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Abstract: A new parametrization of copper and carbon within the self-consistent-charge
density-functional tight-binding framework is presented to study its condensed-phase properties. The
electronic part of the parameters is mainly generated via optimizing band structures. The repulsive part
is calculated from the force or energy data of the corresponding adsorption configurations. Benchmark
calculations with the obtained parameter set show good performance of structural energetic properties
of bulk and surface systems. Parameters reported here can be used for modeling of complicated copper
and carbon nanostructures.
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Electronic structure calculation plays a central role in computational physics and chemistry.
Density functional theory (DFT) is now routinely used to obtain electronic structures for various
systems.[1] However, even with modern supercomputers, DFT calculations are limited to several
thousand atoms.[2] To study large systems, semi-empirical electronic structure methods are widely
used.[3, 4] Among them, density-functional tight-binding (DFTB) method[5, 6] is very promising, with a
rigorous basis from DFT. In DFTB, most parameters are directly calculated from electronic structure of
atoms.[7-9] Many reasonable results have been obtained within the DFTB framework.[10]
Databases of DFTB parameters for various chemical elements are available online.[11] Copper and
carbon are focused in this study since graphene is an interesting and novel material while copper is
used in the synthesis of graphene as a substrate material.[12-14] Recently, T. Heine et al. has reported a
parametrization of the electronic part of DFTB model for most of the element in periodic table,[15] but
the repulsive part is just developed for some of the elements with copper uncovered.[16] A complete
DFTB parameter set of copper or carbon separately is available online in the matsci-0-3 database,[17, 18]
however, the hetero-nuclear parameters are not included.
In this article, DFTB parameters for copper and carbon are optimized aiming at a better
description of its condensed-phase properties. Each part of the parameters is carefully optimized to
improve the final performance of the parametrization. Benchmark calculations with the obtained DFTB
parameter set are performed for bulk, and surface systems. Geometric properties agree well with higher
level DFT calculations. Reasonable energetics are also obtained despite of an overbinding for Cu-Cu
interaction. This parameterization thus provides a useful tool for efficient and accurate modeling of
complicated copper and carbon nanostructures.

1 PARAMETRIZATION DETAILS
40

Within the framework of self-consistent-charge (SCC) DFTB, total energy is expressed as the sum
of three terms[5]
occ

E =  ψ i H0 ψ i +
i

1
 Δqa Δqb γ ab + Erep
2 ab

(1)

The first term comes from an eigenvalue problem of the zero-order Hamiltonian H0 which is
generated from neutral atoms within the Slater-Koster (SK) tight-binding approximation.[5] With
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the outmost valence shells (3d, 4p, 4s for copper and 2p, 2s for carbon) considered, diagonal
elements of H0 are the corresponding atomic orbital energies of a pseudo-atom confined in a wall
potential.

r
[Tˆ + veff [n I0 ] + Vconf (r )]φν (r ) = ε ν φν (r ), where Vconf (r ) = 
 r0

50





2

(2)

The confinement potential is added to avoid the atomic orbitals becoming too diffusing.[10] In
practice, atomic orbital energies of free atom are usually used to ensure the correct limit for free
atoms. Off-diagonal elements of H0 are the corresponding two center integrals between two
atomic orbitals on two different atoms.[7]
0
hμν
= φ μ T + v eff [n I0 ] + v eff [n J0 ] φν , where μ ∈ I ,ν ∈ J
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(3)

All two center integrals can be expressed as linear combinations of Slater-Koster integrals
where two atoms approach each other from a high symmetry axis.[19]
The second term in the right-hand side of Eq. (1) is the energy contribution from charge
transfer, where Δqa and Δqb are atomic charges and γab depends on the Hubbard parameters.[5]
Using the Janack’s theorem, the Hubbard parameters are calculated as the derivative of energy
with respect to occupation number for the highest occupied shell.[20] The third term in total energy
comes from remaining repulsive interactions between two atoms after the zero-order band
structure energy and SCC energy considered. It is short-ranged with a cutoff distance Rc beyond
which it is strictly zero.[7] The repulsive term can be obtained by subtracting DFTB electronic part
contributions from reference values of certain property for a reference system,[21] or automatic
schemes for more properties and more systems.[22, 23]
Electronic part of parameters were performed using the parametrization module implemented
in Hotbit package.[10] On-site energies and Hubbard parameters are listed in Table 1 which kept
fixed during parametrization. DFTB calculations were performed using the DFTB+ package.[24]
For single atoms, DFTB were spin-polarized to get the accurate ground state energy, the spin
constants listed in Table 2 were calculated as follows:[25]

