
Electron transport in open systems from finite-size calculations: Examination of the
principal layer method applied to linear gold chains
Ariana Beste, Vincent Meunier, and Robert J. Harrison

Citation: The Journal of Chemical Physics 128, 154713 (2008); doi: 10.1063/1.2905219
View online: https://doi.org/10.1063/1.2905219
View Table of Contents: http://aip.scitation.org/toc/jcp/128/15
Published by the American Institute of Physics

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1742681036/x01/AIP-PT/MB_JCPArticleDL_WP_042518/large-banner.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Beste%2C+Ariana
http://aip.scitation.org/author/Meunier%2C+Vincent
http://aip.scitation.org/author/Harrison%2C+Robert+J
/loi/jcp
https://doi.org/10.1063/1.2905219
http://aip.scitation.org/toc/jcp/128/15
http://aip.scitation.org/publisher/


Electron transport in open systems from finite-size calculations:
Examination of the principal layer method applied to linear gold chains

Ariana Beste,1,a� Vincent Meunier,1,2 and Robert J. Harrison1,3

1Computer Science and Mathematics Division, Oak Ridge National Laboratory, Bethel Valley Road,
Oak Ridge, Tennessee 37831-6367, USA
2Center for Nanophase Materials Sciences Division, Oak Ridge National Laboratory, Bethel Valley Road,
Oak Ridge, Tennessee 37831, USA
3Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996, USA

�Received 25 January 2008; accepted 12 March 2008; published online 18 April 2008�

We describe the occurrence of computational artifacts when the principal layer method is used in
combination with the cluster approximation for the calculation of electronic transport properties of
nanostructures. For a one-dimensional gold chain, we observe an unphysical band in the band
structure. The artificial band persists for large principal layers and for large buffer sizes. We
demonstrate that the assumption of equality between Hamiltonian elements of neighboring layers is
no longer valid and that a discontinuity is introduced in the potential at the layer transition. The
effect depends on the basis set. When periodic boundary conditions are imposed and the k-space
sampling is converged, the discontinuity disappears and the principal layer method can be correctly
applied by using a linear combination of atomic orbitals as basis set. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2905219�

INTRODUCTION

Electron transport through nanoscale molecular devices
is a research area which faces challenges in both experiment
and theory. Experimentally, it is difficult to manipulate and
to measure the atomic structure of the electrode-molecule-
electrode system. Theoretically, the description of molecular
conduction is complicated by the system being open, and not
in equilibrium when voltage is applied. Electrical transport
properties of organic molecules attached to gold electrodes
through thiol end groups have received particular interest1–3

triggered by an early break-junction experiment by Reed
et al.4 In molecular transport theory, the Green’s function or
direct scattering approaches are combined with the extended
Hückel tight-binding theory5–7 or density functional theory
�DFT�.8–14 Generally, even though experimental current-
voltage characteristics can be qualitatively reproduced, the
magnitude of the computed conductance is typically orders
of magnitude too high. Different explanations for this dis-
crepancy are invoked. First, the conductance has been found
to strongly depend on the relative position of the Fermi en-
ergy of the metal with respect to the molecular levels and the
spatial profile of the electrostatic potential under an applied
bias.7,15–18 Second, charge transfer can be very important.10

Third, the details of the geometry of the device dramatically
influence the conductance. For instance, different contact
geometries13,8 and tilting angles between molecule and
surface12,13,19,20 have shown to yield a range of different
transport properties. Also, the possibility that the molecule
covalently binds to only one side of the surface and the cur-
rent is mediated through molecule-molecule interactions was

considered.21,22 The discussion in the literature is not without
controversy13 and neither are the detailed electronic structure
of the device nor the validity of the applied theoretical meth-
ods �i.e., weak coupling regime as treated by DFT�.23–29

The theoretical description of molecular transport em-
ploying Landauer’s formalism30 has been approached by us-
ing scattering theory, pioneered by Lang.31 A popular alter-
native is based on the nonequilibrium Green’s function
�NEGF� method applied to molecular devices by Datta32 and
Mujica et al.33,34 Combining the NEGF with conventional
DFT methods used in quantum chemistry or solid state phys-
ics provides a tool for determining molecular transport prop-
erties from first principles. On the one hand, periodic bound-
ary conditions can be adopted,35,36,38 where large parts of the
leads are included to avoid the interaction of the molecule
with its images. On the other hand, common quantum chem-
istry codes can be used when the cluster approximation is
introduced.9–11,18 The extended molecule has to be chosen
large enough to accommodate the effects of charge transfer
introduced by the molecule-electrode interactions. The same
cluster approximation has also been implemented in the
NWCHEM program package,37 as described in Refs. 39–41.

