com-
putations are necessary. This option we are cur-
rently implementing into our transport code.
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Mesoscopic orbital magnetism

Important for this work is that the Green’s function
allows us to calculate the Keldysh Green’s function G<,

G< ¼ iG½fLΓL þ fRΓR$G†: ð2Þ

The Keldysh Green’s function depends on the occupation
numbers fL=RðEÞ of the leads. In the case of a dc-transport
setup, a bias voltage Vbias is applied between the leads.
Inside the voltage window (fL ¼ 1, fR ¼ 0), the Keldysh
Green’s function reduces to

G<ðEÞ ¼ iGðEÞΓLðEÞG†ðEÞ: ð3Þ

To calculate local observables, we transform the Keldysh
Green’s function to continuous real space using the
basis functions φiðrÞ of the underlying DFT calculation,
G<ðr; r0; EÞ ¼

P
ijφiðrÞG<

ijðEÞφ'
jðr0Þ. Using this decom-

position, the current density (per spin) is

djðrÞ
dVbias

!!!!
E
¼ 1

2π
ℏ2

2m
lim
r0→r

ð∇r0 −∇rÞG<ðr; r0; EÞ: ð4Þ

The magnetic field B and the magnetization m induced by
the current density are given by the Biot-Savart law,

BðrÞ ¼ μ0
4π

Z
jðr0Þ × ðr − r0Þ

jr − r0j3
d3r0;

m ¼ 1

2

Z
r × j dV: ð5Þ

The presented Keldysh formalism is well established to
describe nonequilibrium phenomena. The numerical chal-
lenges of the presented work were a high numerical cost of
ab initio simulations of large systems, especially because
one has to ensure convergence with respect to numerical
parameters [13].
Results.—An image of the current flowing in a wide

ribbon is depicted in Fig. 1. It immediately confirms a
suspicion that could have been based on earlier experimental
work [1]: the current flow follows indeed a complicated
filamentary pattern. More importantly, in Fig. 1 we discover
a significant new feature: the flow has a pronounced
tendency to form ring structures (eddies) with a local current
strength that exceeds the (average) through current by orders
of magnitude.
The strong fluctuations in the current density induce a

highly inhomogeneous magnetic field with very large
correlation length, see Fig. 2. Magnetic islands strongly
vary in size, ranging from subatomic distances up to several
nanometers.
Eddies, as seen in Fig. 1, are a signature of the

mesoscopic fluctuations of wave functions in disordered
media [15]. The latter manifest as reproducible fluctuations
of the conductance with an amplitude of the order of one
conductance quantum when control parameters like the
Fermi energy or magnetic flux are varied. Such conduct-
ance fluctuations are also present in the sample seen in
Fig. 1, as can be seen from the corresponding transmission
curve T ðEÞ shown in Fig. 3. The transmission peaks reflect

FIG. 1 (color online). Local current density per spin (integrated over the out-of-plane direction) in a wide hydrogen-terminated
armchair graphene nanoribbon (41 × 8) that has been functionalized with an additional 20% hydrogen atoms (additional 66 hydrogen
atoms). The current exhibits very strong mesoscopic fluctuations that reflect in a logarithmic color scale covering 4 decades. Some
interesting current paths are drawn in the picture for illustration: local current vortices exceeding the spatial average current by orders of
magnitude (see dark red regions; the average current is only

R
ðdjxðrÞ=dVbiasÞdzjavg ¼ T ðe2=hÞw−1 ¼ 10−3 a:u:; width w ¼ 5.2 nm)

and a local backflow channel where the current runs against the average current (see central arrow from bottom to top; average current
direction: from top to bottom). Plot shows current amplitude (color), current direction (arrows), carbon atoms (gray crosses), and
hydrogen atoms (red crosses). Sample magnetization per bias: dmz=dVbias ¼ −38 a:u: ¼ −2.8ðμB=VÞ. (See Sec. S5 of the
Supplemental Material [14] for the detailed atomic structure.)

PRL 113, 136602 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

26 SEPTEMBER 2014

136602-2

left:	local	current	density		
			integrated	over	normal	direction	

-	41x8	nanoribbon	(20%	coverage)		
-	66	H-atoms,	both	faces	

M. Walz, J. Wilhelm, FE,   
Phys. Rev. Lett. 13. 136602 (2014)
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Mesoscopic orbital magnetism

individual current carrying sample states. Interestingly,
many maxima are seen to be separated by very sharp
antiresonances.
Discussion.—A first qualitative understanding of the

origin of the phenomena seen in Fig. 1 can be obtained
observing that eddies and antiresonances exist already in
samples with a single scatterer; they are not restricted to
hydrogen adatoms. We also observe eddies and antireso-
nances when using N, B, and OH as impurities. For
illustration, Fig. 4 displays a pronounced current loop that
appears in a narrow armchair ribbon with a single nitrogen
substituent, only. The associated transmission curve, shown
in Fig. 3 (right), exhibits the antiresonance feature, i.e. a
special energy at which the transmission nearly vanishes,
T ðEresÞ ¼ 0. The magnetization dmz=dVbias, correspond-
ing to the average rotation sense of the current vortices, also
vanishes at Eres but additionally changes sign.

A vanishing transmission in this setup should be under-
stood as a consequence of quantum interference. The
adsorbate splits off a resonant level from the conduction
band continuum. In the present case the nitrogen contrib-
utes an additional electron to the π bands. The associated
quasilocalized state contributes a separate transmission
channel that can interfere with the residual ones. In certain
energy windows interference is destructive and the current
is blocked.
In order to support our qualitative argument and connect

back to the current loops, we consult a two-path (toy)
model. The model features two current paths (upper and
lower path) that connect to the same reservoir; see the Fig. 5
inset. Results of a simple analytic calculation (given in
Sec. S2 of the Supplemental Material [14]) are displayed in
Fig. 5. It is comforting to see that a well known fact is
reproduced [16]: antiresonances (destructive interference)
are a generic encounter in this model. The transmission T
vanishes at the antiresonance Eres ¼ ðεT þ εBÞ=2.
The new aspect relevant to us is that the response of the

loop current (orbital magnetization) near Eres is linear in the
detuning E − Eres while the through current (transmission)
is quadratic, see Fig. 5; compare also Fig. 3 (right). Hence,
the ratio of orbital current (magnetization) to the transport
current becomes arbitrarily large near the antiresonance
Eres. Moreover, at the resonance the loop current changes
its direction emphasizing the close relation of the effect to
quantum interference.
Observable consequences.—After discussing the micro-

scopic origin of the loop currents, we turn our attention to

FIG. 2 (color online). Magnetic field distribution per spin (in
out-of-plane direction) for the ribbon of Fig. 1. The magnetic
field strongly varies and changes sign from region to region. The
field is plotted in the (averaged) carbon plane (z ¼ 0), but being
divergence free, it hardly changes with z (checked for z ¼ %1 Å).
The current paths drawn in Fig. 1 are repeated for convenience.

FIG. 3 (color online). The transmission functions (red, left y
axis) belong to the ribbons shown in Fig. 1 (left) and Fig. 4
(right). The transmission functions of the pristine ribbons show
sharp steps (orange, left y axis). The blue arrows mark the energy
for which the current response is plotted in Figs. 1 and 5. Both
ribbons exhibit a finite band gap at E ¼ εF with T ¼ 0. The
sample magnetization per bias dmz=dVbias (perpendicular to the
graphene plane, dashed black, right y axis) shows sign changes in
the vicinity of antiresonances.