∂ε
∂ε
∂ε 
1  ∂ε
Wll′ =  l ↑ − l ↑ − l ↓ + l ↓ 
4  ∂nl′↑ ∂nl′↓ ∂nl′↑ ∂nl′↓ 
70
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(4)

ATOM program implemented in Spanish Initiative for Electronic Simulation with Thousands
of Atoms (SIESTA) package[26] was used to calculate the eigenvalues of the spin polarized atoms.
For periodic systems, calculations showed there was no difference if spin polarization was
considered, so all were performed in closed shell form. DFT calculations for benchmark were
carried out with the Vienna Ab initio Simulation Package (VASP) [27, 28] within the projector
augmented wave framework,[29] where PBE exchange-correlation functional[30] were used and the
energy cutoff for plane waves was set to 400 eV for copper only systems and 550 eV with carbon
included.
Tab.1 On-site energies and Hubbard parameters for copper and carbon. All the values are in H.

Copper
Carbon

valence shell

d

p

s

on-site energy

-0.202264

-0.029109

-0.172031

Hubbard parameter

0.479157

0.134967

0.254602

on-site energy

0

-0.199259

-0.500676

Hubbard parameter

0

0.376431

0.405868

80
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Tab.2 Spin constants for copper and carbon. All the values are in H.

Copper

Carbon

1.1
85

90

p

d

s

-0.0150

-0.0077

-0.0027

p

-0.0104

-0.0104

-0.0008

d

-0.0026

-0.0004

-0.0168

s

-0.0296

-0.0238

p

-0.0249

-0.0213

Slater-Koster integrals

We start with optimization of Slater-Koster integrals. Since it is independent of the repulsive
potential in DFTB, band structure of bulk Cu is used to evaluate the quality of the Slater-Koster
integral parameters. The corresponding structures used here are fcc, bcc and sc phases with
different chemical environments included to get a good transferability, the lattice parameters are
3.615, 2.892 and 2.411 Å respectively.[15] In DFTB, Slater-Koster integrals are determined by the
confinement potential applied to the atom via the generated basis functions. Therefore, the r0
parameter in the confinement potential is adjusted to optimize Slater-Koster integrals. The search
range for r0 was from 2 to 5 Bohr with a step of 0.2 Bohr. To evaluate the quality of band structure,
average of energy deviation are calculated as[15]

η (ε ) =
95

s

1
N

N

ε

DFT
k ,i

− ε kDFTB
,i

(5)

k ,i

The k points run over the selected path and the lowest 1-5 bands are considered for all the
structures. As shown in Figure 1, the best r0 for band structure occurs at about 4.2 Bohr.

Fig.1 Average of energy deviation in band structure with respect to r0 in confinement potential.

100
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Similar to Cu, wave functions for C are also generated by optimizing r0. The reference
structures are graphene, diamond and sc phase and the corresponding lattice parameters are 2.456,
3.567 and 1.781 Å respectively.[15] The selected bands are the lowest 4, 5 and 3 for each structure.
The optimized r0 is found at 2.8 Bohr as shown in Figure 1.
In practice, with such electronic parameters, we find it will lead to unseasonable or even
wrong carbon configurations on Cu surface after geometry relaxation when repulsive potential
applied. Moreover, such geometries will result in large deviation in energy. No obvious
improvement has been detected when repulsive curve changes in the reasonable region. Therefore,
band structure favorable parameters may not fit to other properties correctly and certain
-3-
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compromise should be made. Tests showed smaller r0 of carbon will make the results better and if
it changes to 2.4 Bohr, the unreasonable geometries will be easily eliminated and the trend of
energy for several adsorption configurations will be in good agreement with DFT values, and this
change will not deteriorate the band structures evidently as shown in Figure 1. With the corrected
electronic parameters, the corresponding band structures for each structure are show in Figure 2.
Generally speaking, the band structures agree well with the DFT results. The difference between
our results and that from matsci-0-3 at DFTB level are also small, and our results are slightly
better than matsci-0-3 within the region near the Fermi level.