Here, we use the NWCHEM-based implementation in con-
junction with the CRYSTAL package46 to test the cluster ap-
proximation in the case of a gold nanowire. The implemen-
tation was tested for carbon nanotube systems yielding
electronic properties in close agreement with published
results.39,42 For carbon sp2 bonded systems a modest basis
set is sufficient to reproduce all the salient features of the
system near the Fermi level. However, in a metallic, one-
dimensional system the slow decay of the potential in com-
bination with the diffuse basis functions can cause a compu-
tational artifact. This artifact is explained and we show how
to circumvent it.
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METHOD AND IMPLEMENTATION

The general theory of transport in molecular electronic
devices using NEGF in combination with DFT is well
established.33,43,44 In summary, a molecular electronic device
consists of a conductor C, the “extended” molecule or
“active region,” which is coupled to two semi-infinite leads
�R and L�. Within the Landauer formalism,30 which describes
transport through noninteracting systems, the conductance is
proportional to the transmission function T. The transmission
function is related to the retarded and advanced Green’s
functions of the conductor GC

r and GC
a by

T = Tr��LGC
r �RGC

a � , �1�

where �L and �R describe the coupling to the leads. All
quantities are expressed in a localized basis set and the equa-
tions are given in matrix form. The Green’s function of the
conductor can be obtained by partitioning the Green’s func-
tion of the entire system �ES−H�G�E�=I �I is the identity
matrix, H is the Hamiltonian, S is the overlap matrix,
and E is the energy� which in a localized basis set yields

GCC�E� = �ESCC − �HCC + �L�E� + �R�E���−1, �2�

with �L�E� and �R�E� being the self-energies of the semi-
infinite left and right leads. The � matrices in Eq. �1� are
defined through the self-energies of the leads

�L = i��L − �L
†�, �R = i��R − �R

†� . �3�

In a localized basis, the description of the leads can be sim-
plified by applying an effective layer concept.44 The semi-
infinite leads are treated as stacks of principal layers that
only interact with their nearest neighbors.45 Projecting
�E−H�G�E�= I onto Bloch states that are composed of orbit-
als centered on the atoms forming the layer, results in a hi-
erarchy of equations of the form

�ES00 − H00�Gn0 = H01
† Gn−1,0 + H01Gn+1,0, �4�

where the indices refer to the layer number n and for n=0
H01

† Gn−1,0=I. The layers are chosen such that H00=H11=¯
and H01=H12=¯.

The Hamiltonian and overlap matrices of the conductor,
the lead principal layer, and the interaction matrices between
layers �H01 and S01� are required as input for the transport
code and are provided by a quantum chemistry program
package, for instance. Here, we used the NWCHEM �Ref. 37�
and the CRYSTAL �Ref. 46� program packages. While both
packages solve the same DFT equations and make use of the
atomic orbitals as basis sets, the former is designed for finite-
size systems �cluster approximation�, while the latter applies
adequate boundary conditions to compute the properties of
periodic systems.

As a seemingly simple example, we studied the decay of
conductance of a one-dimensional gold chain as a gap of
different length is introduced. Figure 1 shows a typical input
geometry for the quantum chemistry code. The system is

divided into a conductor region, a left and right lead, and
buffer zones on each end. The assumption is that the princi-
pal layer is large enough so that only the nearest neighboring
layers interact �principal layer condition�. This assumption
can be verified by increasing the principal layer size and
checking for convergence. The buffer zones should have at
least the same size as the principal layer to ensure that all the
atoms within the principal layer are embedded in the same
environment. For the same reason, the conductor region
should include at least one principal layer on each side of the
molecule �the gap in our case�. If bulk calculations were
performed, the system was set up similarly than in Fig. 1
where the left lead is directly connected to the right lead.