FIG. 4 (color online). Local current density per spin (left)
and induced magnetic field (right) in a narrow armchair ribbon
(five carbon atoms wide) with one nitrogen atom replacing a
carbon atom (at right edge) The current reveals a massive
tendency for (local) vortices that exceeds the spatial
average of the current density (through current) by an order of
magnitude. The average current is only

R
ðdjxðrÞ=

dVbiasÞdzjavg ¼ T ðe2=hÞw−1 ¼ 1.5 × 10−3 a:u:; width w ¼
6.8 Å). Average current direction: from top to bottom.
Sample magnetization per bias: dmz=dVbias ¼ 2.6 a:u: ¼
0.19 μB=V.

PRL 113, 136602 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

26 SEPTEMBER 2014

136602-3

Important for this work is that the Green’s function
allows us to calculate the Keldysh Green’s function G<,

G< ¼ iG½fLΓL þ fRΓR$G†: ð2Þ

The Keldysh Green’s function depends on the occupation
numbers fL=RðEÞ of the leads. In the case of a dc-transport
setup, a bias voltage Vbias is applied between the leads.
Inside the voltage window (fL ¼ 1, fR ¼ 0), the Keldysh
Green’s function reduces to

G<ðEÞ ¼ iGðEÞΓLðEÞG†ðEÞ: ð3Þ

To calculate local observables, we transform the Keldysh
Green’s function to continuous real space using the
basis functions φiðrÞ of the underlying DFT calculation,
G<ðr; r0; EÞ ¼

P
ijφiðrÞG<

ijðEÞφ'
jðr0Þ. Using this decom-

position, the current density (per spin) is

djðrÞ
dVbias

!!!!
E
¼ 1

2π
ℏ2

2m
lim
r0→r

ð∇r0 −∇rÞG<ðr; r0; EÞ: ð4Þ

The magnetic field B and the magnetization m induced by
the current density are given by the Biot-Savart law,

BðrÞ ¼ μ0
4π

Z
jðr0Þ × ðr − r0Þ

jr − r0j3
d3r0;

m ¼ 1

2

Z
r × j dV: ð5Þ

The presented Keldysh formalism is well established to
describe nonequilibrium phenomena. The numerical chal-
lenges of the presented work were a high numerical cost of
ab initio simulations of large systems, especially because
one has to ensure convergence with respect to numerical
parameters [13].
Results.—An image of the current flowing in a wide

ribbon is depicted in Fig. 1. It immediately confirms a
suspicion that could have been based on earlier experimental
work [1]: the current flow follows indeed a complicated
filamentary pattern. More importantly, in Fig. 1 we discover
a significant new feature: the flow has a pronounced
tendency to form ring structures (eddies) with a local current
strength that exceeds the (average) through current by orders
of magnitude.
The strong fluctuations in the current density induce a

highly inhomogeneous magnetic field with very large
correlation length, see Fig. 2. Magnetic islands strongly
vary in size, ranging from subatomic distances up to several
nanometers.
Eddies, as seen in Fig. 1, are a signature of the

mesoscopic fluctuations of wave functions in disordered
media [15]. The latter manifest as reproducible fluctuations
of the conductance with an amplitude of the order of one
conductance quantum when control parameters like the
Fermi energy or magnetic flux are varied. Such conduct-
ance fluctuations are also present in the sample seen in
Fig. 1, as can be seen from the corresponding transmission
curve T ðEÞ shown in Fig. 3. The transmission peaks reflect

FIG. 1 (color online). Local current density per spin (integrated over the out-of-plane direction) in a wide hydrogen-terminated
armchair graphene nanoribbon (41 × 8) that has been functionalized with an additional 20% hydrogen atoms (additional 66 hydrogen
atoms). The current exhibits very strong mesoscopic fluctuations that reflect in a logarithmic color scale covering 4 decades. Some
interesting current paths are drawn in the picture for illustration: local current vortices exceeding the spatial average current by orders of
magnitude (see dark red regions; the average current is only

R
ðdjxðrÞ=dVbiasÞdzjavg ¼ T ðe2=hÞw−1 ¼ 10−3 a:u:; width w ¼ 5.2 nm)

and a local backflow channel where the current runs against the average current (see central arrow from bottom to top; average current
direction: from top to bottom). Plot shows current amplitude (color), current direction (arrows), carbon atoms (gray crosses), and
hydrogen atoms (red crosses). Sample magnetization per bias: dmz=dVbias ¼ −38 a:u: ¼ −2.8ðμB=VÞ. (See Sec. S5 of the
Supplemental Material [14] for the detailed atomic structure.)

PRL 113, 136602 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

26 SEPTEMBER 2014

136602-2

left:	local	current	density		
			integrated	over	normal	direction	

-	41x8	nanoribbon	(20%	coverage)		
-	66	H-atoms,	both	faces	

left:	local	B-field	generated		
		by		(integrated)		orbital	currents

M. Walz, J. Wilhelm, FE,   
Phys. Rev. Lett. 13. 136602 (2014)
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Greens-function formalism with spin

2

obtained as follows: We extract the Kohn-Sham (KS)
Hamiltonian Ĥ = [(Ĥ"", Ĥ"#), (Ĥ#", Ĥ##)], a 2⇥2 block-
matrix in spin space, from a DFT calculation including
all-electron SOI [19] for a finite-size hydrogen-terminated
graphene nanoribbon with horizontal armchair edges, see
Fig. 1. [22] Subsequently, we obtain the (retarded) sin-
gle particle KS-Green’s function Ĝ of a finite-size strip
in the presence of the left and right contacts by standard
recursive Green’s function techniques [14, 21]:

Ĝ(E) ⌘
 

Ĝ"" Ĝ"#

Ĝ#" Ĝ##

!
=
⇣
Ĝ�1

0

� ⌃̂L � ⌃̂R

⌘�1

. (1)

The spin-diagonal self-energies ⌃̂↵ = [(⌃̂↵

" , 0), (0, ⌃̂
↵

# )]

with ⌃̂↵

" = ⌃̂↵

# reflect the presence of the leads [23]. They
are treated with a closed-shell electronic structure and a
vanishing SOI so that spin is a good quantum number
in the leads [24]. All operators are expanded in real-
space basis functions of the underlying DFT calculation,
see Ref. [21] for the general method and App. B for de-
tails on the calculations shown in Sec. III. Ĝ

0

represents
the bare KS-Green’s function of the device region, see
Fig. 1 (a). We compute the conductance in a Landauer-
Büttiker approach [25]:

G
��

0(E) =
e2

h
Tr
h
�̂L

�

(Ĝ
��

0)† �̂R

�

0 Ĝ
�

0
�

i
, (2)

with �̂↵

�

= i(⌃̂↵

�

� (⌃̂↵

�

)†).
For spin quantization n=(sin ✓ cos', sin ✓ sin', cos ✓)

deviating from default z-direction, we rotate the Green’s
function in spin space by the unitary transform U :

Ĝ(n) = UĜU† , U =

 
cos ✓

2

�e�i' sin ✓

2

ei' sin ✓

2

cos ✓

2

!
. (3)

Due to the closed-shell electronic structure of the leads,
�̂↵

�

remains unchanged by a unitary transform and the
conductance with respect to an arbitrary spin quantiza-
tion axis n is given by

G
(n)
��

0(E) =
e2

h
Tr
h
�̂L

�

(Ĝ(n)
��

0)† �̂R

�

0 Ĝ
(n)
�

0
�

i
. (4)

The formalism outlined here is well established [17].