120
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Fig.2 Band structures for Cu-fcc, Cu-bcc, Cu-sc, C-graphene, C-diamond and C-sc respectively. Black curves are
results at DFT level, red are matsci-0-3 at DFTB level and blue are of this work.
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Repulsive energy

Before calculate the repulsive energy, we checked how band structure energy change with
lattice parameters for fcc Cu. An important character of the obtained energy curve is the location
of its minimum. As shown in Figure 3, the minimum of the DFT total energy is at 3.64 Å, which is
close to the experimental lattice constant. The DFTB band structure energy minimum is typically
-5-
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located at a lattice parameter much larger than experimental value. Since it is typically positive
and monotonically decreasing with atom distance,[31] repulsive energy when considered will
further push the location of energy to larger lattice parameters. On the other hand, the DFTB band
structure energy curve is obviously lower than the DFT curve which means a significant
overbinding, this trend will be worsen if negative repulsion applied.

Fig.3 Energy with respect to lattice parameter of fcc Cu. Black curve is DFT total energy while blue curve is
DFTB band structure energy.

With the energy minimum and overbinding considered, we set the cutoff radius of Cu-Cu
repulsive potential 5.0 Bohr, just cover the minimum position and leave the region right side intact.
The repulsive potential for Cu-Cu was then generated based on the parameters above. As shown in
Figure 4, four independent repulsive curves were generated from four different sets of structure
serials, each set contains some similar structures with the concerned Cu-Cu bond changed. The
dimer set contains Cu dimers with different bond length, and this set gives the highest repulsive
potential. The fcc set are bulk fcc phase Cu with different lattice parameters, and the lowest
repulsive potential are obtained, even negative values are found in the region near the cutoff radius.
It fails to get the correct structure of Cu slab due to the weak repulsion. The other two sets are slab
models with one Cu atom adsorbed on the unrelaxed Cu substrate. The positions of the adatoms
are in fcc hollow site and top site respectively. These two sets lead to repulsive curves locates
between the first two limits and little difference is found between them. The four sets of
parameters are then tested using some typical adsorption configurations. By comparing the
geometries and energies, the parameters generated from adsorption configurations at top site are
selected.

Fig.4 Different repulsive curves of Cu-Cu calculated from different configuration sets. Black curve calculated from
slab model with one Cu atom adsorbed at top site while green curve adsorbed at fcc hollow site. Blue curve
calculated from bulk fcc phase and red curve from dimer.
-6-
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For C-C and Cu-C pairs, since the cutoff radius is chosen to be smaller than the second
neighbor distances,[22] and obviously larger than the nearest neighbor, 4.0 and 5.0 Bohr were
selected empirically for C-C and Cu-C respectively. Then C-C repulsive potential was calculated
from graphene with different lattice parameter while Cu-C was from slab models with one C atom
adsorbed at the top site similar to Cu-Cu respectively.
Atomic coordinates were relaxed until the maximal force component less than 10-4 atomic
unit for geometry optimization. For surface systems, periodic boundary conditions were used to
enable the generation of infinitely large two-dimensional surfaces. Three nearest atoms along the
two directions in the surface plane were included in a unit cell except for a few large systems.
Four layers for Cu(111) while 2.5 layers for Cu(001) surface were used to model the slabs. A
vacuum layer thicker than 15 Å was inserted into every two adjacent slabs in the c-axis direction
to minimize their interaction. The bottom atomic layer was fixed to its bulk positions while the
others were relaxed during optimization.

175

2 RESULTS AND DISCUSSION
2.1
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Copper

Some features of the surface systems are determined by the corresponding bulks due to the
constraint of symmetry, for example, the bond length in the surface plane. The geometry of fcc
structure of copper is calculated by scanning the total energies with respect to lattice constants.
Our lattice parameter is 3.75 Å, 3.74% and 3.02% larger than the experimental value of 3.6147
Å[32] and DFT value of 3.64 Å, even 0.04 Å larger compared with 3.71 Å given by matsci-0-3 at
DFTB level. This error will be transferred to the succeeded surface systems directly. Cohesive
energy is then obtained based on the optimized geometry. The definition follows

E coh = E atom −

E tot
N

(6)

where Eatom and Etot is the energy of a free atom and bulk system with N atoms included. 4.53 eV
is calculated by our parameters, overestimated compared with 3.49 eV[33] given by DFT, as well as
4.18 eV given by matsci-0-3 at DFTB level. Tests show the overestimation of lattice parameter
and cohesive energy can be improved by increasing r0 value in confinement potential when
generating electronic parameter of Cu, but will lead to wrong adsorption geometries
simultaneously. Therefore, such sacrifice has to be made.
The Cu(111) surface was cleaved from the calculated fcc structure directly. As shown in
Figure 5, the optimized surface is close to DFT results. The bond lengths between the nearest
Cu-Cu atom pairs are in the range of 2.64-2.66 Å, slightly larger than 2.55-2.58 Å given by DFT.
The deviation of the bond lengths in slab is caused by the overestimation of lattice constant of fcc
structure directly. Calculations using matsci-0-3 at DFTB level fails to get the correct geometry of
Cu(111) surface. In the relaxed four layer slab model, the top two layers and the bottom two layers
becomes closer respectively while leaving the space between the bilayers larger than normal.