We employed the local density approximation, the Slater
exchange,47 and the VWN correlation48 functional. The in-
teratomic distance between the gold atoms was fixed to
2.56 Å �an average value of the atomic distances of an opti-
mized gold chain�. We used the LANL2DZ effective core
potential �ECP� and basis set in two different flavors. The
LANL2DZ basis set as implemented in CRYSTAL has a less
diffuse exponent for the most diffuse s function, lacks the
most diffuse p function, and one p function �composed of
two primitives� is decontracted compared to the LANL2DZ
basis set implemented in NWCHEM. The former will be de-
noted as LANL2DZ-cry, the latter as LANL2DZ-nw. The
corresponding ECPs for gold are small core ECPs with 60
electrons in the core region and 19 valence electrons. The
size of the gap introduced in the gold chain is given as frac-
tions of the gold-gold distance of 2.56 Å �denoted as “ad”
below�. For a gap size of 0.5 ad and larger, we placed a ghost
atom �a full set of basis functions of the gold atom� at the
center of the gap. The results shown here have been obtained
within a spin-restricted formulation �the results were verified
using unrestricted DFT�.

RESULTS AND DISCUSSION

First, we investigated the “bulk” properties of a gold
chain �i.e., chain without defect� using the LANL2DZ-nw
basis. We found that a principal layer size of six gold atoms
was converged �see Fig. 2�a��. However, we observed that
the number of open channels at the Fermi energy was two in
contradiction with Ref. 49, where a conductance of one
quantum unit was determined.

With a principal layer size of six gold atoms we calcu-
lated the conductance of gold chains starting with a conduc-
tor consisting of 12 gold atoms at equal distance and con-
tinuing by placing a gap of increasing size in the middle of
the chain. Figure 2�b� shows the results. With increasing gap
size, the conductance at the Fermi energy should decrease,
reaching a conductance of zero for sufficiently large gaps.
Instead, the conductance approaches 0.6G0. Also note that

FIG. 1. �Color online� Typical input structure for the quantum chemical
code of a gold chain where a gap is introduced.
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for zero gap size the conductance in Fig. 2�b� is lower than
the bulk conductance in Fig. 2�a�. Figure 2�b� shows gap
sizes for up to one atomic distance. We repeated the calcu-
lations with gap sizes of two and three atomic distances and
found that once the conductance of 0.6G0 is reached, the
value does not depend on the gap size. Surprisingly, when we

used a slightly different basis set �LANL2DZ-cry�, the con-
ductance correctly approaches zero which was reached for a
gap size of as small as one atomic distance �Fig. 2�c��. Also,
with the LANL2DZ-cry basis set, the conductance at the
Fermi energy for the uninterrupted gold chain is one, which
coincides with the conductance bulk calculation using the
LANL2DZ-cry basis set.

To investigate this behavior, we calculated the band
structure of the gold chain by using the principal layer
method for the two basis sets and compared to a band struc-
ture calculation using the CRYSTAL program package.46 For
the CRYSTAL calculation, a 4�1�1 Monkhorst–Pack50 grid is
chosen to sample the k space. The unit cell contains six gold
atoms which allows for direct comparison to the band struc-
ture calculated with the principal layer method using a prin-
cipal layer consisting of six gold atoms. The band structures
are given in Fig. 3. Figure 3 only shows the CRYSTAL band
structure calculated with the LANL2DZ-nw basis set, the
band structure using the LANL2DZ-cry is very similar. We
confirmed that the band structure calculated with the princi-
pal layer method using Hamiltonian and overlap matrices
from a finite-size calculation coincide with the CRYSTAL band
structure for the LANL2DZ-cry basis set �Fig. 3�c�� but for
the LANL2DZ-nw basis set �Fig. 3�b�� an additional band
appears. Analysis of the band reveals that it is mainly com-
posed of 6pz orbitals �the gold chain is oriented along the z
direction�. Increasing the principal layer size does not result
in the disappearance of the unphysical band; i.e., with a prin-
cipal layer size of 8, 10, and 12 gold atoms the unphysical
band is still present.