III. RESULTS

A. Clean ribbon

We calculate the conductance coe�cients G
��

0(E)
of an AGNR with N

C

=11 transverse carbon atoms
(AGNR11), see Fig. 1 (a). The result for the spin-
dependent conductance according to Eq. (2) is shown in
Fig. 1 (b) with a spin quantization axis in +z-direction.
For the spin-conserving conductance coe�cients G

��

, we

FIG. 1. (a) Structure of the clean AGNR11 device. In the
blue marked device region, SOI is present. (b) Corresponding
conductance of the pristine ribbon (a) according to Eq. (2).
The spin quantization axis is chosen in positive z-direction.
The spin-conserving conductance does not vanish completely
inside the bandgap (but is reduced by seven orders of magni-
tude) due to the limited horizontal size of the lead system, so
that the one-dimensional band structure of the ribbon cannot
be formed with ultra-high precision.

find a step function with G/(e2/h) simply counting the
energy bands intersecting with a given energy E [26].
G

��

is hardly a↵ected by the SOI. Most importantly, the
spin-flip conductance is found to be very small with an
upper bound of 10�10 e2/h due to the very weak SOI
as expected. [27] Due to vertical mirror symmetry, "

z

and #
z

bands of pristine AGNRs are degenerate [28] and
therefore G""(E)=G##(E) and G"#(E)=G#"(E) for z-
quantization.

B. Ribbon with a single hydrogen adatom

We continue with a ribbon containing a single hydro-
gen adatom, see Fig. 2 (a) for the molecular geometry.
Hydrogen forms a chemical bond with the underlying
carbon atom resulting in an sp3 hybridization. The four
nearest carbon atoms were structurally relaxed in order
to catch the massive enhancement of SOI due to the lat-
tice distortion [29].

First, we comment on the finite-size DFT calculation
of the ribbon including SOI as sketched in Fig. 2 (b):
The computed magnetization of the finite-size ribbon as
sketched in is hSi=(�0.16,�0.01, 1.49)T~ [30], so there
are approximately three unpaired electrons in the ribbon
distributed at the zigzag edges [12] and near the impurity,
see Fig. 2 (b). [31]

Our simulation results for the spin-dependent conduc-
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Greens-function formalism with spin

2

obtained as follows: We extract the Kohn-Sham (KS)
Hamiltonian Ĥ = [(Ĥ"", Ĥ"#), (Ĥ#", Ĥ##)], a 2⇥2 block-
matrix in spin space, from a DFT calculation including
all-electron SOI [19] for a finite-size hydrogen-terminated
graphene nanoribbon with horizontal armchair edges, see
Fig. 1. [22] Subsequently, we obtain the (retarded) sin-
gle particle KS-Green’s function Ĝ of a finite-size strip
in the presence of the left and right contacts by standard
recursive Green’s function techniques [14, 21]:
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are treated with a closed-shell electronic structure and a
vanishing SOI so that spin is a good quantum number
in the leads [24]. All operators are expanded in real-
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Ĝ(n) = UĜU† , U =

 
cos ✓

2

�e�i' sin ✓

2

ei' sin ✓

2

cos ✓

2

!
. (3)

Due to the closed-shell electronic structure of the leads,
�̂↵

�

remains unchanged by a unitary transform and the
conductance with respect to an arbitrary spin quantiza-
tion axis n is given by

G
(n)
��

0(E) =
e2

h
Tr
h
�̂L

�
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We calculate the conductance coe�cients G
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0(E)
of an AGNR with N
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=11 transverse carbon atoms
(AGNR11), see Fig. 1 (a). The result for the spin-
dependent conductance according to Eq. (2) is shown in
Fig. 1 (b) with a spin quantization axis in +z-direction.
For the spin-conserving conductance coe�cients G
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FIG. 1. (a) Structure of the clean AGNR11 device. In the
blue marked device region, SOI is present. (b) Corresponding
conductance of the pristine ribbon (a) according to Eq. (2).
The spin quantization axis is chosen in positive z-direction.
The spin-conserving conductance does not vanish completely
inside the bandgap (but is reduced by seven orders of magni-
tude) due to the limited horizontal size of the lead system, so
that the one-dimensional band structure of the ribbon cannot
be formed with ultra-high precision.

find a step function with G/(e2/h) simply counting the
energy bands intersecting with a given energy E [26].
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is hardly a↵ected by the SOI. Most importantly, the
spin-flip conductance is found to be very small with an
upper bound of 10�10 e2/h due to the very weak SOI
as expected. [27] Due to vertical mirror symmetry, "
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and #
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bands of pristine AGNRs are degenerate [28] and
therefore G""(E)=G##(E) and G"#(E)=G#"(E) for z-
quantization.

B. Ribbon with a single hydrogen adatom

We continue with a ribbon containing a single hydro-
gen adatom, see Fig. 2 (a) for the molecular geometry.
Hydrogen forms a chemical bond with the underlying
carbon atom resulting in an sp3 hybridization. The four
nearest carbon atoms were structurally relaxed in order
to catch the massive enhancement of SOI due to the lat-
tice distortion [29].

First, we comment on the finite-size DFT calculation
of the ribbon including SOI as sketched in Fig. 2 (b):
The computed magnetization of the finite-size ribbon as
sketched in is hSi=(�0.16,�0.01, 1.49)T~ [30], so there
are approximately three unpaired electrons in the ribbon
distributed at the zigzag edges [12] and near the impurity,
see Fig. 2 (b). [31]
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FIG. 1. (a) Structure of the clean AGNR11 device. In the
blue marked device region, SOI is present. (b) Corresponding
conductance of the pristine ribbon (a) according to Eq. (2).
The spin quantization axis is chosen in positive z-direction.
The spin-conserving conductance does not vanish completely
inside the bandgap (but is reduced by seven orders of magni-
tude) due to the limited horizontal size of the lead system, so
that the one-dimensional band structure of the ribbon cannot
be formed with ultra-high precision.
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spin-flip conductance is found to be very small with an
upper bound of 10�10 e2/h due to the very weak SOI
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We continue with a ribbon containing a single hydro-
gen adatom, see Fig. 2 (a) for the molecular geometry.
Hydrogen forms a chemical bond with the underlying
carbon atom resulting in an sp3 hybridization. The four
nearest carbon atoms were structurally relaxed in order
to catch the massive enhancement of SOI due to the lat-
tice distortion [29].

First, we comment on the finite-size DFT calculation
of the ribbon including SOI as sketched in Fig. 2 (b):
The computed magnetization of the finite-size ribbon as
sketched in is hSi=(�0.16,�0.01, 1.49)T~ [30], so there
are approximately three unpaired electrons in the ribbon
distributed at the zigzag edges [12] and near the impurity,
see Fig. 2 (b). [31]
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We calculate the spin-dependent zero-bias conductance G��0 in armchair graphene nanoribbons
(AGNRs) with hydrogen adsorbates employing a DFT-based ab initio transport formalism including
spin-orbit interaction. We find that the spin-flip conductance G��̄ can reach the same order of
magnitude as the spin-conserving one, G�� due to exchange-mediated spin scattering. In contrast,
the genuine spin-orbit interaction appears to play a secondary role, only.
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I. INTRODUCTION

In recent years, graphene [1] has been considered as
ideal spintronics material: Due to the weak spin-orbit
interaction (SOI) [2], spin lifetimes of Dirac electrons
are expected to be long [3]. However, the Hanle pre-
cession measurements typically yield spin di↵usion times
several orders of magnitude below the theoretical pre-
dictions [4]. Recently, a quantum interference measure-
ment [5] proposed that intrinsic local magnetic moments
at defects [6] are the primary cause of spin relaxation in
graphene, masking any potential e↵ects of the genuine
SOI. The e�ciency of such a mechanism was confirmed
by consecutive theoretical work [7]. While another mech-
anism for spin-flips originating from bias induced orbital
magnetism has also been identified, recently, its quanti-
tative e↵ect still remains to be explored [8].