-7-
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200
Fig.5 Top (the upper panel) and side (the lower panel) views of optimized structure of Cu(111) surface. Unit cells
used in calculations are marked with red quadrangle. All atoms are copper.
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Adsorption configurations with a copper atom added above the top layer are then studied
under our parameters. All the independent adsorption sites including fcc hollow site, hcp hollow
site, bridge site and top site are selected. The distance from the adatom to its nearest neighbor are
selected and compared to DFT values. As shown in Table 3, the optimized geometries show a
good consistency with DFT results, all the distances deviate no more than 0.1 Å from DFT values.
Tab.3 Properties of Cu adatom on Cu(111) surface. Bond length is the distance between the adatom and its nearest
neighbor.
Bond length (Å)
Fcc hollow site
Hcp hollow site
Bridge site
Top site

DFTB
2.42
2.42
2.32
2.21

DFT
2.40
2.40
2.34
2.22

Adsorption energy (eV)
DFTB
DFT
3.25
2.62
3.23
2.62
3.09
2.58
2.45
2.14

The adsorption energy is calculated using equation

E ad =
215

220

E sub + NE atom _ E tot
N

(7)

where Esub, Eatom and Etot are energies of optimized slab, free atom and the optimized adsorption
configuration containing N adatoms respectively. The results of the four adsorption sites are listed
in Table 3, qualitatively agree with DFT values, meanwhile overbinding is observed. To check the
relative adsorption energies, barriers of diffusion are drawn in Figure 6 with the energy of the
most stable fcc hollow site set to zero. Moving through bridge site is nearly a barrierless process,
but DFTB gives a relatively higher barrier. A meta-stable hcp hollow site is correctly predicted.
Top site is the most unstable configuration, but DFTB gives a higher energy.

-8-
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Fig.6 Energy barriers of Cu adatom diffusing on Cu(111) surface from fcc hollow site to bridge site, hcp hollow
site, top site and return to fcc hollow site. Energy of fcc hollow site is set to zero. Results of this work are in blue
line and DFT in black.

To check the transferability of the parameters for different surfaces, Cu(001) which is not as
close-packed as Cu(111) is tested. The optimized bond lengths of pristine surface between the
nearest Cu-Cu atom pairs are in the range of 2.64-2.66 Å, agree with range in the Cu(111) surface,
also slightly larger than DFT due to the overestimation of lattice constant in fcc structure. Good
consistency with DFT results of geometry is achieved for the adsorption configurations as shown
in Table 4, all the deviations from DFT are less than 0.1 Å. The adsorption energies are
qualitatively agree with DFT but more overbinding is found compared with that in Cu(111)
surface.
Tab.5 Properties of Cu adatom on Cu(001) surface. Bond length is the distance between the adatom and its nearest
neighbor.

Hollow site
Bridge site
Top site
240

245

250

2.2

Bond length (Å)
DFTB
DFT
2.48
2.43
2.30
2.34
2.20
2.23

Adsorption energy (eV)
DFTB
DFT
3.85
2.86
3.15
2.31
2.48
1.93

Carbon

Before combining carbon atoms on Cu surface, we calculated graphene in free space. The
lattice parameter is 2.47 Å, equal to that given by matsci-0-3 at DFTB level and very close to DFT
value of 2.48 Å. Then the cohesive energy is calculated using Eq. (6) and the result is 7.90 eV,
smaller than 8.08 eV of matsci-0-3, both are very close to 7.906 eV[34] given by DFT.
One carbon atom adsorbed on Cu(111) surface is then studied. As shown in Table 5, the
distance from the adatom to its nearest neighbor is qualitatively agree with DFT, the deviation of
the values are relatively large compared with the case of Cu adsorbed. In the four structures,
carbon atom is located in three different environments, the first is the top site with one nearest
atom, the second is the bridge site with two nearest atoms and the last are the two hollow sites
with three nearest atoms. The longest Cu-C bond is found in hollow site to be 2.00 Å while the
shortest is 1.66 Å in top site, 0.34 Å of the difference which is large compared with 0.1 Å of DFT.
This means carbon atom is more sensitive to the environment whose transferability is limited.[15]
-9-
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Tab.5 Properties of C adatom on Cu(111) surface. Bond length is the distance between the adatom and its nearest
neighbor.