Since the artifact in the calculation depends on the
choice of the basis set and because the difference in the basis
sets lies in the degree of diffuse character in the s and p
functions, we first suspected that the principal layer condi-
tion is not fulfilled for the more diffuse basis set and that the
phenomenological convergence test demonstrated in Fig.
2�a� is not sufficient. The principal layer condition is verified
if the Hamiltonian and overlap elements between next near-
est layers are negligible. Table I gives the largest Hamil-
tonian and overlap elements between next nearest layers for
different principal layer sizes and the two different basis sets.
For the less diffuse basis set �LANL2DZ-cry�, the largest
absolute values are smaller than 10−6 a.u. even when a prin-
cipal layer of four atoms is used. We find that for a principal
layer consisting of six atoms, the Hamiltonian and overlap
matrix elements between the next neighbors are very small
for either basis set. This indicates that the principal layer
condition is fulfilled. For larger principal layers, the absolute
values of the matrix elements fall under 10−6 a.u. �In Table I,
we only included principal layer sizes up to eight atoms but
we also checked the matrix elements for principal layer sizes
up to twelve atoms.� Despite the fulfillment of the principal
layer condition, the artificial band occurred even for princi-
pal layer sizes of 8, 10, and 12 gold atoms when the
LANL2DZ-nw basis set was used. For the LANL2DZ-cry
basis set, the artifact was not found for all tested principal
layer sizes �4–12�.

Implicit in the derivation of the principal layer method is
the assumption that H00=H11=¯, H01=H12=¯, and similar

FIG. 2. �Color� Conductance of gold chain, dotted-dashed line denotes
Fermi energy. �a� Bulk calculation for different principal layer sizes,
LANL2DZ-nw basis set. �b� Conductor calculation for different gap sizes in
atomic distances �ad�, principal layer size six atoms, LANL2DZ-nw basis
set. �c� Conductor calculation for different gap sizes in atomic distances
�ad�, principal layer size six atoms, LANL2DZ-cry basis set.
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for the overlap. In finite-size calculations, as executed within
the cluster approximation, the potential experienced by the
atoms at the edge of the cluster region is different than that
experienced by the atoms within the core region. That does
not necessarily mean that above assumption is not fulfilled
since we always include a buffer region which is at least the
size of the principal layer and assures that there are no direct
interaction between the atoms of the principal layer �or the
conductor� and the vacuum. However, it might be the source
of an inconsistency between the finite-system calculation and
the computation of the infinite system which uses the
Hamiltonian and overlap matrices of the finite system.
Therefore, we compared the band structures calculated with
the principal layer method where the input Hamiltonian and
overlap matrices are obtained from a finite-size calculation
�NWCHEM� with the band structure calculated with the prin-
cipal layer method but where the input Hamiltonian and
overlap matrices are computed, applying periodic boundary
conditions �CRYSTAL�. The unit cell in the CRYSTAL calcula-
tion contains the same number of atoms as the NWCHEM

input. By using the LANL2DZ-cry basis set, we obtained
identical band structures from both the NWCHEM

and CRYSTAL matrix elements. When the LANL2DZ-nw
basis set was used, the matrix elements from CRYSTAL repro-
duced the correct band structure, in contrast to those from the
finite-size calculation using NWCHEM.

We note here that if the unit cell contains only four gold
atoms in a Gamma point calculation, the k space sampling in
CRYSTAL is not sufficient and we also observed the unphysi-
cal band. The importance of k space sampling has been
pointed out before.51 The cluster approximation and the
periodic Gamma point calculation show the same incorrect
feature in the band structure.

We now turn our attention to the Hamiltonian elements
of the finite-size calculations themselves. First, we confirmed
that the symmetry H01=H12=¯ is fulfilled for principal
layer sizes of 4, 6, 8, 10, and 12 for the two basis sets used
here �both finite-size and periodic calculations were tested�.
The situation was different when we looked at the
Hamiltonian elements, representing the principal layer itself.
Table II gives the largest absolute values of the differences
between the Hamiltonian elements of a principal layer and its
neighbor for different principal layer sizes from finite-size
calculations. We observed that the values do not monotoni-
cally decrease with increasing principal layer size. Even
though the differences seem smaller for larger systems, the
largest absolute value for a principal layer size of 12 atoms
for the LANL2DZ-cry basis set is larger than for a principal
layer of ten atoms. The assumption that H00=H11=¯ is not
valid and it appears that increasing the principal layer size
does not lead to its fulfillment. In contrast, we found that if
periodic boundary conditions are imposed, the absolute val-
ues of the differences between the elements of H00 and H11

for the LANL2DZ-cry and the LANL2DZ-nw basis set are
below 10−6 a.u. for all investigated layer sizes �4–12� and the
assumption is valid.