Motivated by the e�ciency of exchange induced spin-
flips in graphene, we study spin-dependent transport in
graphene nanoribbons (GNRs), i.e. strips of graphene
with ultra-thin width, from frist principles. Our inter-
est in GNRs is closely related to their electronic prop-
erties: GNRs inherit a weak intrinsic SOI [9] and high
electron mobility from graphene [10]. Moreover, GNRs
exhibit gaps that can be tuned with the ribbon width [11]
and local spins can be generated at zigzag edges [12] or
defects [6]. These properties make GNRs promising ma-
terials for applications in spintronics, e.g. for quantum
computing [13].

Spin transport in GNRs will be addressed in this
paper using the standard formalism of molecular elec-
tronics [14]: A device scattering region is located be-
tween two semi-infinite leads with applied bias V ; the
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total conductance G= dI/dV of the device is split into
four spin-dependent conductance coe�cients G

��

0 (with
G=

P
��

0 G
��

0). They account for an electronic current
being injected with spin � and after passing the device
region, measured with spin direction �0.
In ribbons with spin-degenerate electronic structure

and neglected spin-flip scattering, G splits equally,
G"" =G/2 and G## =G/2 [15]. In the case of mag-
netic ribbons, "- and #-current do not match anymore;
unpaired spins in the ribbon, e.g. at defects or zigzag
edges, can cause characteristic di↵erences between G""
and G## [16].
The spin-flip conductance coe�cients G"# and G#" are

non-vanishing in the presence of (i) SOI [17] or (ii) ex-
change interaction with local spins in the device [18].
To include SOI in our DFT formalism, we employ an
all-electron SOI module [19], the exchange-interaction
is dealt with on the level of spin DFT [20]; details see
Sec. II.
As one would expect, we find a very small spin-flip

conductance G
��̄

in clean armchair GNRs (AGNRs) due
to the very weak SOI and the absence of local impurity
spins, see Sec. III A. In contrast, the spin-flip conduc-
tance is massively enhanced in the presence of adsor-
bates, see Sec. III B. For instance, our results indicate
that the spin-flip probability associated with a single hy-
drogen adatom can be comparable to the spin-conserving
one. This high spin-flip probability is rationalized by em-
ploying a simplistic tight-binding (toy) model. Our first-
principles results are qualitatively similar to analytical
results by earlier authors, Ref. [7], who employ a model
calculation that is valid in the highly dilute limit.

II. METHOD

In our calculations, we are employing an extension of
the AITRANSS platform, our DFT-based transport sim-
ulation tool [21]. The spin-dependent conductance is
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obtained as follows: We extract the Kohn-Sham (KS)
Hamiltonian Ĥ = [(Ĥ"", Ĥ"#), (Ĥ#", Ĥ##)], a 2⇥2 block-
matrix in spin space, from a DFT calculation including
all-electron SOI [19] for a finite-size hydrogen-terminated
graphene nanoribbon with horizontal armchair edges, see
Fig. 1. [22] Subsequently, we obtain the (retarded) sin-
gle particle KS-Green’s function Ĝ of a finite-size strip
in the presence of the left and right contacts by standard
recursive Green’s function techniques [14, 21]:
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Ĝ�1

0

� ⌃̂L � ⌃̂R

⌘�1

. (1)

The spin-diagonal self-energies ⌃̂↵ = [(⌃̂↵

" , 0), (0, ⌃̂
↵

# )]

with ⌃̂↵

" = ⌃̂↵

# reflect the presence of the leads [23]. They
are treated with a closed-shell electronic structure and a
vanishing SOI so that spin is a good quantum number
in the leads [24]. All operators are expanded in real-
space basis functions of the underlying DFT calculation,
see Ref. [21] for the general method and App. B for de-
tails on the calculations shown in Sec. III. Ĝ
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represents
the bare KS-Green’s function of the device region, see
Fig. 1 (a). We compute the conductance in a Landauer-
Büttiker approach [25]:
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Ĝ(n) = UĜU† , U =
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III. RESULTS

A. Clean ribbon

We calculate the conductance coe�cients G
��

0(E)
of an AGNR with N

C

=11 transverse carbon atoms
(AGNR11), see Fig. 1 (a). The result for the spin-
dependent conductance according to Eq. (2) is shown in
Fig. 1 (b) with a spin quantization axis in +z-direction.
For the spin-conserving conductance coe�cients G

��

, we

FIG. 1. (a) Structure of the clean AGNR11 device. In the
blue marked device region, SOI is present. (b) Corresponding
conductance of the pristine ribbon (a) according to Eq. (2).
The spin quantization axis is chosen in positive z-direction.
The spin-conserving conductance does not vanish completely
inside the bandgap (but is reduced by seven orders of magni-
tude) due to the limited horizontal size of the lead system, so
that the one-dimensional band structure of the ribbon cannot
be formed with ultra-high precision.

find a step function with G/(e2/h) simply counting the
energy bands intersecting with a given energy E [26].
G

��

is hardly a↵ected by the SOI. Most importantly, the
spin-flip conductance is found to be very small with an
upper bound of 10�10 e2/h due to the very weak SOI
as expected. [27] Due to vertical mirror symmetry, "

z

and #
z

bands of pristine AGNRs are degenerate [28] and
therefore G""(E)=G##(E) and G"#(E)=G#"(E) for z-
quantization.

B. Ribbon with a single hydrogen adatom

We continue with a ribbon containing a single hydro-
gen adatom, see Fig. 2 (a) for the molecular geometry.
Hydrogen forms a chemical bond with the underlying
carbon atom resulting in an sp3 hybridization. The four
nearest carbon atoms were structurally relaxed in order
to catch the massive enhancement of SOI due to the lat-
tice distortion [29].

First, we comment on the finite-size DFT calculation
of the ribbon including SOI as sketched in Fig. 2 (b):
The computed magnetization of the finite-size ribbon as
sketched in is hSi=(�0.16,�0.01, 1.49)T~ [30], so there
are approximately three unpaired electrons in the ribbon
distributed at the zigzag edges [12] and near the impurity,
see Fig. 2 (b). [31]

Our simulation results for the spin-dependent conduc-
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matrix in spin space, from a DFT calculation including
all-electron SOI [19] for a finite-size hydrogen-terminated
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FIG. 1. (a) Structure of the clean AGNR11 device. In the
blue marked device region, SOI is present. (b) Corresponding
conductance of the pristine ribbon (a) according to Eq. (2).
The spin quantization axis is chosen in positive z-direction.
The spin-conserving conductance does not vanish completely
inside the bandgap (but is reduced by seven orders of magni-
tude) due to the limited horizontal size of the lead system, so
that the one-dimensional band structure of the ribbon cannot
be formed with ultra-high precision.

find a step function with G/(e2/h) simply counting the
energy bands intersecting with a given energy E [26].
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is hardly a↵ected by the SOI. Most importantly, the
spin-flip conductance is found to be very small with an
upper bound of 10�10 e2/h due to the very weak SOI
as expected. [27] Due to vertical mirror symmetry, "
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bands of pristine AGNRs are degenerate [28] and
therefore G""(E)=G##(E) and G"#(E)=G#"(E) for z-
quantization.