Fcc hollow site
Hcp hollow site
Bridge site
Top site
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Bond length (Å)
DFTB
DFT
2.00
1.85
2.00
1.85
1.91
1.82
1.66
1.75

Adsorption energy (eV)
DFTB
DFT
4.60
4.88
4.51
4.82
4.40
4.83
3.35
2.91

The corresponding adsorption energy is calculated using Eq. (7) as shown in Table 5. Other
than the case in Cu adsorbed, no rigid shift between DFTB and DFT energies which means
overbinding disappears. The relative energy curve are shown in Figure 7, DFT show that it is a
barrierless process for a carbon atom diffusing on Cu(111) surface, but DFTB gives a small
energy barrier of about 0.2 eV. Both DFTB and DFT show an unstable top site structure, the
energy barrier compared with the most stable configuration is lower for DFTB than DFT.

Fig.7 Energy barriers of C adatom diffusing on Cu(111) surface from fcc hollow site to bridge site, hcp hollow site,
top site and return to fcc hollow site. Energy of fcc hollow site is set to zero. Results of this work are in blue line
and DFT in black.

One carbon atom adsorbed on Cu(001) surface is also studied by our parameters as shown in
Table 6. Similar to the case in Cu(111) surface, the results are qualitatively agree with DFT values.
The deviation of bond length from DFTB to DFT is sensitive to the environment and so do the
adsorption energies.
Tab.6 Properties of C adatom on Cu(001) surface. Bond length is the distance between the adatom and its nearest
neighbor.

Hollow site
Bridge site
Top site

Bond length (Å)
DFTB
DFT
2.11
1.91
1.88
1.80
1.66
1.74

Adsorption energy (eV)
DFTB
DFT
5.15
6.05
4.50
4.23
3.46
2.92

To study graphene on Cu(111) surface, more C atoms are added. For C2 the dimer is located
- 10 -
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on the nearest fcc hollow site and hcp hollow site. C3 is a chain and occupied three hollow site
serially. The stable structure for C6 is a hexagon, each C atom adsorbed on the corresponding
hollow site. To avoid the interaction of C from neighbor cell, the slab is extended a little bit in this
structure. For the case of graphene, periodic in the two directions within the plane is used, and
fully cover the Cu(111) surface. The relaxed geometries are in good agreement with DFT while
the corresponding adsorption energy per atom are listed in Table 7. The overall trend are
consistent well with DFT values.

285
Tab.7 Adsorption energy per atom for C clusters on Cu(111) surface. All the values are in eV.
C1
C2
C3
C6
Graphene

DFTB

DFT

4.60
6.26
6.14
6.15
7.63

4.88
6.46
6.40
6.44
7.88

3 SUMMARY
290

New parameters of copper and carbon for SCC-DFTB is generated with the goal of surface
systems. By adjusting the parameter in confinement, the optimized minimal basis gives a well and
balance description for the band structures for both Cu and C. The slabs of Cu(111) and Cu(001)
surfaces are successfully calculated by the parameters. Geometries of the adsorption on different
surfaces and the energies of adsorption and diffusion are in agreement with DFT results for both
Cu and C despite of the overbinding for Cu-Cu interactions.
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铜碳体系 DFTB 参数拟合
殷迪，李震宇
380

（中国科学技术大学微尺度物质科学国家实验室）
摘要：本文针对铜表面结构，发展了一套相应铜碳原子的 DFTB 参数。在电子部分参数中，
单中心参数通过自由原子全电子 DFT 计算获得并固定，双中心参数通过优化体相结构能带
的计算来获得最优值。排斥部分参数则是以铜表面吸附构型的能量以及力等物理量为拟合标
准，通过用 DFT 结果减去 DFTB 电子部分结果获得。测试结果表明这套参数可以很好地描
述体相以及铜表面吸附铜碳原子体系的结构以及能量性质，因而可以用于较复杂的铜碳纳米
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结构体系的计算。
关键词：铜；碳；DFTB；参数拟合
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