We further investigated the difference between the prin-
cipal layers by comparing the diagonal contributions to the
Hamiltonian and concentrated on a principal layer size of six
gold atoms. For larger principal layers, similar results were
obtained. The fact that the principal layer condition is ful-
filled for a principal layer size of six atoms �see Table I�
implies that the overlap between an atom and its reproduc-
tion in the neighboring layer can be neglected and, therefore,

TABLE I. Largest absolute values of the NWCHEM Hamiltonian in a.u. and
overlap matrix elements between the next nearest neighbors for different
principal layer sizes and basis sets.

No. of atoms
in principal layer

LANL2DZ-nw LANL2DZ-cry

Hamiltonian
�a.u.� Overlap

Hamiltonian
�a.u.� Overlap

4 4�10−3 3�10−3 �10−6 �10−6

6 4�10−6 3�10−6 �10−6 �10−6

8 �10−6 �10−6 �10−6 �10−6

FIG. 3. Band structure of a gold chain, the Fermi level is indicated by a dashed-dotted line. �a� Periodic CRYSTAL calculation, six atoms in unit cell,
LANL2DZ-nw. �b� Principal layer method, six atoms in principal layer, LANL2DZ-nw; arrows mark unphysical band. �c� Principal layer method, six atoms
in principal layer, LANL2DZ-cry. For transport-based calculations, the bands are represented by dots on the energy grid. This is due to the fact that in that case
the bands are expressed as k�E� rather than E�k� since E is an input parameter of the Green’s function approach. It follows that some bands might look dotted
when the band is flat since step sizes in energy are finite.
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the kinetic contributions to the Hamiltonian of an atom and
its image are equal. In Fig. 4, we plot the projection of the
Hamiltonian onto the 5s function, measuring the potential
around each atom along the gold chain. Note that plotting the
projection of the Hamiltonian onto any atomic basis function
yields the same qualitative result. Since the kinetic contribu-
tions of an atom and its image in the neighboring layer are
equal, any inconsistencies between layers are due to an in-
consistency in the potential. We observed �Fig. 4� for both
basis sets an oscillation in the diagonal 5s elements, which is
the largest near the end of the chain. In the inset panels, the
5s elements of the principal layer and its neighbors are
shown. The upper plots �Fig. 4�a�� illustrate the diagonal 5s
elements for the principal layer approximation by replicating
values from atoms 7–12 for atoms 13–18 �repeating itself�
which is in contrast to the 5s contributions calculated in the
finite-size calculation for the entire system shown below
�Fig. 4�b��. For both basis sets used here, the total potential
within the principal layer approximation is discontinuous.
For the finite calculation, Table II summarizes the difference
of the 5s elements of the first and the last atom in the prin-
cipal layer which measures the artificial potential change un-
dergone when translating the principal layer.

When the Hamiltonian is extracted from a periodic cal-
culation of a 24 atom gold chain �lowest plots �Fig. 4�c���, all
gold atoms along the chain are equivalent and there is no
inconsistency between layers. This confirms that when peri-
odic boundary conditions are applied and the k-space
sampling is converged, the principal layer method can be
employed.

We have established that enlarging the principal layer
does not eliminate the artificial band. Figure 4 shows that the
finite-size effect is concentrated at the ends of the gold chain.
To determine if the potential between principal layers is con-
tinuous when the buffer size is increased but the principal
layer size is kept fixed, we calculated the band structures for
a principal layer of six atoms and increased the buffer size to
12, 18, and 24. Using the LANL2DZ-cry basis set in the
finite-size calculation shows no artifact in the band struc-
tures, but for the LANL2DZ-nw basis set, the artifact ap-
pears for a buffer size of 12 and 24 but not for a buffer size
of 18 atoms. The differences between H00 and H11 in the

finite-size calculations generally become smaller with in-
creasing system size �Table II�. The discontinuities in the
potentials at layer transition are also smaller for the larger
system �Table II�. However, neither the differences nor the
discontinuities approach zero for larger systems but rather
show oscillating behavior. For a principal layer of 6 atoms
and a buffer of 18 atoms �for which we did not observe the

TABLE II. Largest absolute values of the differences between the NWCHEM Hamiltonian elements in a.u. of a
principal layer and its neighbor and potential differences at layer transition in a.u. measured as the absolute
value of the difference between the NWCHEM Hamiltonian projected onto the 5s function of the first and the last
atom in the principal layer for different principal layer sizes, buffer sizes, and basis sets.