B. Ribbon with a single hydrogen adatom

We continue with a ribbon containing a single hydro-
gen adatom, see Fig. 2 (a) for the molecular geometry.
Hydrogen forms a chemical bond with the underlying
carbon atom resulting in an sp3 hybridization. The four
nearest carbon atoms were structurally relaxed in order
to catch the massive enhancement of SOI due to the lat-
tice distortion [29].
First, we comment on the finite-size DFT calculation

of the ribbon including SOI as sketched in Fig. 2 (b):
The computed magnetization of the finite-size ribbon as
sketched in is hSi=(�0.16,�0.01, 1.49)T~ [30], so there
are approximately three unpaired electrons in the ribbon
distributed at the zigzag edges [12] and near the impurity,
see Fig. 2 (b). [31]
Our simulation results for the spin-dependent conduc-
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obtained as follows: We extract the Kohn-Sham (KS)
Hamiltonian Ĥ = [(Ĥ"", Ĥ"#), (Ĥ#", Ĥ##)], a 2⇥2 block-
matrix in spin space, from a DFT calculation including
all-electron SOI [19] for a finite-size hydrogen-terminated
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(n)
�

0
�

i
. (4)

The formalism outlined here is well established [17].

III. RESULTS

A. Clean ribbon

We calculate the conductance coe�cients G
��

0(E)
of an AGNR with N

C

=11 transverse carbon atoms
(AGNR11), see Fig. 1 (a). The result for the spin-
dependent conductance according to Eq. (2) is shown in
Fig. 1 (b) with a spin quantization axis in +z-direction.
For the spin-conserving conductance coe�cients G

��

, we

(a)

x

y

z

device region, SOI: onleft lead right lead

current
flow

l

(b)

�1.5 �1 �0.5 0 0.5 1 1.5
10�12

10�8

10�4

100

E�EF (eV)

G
(e

2 /
h

)

G

G"" =G##
G"# =G#"

FIG. 1. (a) Structure of the clean AGNR11 device. In the
blue marked device region, SOI is present. (b) Corresponding
conductance of the pristine ribbon (a) according to Eq. (2).
The spin quantization axis is chosen in positive z-direction.
The spin-conserving conductance does not vanish completely
inside the bandgap (but is reduced by seven orders of magni-
tude) due to the limited horizontal size of the lead system, so
that the one-dimensional band structure of the ribbon cannot
be formed with ultra-high precision.

find a step function with G/(e2/h) simply counting the
energy bands intersecting with a given energy E [26].
G

��

is hardly a↵ected by the SOI. Most importantly, the
spin-flip conductance is found to be very small with an
upper bound of 10�10 e2/h due to the very weak SOI
as expected. [27] Due to vertical mirror symmetry, "

z

and #
z

bands of pristine AGNRs are degenerate [28] and
therefore G""(E)=G##(E) and G"#(E)=G#"(E) for z-
quantization.

B. Ribbon with a single hydrogen adatom

We continue with a ribbon containing a single hydro-
gen adatom, see Fig. 2 (a) for the molecular geometry.
Hydrogen forms a chemical bond with the underlying
carbon atom resulting in an sp3 hybridization. The four
nearest carbon atoms were structurally relaxed in order
to catch the massive enhancement of SOI due to the lat-
tice distortion [29].

First, we comment on the finite-size DFT calculation
of the ribbon including SOI as sketched in Fig. 2 (b):
The computed magnetization of the finite-size ribbon as
sketched in is hSi=(�0.16,�0.01, 1.49)T~ [30], so there
are approximately three unpaired electrons in the ribbon
distributed at the zigzag edges [12] and near the impurity,
see Fig. 2 (b). [31]

Our simulation results for the spin-dependent conduc-
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FIG. 2. (a) Structure of the AGNR11 device with one single
hydrogen adsorbate. (b) Finite-size ribbon for the underlying
DFT calculation including SOI. All atoms in the blue box be-
long to the device region. The red surface denotes the isosur-
face of the spin density calculated by the DFT including SOI
where we observe the famous zigzag edge states [12], which
hardly contribute to transport. The total spin is calculated
as hSi=

R
S(r)d3r. (c) - (f) Conductance of device region (a)

with/without SOI and quantization axis according to inset.
The reference energy, EF is the chemical potential of the iso-
lated, charge-neutral lead. The average spin-flip conductance
G��̄ is computed as arithmetic mean of G"# and G#" in the
energy interval [� 1.5 eV, 1.5 eV].

tance G
��

0 according to Eqs. (2) and (4) are displayed
in Fig. 2 (c) - (f). First, we focus on the situation where
the spins of sample and incoming electrons are (very
nearly) aligned. The corresponding spin-conserving con-
ductance G

��

is displayed in Fig. 2 (c) with SOI and
(e) without SOI. The values for G""(E) and G##(E) in
Fig. 2 (c) and (e) deviate by less than 10�2 e2/h, only, and
we observe that SOI hardly influences G

��

. In particular,

the broad antiresonance that indicates the quasilocalized
state (zero mode) that accompanies the isolated adatom
remains clearly visible also in the presence of SOI [32, 33].
Similarly, in Fig. 2 (c), the spin-flip conductance is seen
to be very small, G

��̄

(E)⇠ 10�4 e2/h while it vanishes
in Fig. 2 (e) due to the absense of SOI.
Next, we consider in Fig. 2 (d) incoming electrons with

spin polarization along x-axis, i.e. perpendicular to the
magnetization axis ⇡ e

z

of local spins in the ribbon.
Here, the spin-flip conductance increases strongly reach-
ing values larger than 0.05 e2/h. Near the bandgap, it is
even exceeding the spin-conserving conductance. In or-
der to emphasize that the e↵ect is due to the exchange
interaction and not related to SOI, we repeat the same
calculation without SOI. The result is shown in Fig. 2 (f)
and indeed it is indistinguishable from Fig. 2 (d). In a
nutshell, the exchange-driven spin flip is understood as
follows [34]: Say, the fixed impurity spin points into
the z-direction, i.e. the exchange interaction turns into
Sz

imp

Ŝz

cond

⇠ �̂ z

cond

with the Pauli matrix �̂ z

cond

acting
on incoming conduction electrons. As a consequence,
the e↵ective single-particle Hamiltonian no longer com-
mutes with �̂ x,y

cond

. Hence, the spin of the incoming
particles no longer is conserved, if it happens to ex-
hibit a component perpendicular to the impurity spin.
Therefore, spin-flips become possible with a probability
(G"# +G#")/

P
��

0 G
��

0 that can reach order unity for
a non-collinear spin passing a single hydrogen adatom.
In the appendix we explain how our results are rational-
ized employing a simple toy model. Our overall findings
are consistent with Ref. [7] that has employed a model
calculation.

C. Ribbon with two hydrogen adatoms

We calculate the spin-dependent conductance of a
ribbon with two neighboring hydrogen adatoms, see
Fig. 3 (a). This double-hydrogen defect is non-magnetic
and we would like to confront it with the case of an iso-
lated hydrogen adatom. In Fig. 3 (a), the non-magnetic
character of this impurity is evident: The spin density
near the impurity is smaller than the isovalue and so it
cannot be resolved any more. There are two reasons for
the absense of magnetism with this defect. (i) There is
no imbalance between the graphene sublattices, i.e. one
impurity on each sublattice. This also implies that the
number of electrons remains even. (ii) Because of the
vicinity of the border, orbital degeneracies are lifted, so
that a closed-shell ground state is favored.

The computed conductance is shown in Fig. 3 (b) for
the collinear case and in Fig. 3 (c) for the non-collinear
one. Indeed, the spin-flip conductance for non-collinear
transport is two orders of magnitude smaller as compared
to the previous case with a single hydrogen adatom.
Note, that again the spin-flip conductance for electrons
polarized perpendicular to the sample magnetization ex-
ceeds the collinear one – probably due to weak residual
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obtained as follows: We extract the Kohn-Sham (KS)
Hamiltonian Ĥ = [(Ĥ"", Ĥ"#), (Ĥ#", Ĥ##)], a 2⇥2 block-
matrix in spin space, from a DFT calculation including
all-electron SOI [19] for a finite-size hydrogen-terminated
graphene nanoribbon with horizontal armchair edges, see
Fig. 1. [22] Subsequently, we obtain the (retarded) sin-
gle particle KS-Green’s function Ĝ of a finite-size strip
in the presence of the left and right contacts by standard
recursive Green’s function techniques [14, 21]:

Ĝ(E) ⌘
 

Ĝ"" Ĝ"#

Ĝ#" Ĝ##

!
=
⇣
Ĝ�1

0

� ⌃̂L � ⌃̂R

⌘�1

. (1)

The spin-diagonal self-energies ⌃̂↵ = [(⌃̂↵

" , 0), (0, ⌃̂
↵

# )]

with ⌃̂↵

" = ⌃̂↵

# reflect the presence of the leads [23]. They
are treated with a closed-shell electronic structure and a
vanishing SOI so that spin is a good quantum number
in the leads [24]. All operators are expanded in real-
space basis functions of the underlying DFT calculation,
see Ref. [21] for the general method and App. B for de-
tails on the calculations shown in Sec. III. Ĝ

0

represents
the bare KS-Green’s function of the device region, see
Fig. 1 (a). We compute the conductance in a Landauer-
Büttiker approach [25]:

G
��

0(E) =
e2

h
Tr
h
�̂L

�

(Ĝ
��

0)† �̂R

�

0 Ĝ
�

0
�

i
, (2)

with �̂↵

�

= i(⌃̂↵

�

� (⌃̂↵

�

)†).
For spin quantization n=(sin ✓ cos', sin ✓ sin', cos ✓)

deviating from default z-direction, we rotate the Green’s
function in spin space by the unitary transform U :

Ĝ(n) = UĜU† , U =

 
cos ✓

2

�e�i' sin ✓

2

ei' sin ✓

2

cos ✓

2

!
. (3)

Due to the closed-shell electronic structure of the leads,
�̂↵

�

remains unchanged by a unitary transform and the
conductance with respect to an arbitrary spin quantiza-
tion axis n is given by

G
(n)
��

0(E) =
e2

h
Tr
h
�̂L

�

(Ĝ(n)
��

0)† �̂R

�

0 Ĝ
(n)
�

0
�

i
. (4)

The formalism outlined here is well established [17].

III. RESULTS

A. Clean ribbon

We calculate the conductance coe�cients G
��

0(E)
of an AGNR with N

C

=11 transverse carbon atoms
(AGNR11), see Fig. 1 (a). The result for the spin-
dependent conductance according to Eq. (2) is shown in
Fig. 1 (b) with a spin quantization axis in +z-direction.
For the spin-conserving conductance coe�cients G

��

, we
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FIG. 1. (a) Structure of the clean AGNR11 device. In the
blue marked device region, SOI is present. (b) Corresponding
conductance of the pristine ribbon (a) according to Eq. (2).
The spin quantization axis is chosen in positive z-direction.
The spin-conserving conductance does not vanish completely
inside the bandgap (but is reduced by seven orders of magni-
tude) due to the limited horizontal size of the lead system, so
that the one-dimensional band structure of the ribbon cannot
be formed with ultra-high precision.

find a step function with G/(e2/h) simply counting the
energy bands intersecting with a given energy E [26].
G

��

is hardly a↵ected by the SOI. Most importantly, the
spin-flip conductance is found to be very small with an
upper bound of 10�10 e2/h due to the very weak SOI
as expected. [27] Due to vertical mirror symmetry, "

z

and #
z

bands of pristine AGNRs are degenerate [28] and
therefore G""(E)=G##(E) and G"#(E)=G#"(E) for z-
quantization.

B. Ribbon with a single hydrogen adatom

We continue with a ribbon containing a single hydro-
gen adatom, see Fig. 2 (a) for the molecular geometry.
Hydrogen forms a chemical bond with the underlying
carbon atom resulting in an sp3 hybridization. The four
nearest carbon atoms were structurally relaxed in order
to catch the massive enhancement of SOI due to the lat-
tice distortion [29].

First, we comment on the finite-size DFT calculation
of the ribbon including SOI as sketched in Fig. 2 (b):
The computed magnetization of the finite-size ribbon as
sketched in is hSi=(�0.16,�0.01, 1.49)T~ [30], so there
are approximately three unpaired electrons in the ribbon
distributed at the zigzag edges [12] and near the impurity,
see Fig. 2 (b). [31]

Our simulation results for the spin-dependent conduc-
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FIG. 2. (a) Structure of the AGNR11 device with one single
hydrogen adsorbate. (b) Finite-size ribbon for the underlying
DFT calculation including SOI. All atoms in the blue box be-
long to the device region. The red surface denotes the isosur-
face of the spin density calculated by the DFT including SOI
where we observe the famous zigzag edge states [12], which
hardly contribute to transport. The total spin is calculated
as hSi=

R
S(r)d3r. (c) - (f) Conductance of device region (a)

with/without SOI and quantization axis according to inset.
The reference energy, EF is the chemical potential of the iso-
lated, charge-neutral lead. The average spin-flip conductance
G��̄ is computed as arithmetic mean of G"# and G#" in the
energy interval [� 1.5 eV, 1.5 eV].

tance G
��

0 according to Eqs. (2) and (4) are displayed
in Fig. 2 (c) - (f). First, we focus on the situation where
the spins of sample and incoming electrons are (very
nearly) aligned. The corresponding spin-conserving con-
ductance G

��

is displayed in Fig. 2 (c) with SOI and
(e) without SOI. The values for G""(E) and G##(E) in
Fig. 2 (c) and (e) deviate by less than 10�2 e2/h, only, and
we observe that SOI hardly influences G

��

. In particular,

the broad antiresonance that indicates the quasilocalized
state (zero mode) that accompanies the isolated adatom
remains clearly visible also in the presence of SOI [32, 33].
Similarly, in Fig. 2 (c), the spin-flip conductance is seen
to be very small, G

��̄

(E)⇠ 10�4 e2/h while it vanishes
in Fig. 2 (e) due to the absense of SOI.
Next, we consider in Fig. 2 (d) incoming electrons with

spin polarization along x-axis, i.e. perpendicular to the
magnetization axis ⇡ e

z

of local spins in the ribbon.
Here, the spin-flip conductance increases strongly reach-
ing values larger than 0.05 e2/h. Near the bandgap, it is
even exceeding the spin-conserving conductance. In or-
der to emphasize that the e↵ect is due to the exchange
interaction and not related to SOI, we repeat the same
calculation without SOI. The result is shown in Fig. 2 (f)
and indeed it is indistinguishable from Fig. 2 (d). In a
nutshell, the exchange-driven spin flip is understood as
follows [34]: Say, the fixed impurity spin points into
the z-direction, i.e. the exchange interaction turns into
Sz

imp

Ŝz

cond

⇠ �̂ z

cond

with the Pauli matrix �̂ z

cond

acting
on incoming conduction electrons. As a consequence,
the e↵ective single-particle Hamiltonian no longer com-
mutes with �̂ x,y

cond

. Hence, the spin of the incoming
particles no longer is conserved, if it happens to ex-
hibit a component perpendicular to the impurity spin.
Therefore, spin-flips become possible with a probability
(G"# +G#")/

P
��

0 G
��

0 that can reach order unity for
a non-collinear spin passing a single hydrogen adatom.
In the appendix we explain how our results are rational-
ized employing a simple toy model. Our overall findings
are consistent with Ref. [7] that has employed a model
calculation.