No. of
atoms in

principal layer

No. of
atoms in

buffer

Largest Hamiltonian difference �a.u.� Potential difference �a.u.�

LANL2DZ-nw LANL2DZ-cry LANL2DZ-nw LANL2DZ-cry

4 4 1.4�10−3 1.5�10−3 2.9�10−3 3.2�10−3

6 6 1.8�10−3 1.9�10−3 1.6�10−3 5.0�10−4

8 8 1.4�10−3 1.3�10−3 1.1�10−4 5.4�10−4

10 10 8.1�10−4 2.9�10−4 2.5�10−4 5.8�10−4

12 12 2.7�10−4 9.3�10−4 3.5�10−4 5.8�10−4

6 12 7.1�10−4 7.2�10−4 8.9�10−4 7.2�10−4

6 18 2.2�10−4 5.6�10−4 7.0�10−5 5.6�10−4

6 24 3.0�10−4 3.3�10−4 3.4�10−4 3.3�10−4

FIG. 4. Hamiltonian projected onto the 5s basis function along a 24 atom
gold chain, finite-size NWCHEM calculation: Upper panel LANL2DZ-nw and
lower panel LANL2DZ-cry. The inset panels enlarge the scale for the
Hamiltonian 5s elements along atoms 7–18a. �a� Principal layer approxima-
tion by replicating values from atoms 7–12 for atoms 13–18. �b�
Hamiltonian elements from NWCHEM calculation. �c� Hamiltonian elements
from CRYSTAL calculation.
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artifact�, we observed low values for both criteria when the
LANL2DZ-nw basis set was used, but since the artificial
band never occurred for the LANL2DZ-cry basis set for
which we found larger differences and discontinuities, this
observation is inconclusive. In addition, we have tested a
symmetric system setup by adding a principal layer and tak-
ing H00 and S00 from the center of the chain. This setup also
shows the computational artifact.

CONCLUSION

We demonstrated that an unphysical band can appear in
the band structure when the cluster approximation is used in
combination with the principal layer method for the example
of a one-dimensional gold chain. The existence of the artifact
depends on the basis set used and on the sampling of the
Brillouin zone �when periodic conditions are applied�. Very
small changes in the basis set cause the artificial band. For
example, the most diffuse s function in the LANL2DZ-nw
basis has an exponent of 0.060 and the most diffuse p func-
tion of 0.028. The less diffuse but otherwise the same basis
set LANL2DZ-cry, for which we did not see the additional
band, has an exponent of 0.098 for the most diffuse p func-
tion and 0.080 for the most diffuse s function. Increasing the
principal layer size does not lead to the disappearance of the
artifact. In addition, the increase in the buffer size is only
partly successful. For the principal layer method to be appli-
cable the assumption that H00=H11=¯ needs to be valid
and the potential needs to transition smoothly between lay-
ers. Both criteria are violated for the basis set for which we
observe the artifact but also for the basis for which we do
not. Oscillations in the potential along the finite gold chain
which is used to obtain the Hamiltonian and overlap matrices
for transport calculations cause a discontinuity in the poten-
tial of the semi-infinite leads when the principal layer
method is applied. If the principal layer method is applied in
combination with a periodic calculation for the Hamiltonian
using a converged sampling of the Brillouin zone, the as-
sumption H00=H11=¯ is verified and the potential is shown
to be smooth at layer transition. As a result, there is no ad-
ditional unphysical band appearing for either atomic orbital
basis set. While a clear quantitative measure for the onset of
the appearance of the unphysical behavior was not described,
our investigations underline the importance of comparing the
band structure obtained from periodic calculations �or ex-
periments� to that obtained using input from cluster calcula-
tions before proceeding with the description of complex de-
vices.
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