C. Ribbon with two hydrogen adatoms

We calculate the spin-dependent conductance of a
ribbon with two neighboring hydrogen adatoms, see
Fig. 3 (a). This double-hydrogen defect is non-magnetic
and we would like to confront it with the case of an iso-
lated hydrogen adatom. In Fig. 3 (a), the non-magnetic
character of this impurity is evident: The spin density
near the impurity is smaller than the isovalue and so it
cannot be resolved any more. There are two reasons for
the absense of magnetism with this defect. (i) There is
no imbalance between the graphene sublattices, i.e. one
impurity on each sublattice. This also implies that the
number of electrons remains even. (ii) Because of the
vicinity of the border, orbital degeneracies are lifted, so
that a closed-shell ground state is favored.

The computed conductance is shown in Fig. 3 (b) for
the collinear case and in Fig. 3 (c) for the non-collinear
one. Indeed, the spin-flip conductance for non-collinear
transport is two orders of magnitude smaller as compared
to the previous case with a single hydrogen adatom.
Note, that again the spin-flip conductance for electrons
polarized perpendicular to the sample magnetization ex-
ceeds the collinear one – probably due to weak residual
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FIG. 2. (a) Structure of the AGNR11 device with one single
hydrogen adsorbate. (b) Finite-size ribbon for the underlying
DFT calculation including SOI. All atoms in the blue box be-
long to the device region. The red surface denotes the isosur-
face of the spin density calculated by the DFT including SOI
where we observe the famous zigzag edge states [12], which
hardly contribute to transport. The total spin is calculated
as hSi=

R
S(r)d3r. (c) - (f) Conductance of device region (a)

with/without SOI and quantization axis according to inset.
The reference energy, EF is the chemical potential of the iso-
lated, charge-neutral lead. The average spin-flip conductance
G��̄ is computed as arithmetic mean of G"# and G#" in the
energy interval [� 1.5 eV, 1.5 eV].

tance G
��

0 according to Eqs. (2) and (4) are displayed
in Fig. 2 (c) - (f). First, we focus on the situation where
the spins of sample and incoming electrons are (very
nearly) aligned. The corresponding spin-conserving con-
ductance G

��

is displayed in Fig. 2 (c) with SOI and
(e) without SOI. The values for G""(E) and G##(E) in
Fig. 2 (c) and (e) deviate by less than 10�2 e2/h, only, and
we observe that SOI hardly influences G

��

. In particular,

the broad antiresonance that indicates the quasilocalized
state (zero mode) that accompanies the isolated adatom
remains clearly visible also in the presence of SOI [32, 33].
Similarly, in Fig. 2 (c), the spin-flip conductance is seen
to be very small, G

��̄

(E)⇠ 10�4 e2/h while it vanishes
in Fig. 2 (e) due to the absense of SOI.
Next, we consider in Fig. 2 (d) incoming electrons with

spin polarization along x-axis, i.e. perpendicular to the
magnetization axis ⇡ e

z

of local spins in the ribbon.
Here, the spin-flip conductance increases strongly reach-
ing values larger than 0.05 e2/h. Near the bandgap, it is
even exceeding the spin-conserving conductance. In or-
der to emphasize that the e↵ect is due to the exchange
interaction and not related to SOI, we repeat the same
calculation without SOI. The result is shown in Fig. 2 (f)
and indeed it is indistinguishable from Fig. 2 (d). In a
nutshell, the exchange-driven spin flip is understood as
follows [34]: Say, the fixed impurity spin points into
the z-direction, i.e. the exchange interaction turns into
Sz

imp

Ŝz

cond

⇠ �̂ z

cond

with the Pauli matrix �̂ z

cond

acting
on incoming conduction electrons. As a consequence,
the e↵ective single-particle Hamiltonian no longer com-
mutes with �̂ x,y

cond

. Hence, the spin of the incoming
particles no longer is conserved, if it happens to ex-
hibit a component perpendicular to the impurity spin.
Therefore, spin-flips become possible with a probability
(G"# +G#")/

P
��

0 G
��

0 that can reach order unity for
a non-collinear spin passing a single hydrogen adatom.
In the appendix we explain how our results are rational-
ized employing a simple toy model. Our overall findings
are consistent with Ref. [7] that has employed a model
calculation.

C. Ribbon with two hydrogen adatoms

We calculate the spin-dependent conductance of a
ribbon with two neighboring hydrogen adatoms, see
Fig. 3 (a). This double-hydrogen defect is non-magnetic
and we would like to confront it with the case of an iso-
lated hydrogen adatom. In Fig. 3 (a), the non-magnetic
character of this impurity is evident: The spin density
near the impurity is smaller than the isovalue and so it
cannot be resolved any more. There are two reasons for
the absense of magnetism with this defect. (i) There is
no imbalance between the graphene sublattices, i.e. one
impurity on each sublattice. This also implies that the
number of electrons remains even. (ii) Because of the
vicinity of the border, orbital degeneracies are lifted, so
that a closed-shell ground state is favored.

The computed conductance is shown in Fig. 3 (b) for
the collinear case and in Fig. 3 (c) for the non-collinear
one. Indeed, the spin-flip conductance for non-collinear
transport is two orders of magnitude smaller as compared
to the previous case with a single hydrogen adatom.
Note, that again the spin-flip conductance for electrons
polarized perpendicular to the sample magnetization ex-
ceeds the collinear one – probably due to weak residual

magnetic iso-surface
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FIG. 2. (a) Structure of the AGNR11 device with one single
hydrogen adsorbate. (b) Finite-size ribbon for the underlying
DFT calculation including SOI. All atoms in the blue box be-
long to the device region. The red surface denotes the isosur-
face of the spin density calculated by the DFT including SOI
where we observe the famous zigzag edge states [12], which
hardly contribute to transport. The total spin is calculated
as hSi=

R
S(r)d3r. (c) - (f) Conductance of device region (a)

with/without SOI and quantization axis according to inset.
The reference energy, EF is the chemical potential of the iso-
lated, charge-neutral lead. The average spin-flip conductance
G��̄ is computed as arithmetic mean of G"# and G#" in the
energy interval [� 1.5 eV, 1.5 eV].

tance G
��

0 according to Eqs. (2) and (4) are displayed
in Fig. 2 (c) - (f). First, we focus on the situation where
the spins of sample and incoming electrons are (very
nearly) aligned. The corresponding spin-conserving con-
ductance G

��

is displayed in Fig. 2 (c) with SOI and
(e) without SOI. The values for G""(E) and G##(E) in
Fig. 2 (c) and (e) deviate by less than 10�2 e2/h, only, and
we observe that SOI hardly influences G

��

. In particular,

the broad antiresonance that indicates the quasilocalized
state (zero mode) that accompanies the isolated adatom
remains clearly visible also in the presence of SOI [32, 33].
Similarly, in Fig. 2 (c), the spin-flip conductance is seen
to be very small, G

��̄

(E)⇠ 10�4 e2/h while it vanishes
in Fig. 2 (e) due to the absense of SOI.
Next, we consider in Fig. 2 (d) incoming electrons with

spin polarization along x-axis, i.e. perpendicular to the
magnetization axis ⇡ e

z

of local spins in the ribbon.
Here, the spin-flip conductance increases strongly reach-
ing values larger than 0.05 e2/h. Near the bandgap, it is
even exceeding the spin-conserving conductance. In or-
der to emphasize that the e↵ect is due to the exchange
interaction and not related to SOI, we repeat the same
calculation without SOI. The result is shown in Fig. 2 (f)
and indeed it is indistinguishable from Fig. 2 (d). In a
nutshell, the exchange-driven spin flip is understood as
follows [34]: Say, the fixed impurity spin points into
the z-direction, i.e. the exchange interaction turns into
Sz

imp

Ŝz

cond

⇠ �̂ z

cond

with the Pauli matrix �̂ z

cond

acting
on incoming conduction electrons. As a consequence,
the e↵ective single-particle Hamiltonian no longer com-
mutes with �̂ x,y

cond

. Hence, the spin of the incoming
particles no longer is conserved, if it happens to ex-
hibit a component perpendicular to the impurity spin.
Therefore, spin-flips become possible with a probability
(G"# +G#")/

P
��

0 G
��

0 that can reach order unity for
a non-collinear spin passing a single hydrogen adatom.
In the appendix we explain how our results are rational-
ized employing a simple toy model. Our overall findings
are consistent with Ref. [7] that has employed a model
calculation.

C. Ribbon with two hydrogen adatoms

We calculate the spin-dependent conductance of a
ribbon with two neighboring hydrogen adatoms, see
Fig. 3 (a). This double-hydrogen defect is non-magnetic
and we would like to confront it with the case of an iso-
lated hydrogen adatom. In Fig. 3 (a), the non-magnetic
character of this impurity is evident: The spin density
near the impurity is smaller than the isovalue and so it
cannot be resolved any more. There are two reasons for
the absense of magnetism with this defect. (i) There is
no imbalance between the graphene sublattices, i.e. one
impurity on each sublattice. This also implies that the
number of electrons remains even. (ii) Because of the
vicinity of the border, orbital degeneracies are lifted, so
that a closed-shell ground state is favored.

The computed conductance is shown in Fig. 3 (b) for
the collinear case and in Fig. 3 (c) for the non-collinear
one. Indeed, the spin-flip conductance for non-collinear
transport is two orders of magnitude smaller as compared
to the previous case with a single hydrogen adatom.
Note, that again the spin-flip conductance for electrons
polarized perpendicular to the sample magnetization ex-
ceeds the collinear one – probably due to weak residual

Calculation with AITRANSS - module adapted for Turbmole-Code
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FIG. 2. (a) Structure of the AGNR11 device with one single
hydrogen adsorbate. (b) Finite-size ribbon for the underlying
DFT calculation including SOI. All atoms in the blue box be-
long to the device region. The red surface denotes the isosur-
face of the spin density calculated by the DFT including SOI
where we observe the famous zigzag edge states [12], which
hardly contribute to transport. The total spin is calculated
as hSi=

R
S(r)d3r. (c) - (f) Conductance of device region (a)

with/without SOI and quantization axis according to inset.
The reference energy, EF is the chemical potential of the iso-
lated, charge-neutral lead. The average spin-flip conductance
G��̄ is computed as arithmetic mean of G"# and G#" in the
energy interval [� 1.5 eV, 1.5 eV].

tance G
��

0 according to Eqs. (2) and (4) are displayed
in Fig. 2 (c) - (f). First, we focus on the situation where
the spins of sample and incoming electrons are (very
nearly) aligned. The corresponding spin-conserving con-
ductance G

��

is displayed in Fig. 2 (c) with SOI and
(e) without SOI. The values for G""(E) and G##(E) in
Fig. 2 (c) and (e) deviate by less than 10�2 e2/h, only, and
we observe that SOI hardly influences G

��

. In particular,

the broad antiresonance that indicates the quasilocalized
state (zero mode) that accompanies the isolated adatom
remains clearly visible also in the presence of SOI [32, 33].
Similarly, in Fig. 2 (c), the spin-flip conductance is seen
to be very small, G

��̄

(E)⇠ 10�4 e2/h while it vanishes
in Fig. 2 (e) due to the absense of SOI.
Next, we consider in Fig. 2 (d) incoming electrons with

spin polarization along x-axis, i.e. perpendicular to the
magnetization axis ⇡ e

z

of local spins in the ribbon.
Here, the spin-flip conductance increases strongly reach-
ing values larger than 0.05 e2/h. Near the bandgap, it is
even exceeding the spin-conserving conductance. In or-
der to emphasize that the e↵ect is due to the exchange
interaction and not related to SOI, we repeat the same
calculation without SOI. The result is shown in Fig. 2 (f)
and indeed it is indistinguishable from Fig. 2 (d). In a
nutshell, the exchange-driven spin flip is understood as
follows [34]: Say, the fixed impurity spin points into
the z-direction, i.e. the exchange interaction turns into
Sz

imp

Ŝz

cond

⇠ �̂ z

cond

with the Pauli matrix �̂ z

cond

acting
on incoming conduction electrons. As a consequence,
the e↵ective single-particle Hamiltonian no longer com-
mutes with �̂ x,y

cond

. Hence, the spin of the incoming
particles no longer is conserved, if it happens to ex-
hibit a component perpendicular to the impurity spin.
Therefore, spin-flips become possible with a probability
(G"# +G#")/

P
��

0 G
��

0 that can reach order unity for
a non-collinear spin passing a single hydrogen adatom.
In the appendix we explain how our results are rational-
ized employing a simple toy model. Our overall findings
are consistent with Ref. [7] that has employed a model
calculation.

C. Ribbon with two hydrogen adatoms

We calculate the spin-dependent conductance of a
ribbon with two neighboring hydrogen adatoms, see
Fig. 3 (a). This double-hydrogen defect is non-magnetic
and we would like to confront it with the case of an iso-
lated hydrogen adatom. In Fig. 3 (a), the non-magnetic
character of this impurity is evident: The spin density
near the impurity is smaller than the isovalue and so it
cannot be resolved any more. There are two reasons for
the absense of magnetism with this defect. (i) There is
no imbalance between the graphene sublattices, i.e. one
impurity on each sublattice. This also implies that the
number of electrons remains even. (ii) Because of the
vicinity of the border, orbital degeneracies are lifted, so
that a closed-shell ground state is favored.

The computed conductance is shown in Fig. 3 (b) for
the collinear case and in Fig. 3 (c) for the non-collinear
one. Indeed, the spin-flip conductance for non-collinear
transport is two orders of magnitude smaller as compared
to the previous case with a single hydrogen adatom.
Note, that again the spin-flip conductance for electrons
polarized perpendicular to the sample magnetization ex-
ceeds the collinear one – probably due to weak residual

1% spin-
flip
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V. Outlook
Current induced forces 
  
- mechanical forces (related to electromigration) - molecular machines  

(funding provided for Korytar group, KU Prague)  
- spin torque and spin-orbit torque - molecular spintronics  

(ongoing PhD project at UR in collaboration with Korytar group, KU Prague) 

Ab initio transport beyond DFT 

- Perspective: Theory of Quantum Transport in Molecular Junctions, M. Thoss and FE, 
to be submitted soon 

- GW-based quantum transport 
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Thank you! 


