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First-principles calculation was performed to investigate the effect of metal doping on the structural characteris-
tics of amorphous carbon system, and the 3d transition metals (TM) were particularly selected as representative
case. Results showed that the total energy in TM–C systems caused by distorting the bond angles was reduced
distinctly for comparison with that in C–C system. Further electronic structure revealed that as the 3d electrons
of doped TM increased, the bond characteristic of highest occupied molecular orbital changed from bonding (Sc,
Ti) to nonbonding (V, Cr,Mn, Fe) andfinally to antibonding (Co, Ni, Cu) between the TMand C atoms.Meanwhile,
the TM–C bond presented a mixture of the covalent and ionic characters. The decrease of strength and direction-
ality of TM–C bonds resulted in the total energy change upon bond angle distortion, which demonstrated that the
bond characteristics played an important role in reducing residual stress of TM-doped amorphous carbon
systems.
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1. Introduction

Diamond-like carbon films (DLC) have attracted extensive interests
from scientific disciplines and industrial societies due to their unique
structures and excellent mechanical, electronic, optical as well as mag-
netic properties [1–4], which are widely used as protective coatings in
the fields of automobile engine components, solar cells, data storages,
biomedical implants, etc. [5–7]. More recently, from the technical per-
formance, DLC films are functionalized by the addition of third transi-
tion metals (TM), such as Ti, W, Cr, Fe, Ni, Cu, and Ag, to overcome
their high residual stress and improve other properties [8–13]. Note
that, however, the strong dependence of structures on the variety and
content of doped metal atoms and the diversity of deposition tech-
niques lead to the disputable understanding for the effect of doped
metal on thefilm structure and physical and chemical properties. In par-
ticular, the stress reduction mechanism of TM–C system caused by the
metal doping is still in its infancy. For example, doping Ti, W, or Cr
into amorphous carbon matrix decreased the stress without seriously
deteriorating the hardness because of the partly formed hard carbide
nano-particulates, increased sp2 graphitization, C-sp3 substitution by
doped TM atoms as well as the proposed pivot relaxation role [8,14].
While the alloying of DLC with Cu, Ag or Al generally led to the forma-
tion of soft and ductile phase, and thus both the stress and hardness de-
creased significantly [15–17]. To distinctly address the reason for the
nimte.ac.cn (A. Wang).
reduced residual stress caused by the metal doping, understanding the
structural characteristics of TM-doped amorphous carbon system from
the atomic scale is necessary.

Recently, Wang et al. found that due to the reduced directionality of
the W–C bonds, the doped W atoms could play a pivotal action to de-
crease the strain energy arising from the distortion of the bond angles,
resulting in a significant reduction of residual stress [9]. Choi et al. [18]
also performed the first-principles calculation using the same simplified
tetrahedral model and revealed the bond characteristics of TM–C sys-
tem by the doping of Mo, Ag, or Al, respectively, from which the effect
ofmetallic impurities in carbonmaterials could be explained. Neverthe-
less, the previous works paid no attention to the strong correlation be-
tween the structural characteristics and the valence electrons of the
doped TM atoms. A more systematic study of TM–sp3–carbon interac-
tions in TM–C system, such as their electronic structure and electron
transfer behaviors, is needed to fully understand the general behavior
of these TM–C structures and explore the dependence of bond charac-
teristics on d electrons.

In this paper, the structural characteristics and bond interactions of
TM–C system were investigated by the first-principles calculation. In
order to elucidate the role of valence electrons on the bond structures,
we selected all 3d TMs from Sc to Cu as the representative TMelements.
It is well known that the mechanical properties of DLC films are related
with the tetra-coordinated C atoms content, and the previous study also
revealed the high residual stress mainly attributed to both the bond
angle and bond length distortions [19], so the tetrahedral model was
used for C(TM)–C systems, and the structural evolutions with the
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Fig. 2. Electron density before its isosurface is separated; the insets are the isosurfaces of
electron density for C–C, Ti–C, Cr–C, and Cu–C systems right before the isosurfaces
between the central atom and peripheral C atoms are separated.
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bond angles were evaluated by the partial density of states (PDOS),
charge density distributions and molecular orbital (MO) diagrams. The
obtained distinct changes in TM–C bond characteristics by comparing
with that in C–C system were discussed to understand the general ex-
perimental phenomena, in which the significant reduction of residual
stress was visible due to the doping of TM into amorphous carbon
matrix.

2. Computational details

Fig. 1 shows the schematics of employed tetrahedral bondmodel, in
which four carbon atoms are arranged as a tetrahedron with either a
carbon or TM in the center and each peripheral carbon atom is terminat-
ed by hydrogen atoms for the sake of simplicity. This model had been
proved to be satisfactory to provide a reasonable explanation for the ex-
periments in amorphous carbon system [9,18]. All 3d TMs from Sc to Cu
were selected particularly as the representative substitution of the cen-
tral carbon atom in the tetrahedral TM-C system. The structure with a
bond angle of 109.471° was chosen as a reference state (Fig. 1(a)).
When the bond angle was distorted in a range of 90–130° (Fig. 1(b)),
the structural relaxation could be characterized from the electronic
structure and the change of total energy in TM–C system. Details of
calculation model can be found in elsewhere [18], which has proved
that this model is appropriate for investigating metal incorporation
(or adsorption) into a carbon network even when the distorted struc-
ture is generated using a constrained relaxation.

All the spin-polarized first-principles calculations were performed
by the DMol3 software package (Accelrys Inc.) based on the density
functional theory. The exchange-correlation was handled in the gener-
alized gradient approximation with the Perdew–Burke–Ernzerhof pa-
rameterization [20], and all electrons double-numerical polarization
basis was used. A self-consistent field was created using an energy con-
vergence criterion of 10−5 eV, and atomic relaxationwas repeated until
the forces acting on the atoms were below 0.01 eV/Å. The Kohn–Sham
wave functions were expanded to an orbital cutoff of 9 Å to guarantee
convergence. A cubic supercell with a lateral size of 15 Å was used to
avoid interactions between the adjacent images of the model.

3. Results and discussion

Fig. 2 shows the values of electron density, ρmax, in the unit of elec-
trons/Å3 right before its isosurfaces between the central TM and the pe-
ripheral carbon atoms are spatially separated. For comparison, the
characteristic of C–C system was also performed. The isosurfaces of
Fig. 1. (a) Reference state for the tetrahedral model with a carbon or TM atom (Sc–Cu) in the c
angles containing the central atom and peripheral carbon C5were changed over the range from
and hydrogen atoms, respectively. (For interpretation of the references to color in this figure le
electron density for C–C, Ti–C, Cr–C, and Cu–C systems are presented
as insets of Fig.2, respectively. For C–C case, the maximal ρmax of
1.5391 electrons/Å3 and the strongest angular shape of isosurface
imply the highest strength and directionality of C–C bonds. This is be-
cause the repulsive force between two carbon atoms can be
counteracted by the higher electron density, which in turn drives the
formation of more stable structure. On the contrary, when TM (Sc–Cu)
replaces the central carbon atom in the unit, the ρmax decreases signifi-
cantly for each case following the increased isotropic characteristics of
isosurface, indicating that both the strength and directionality of TM–
C bonds are reduced. Since the structural distortion mainly arises from
the distortion of both the bond angles and bond lengths, the different
change of ρmax with increasing the valence electrons of TMs may be
one of the dominate factors for reducing the residual stress. Neverthe-
less, if one keeps in mind the disputed existence of stress reduction
mechanism caused by various doped TM atoms in literatures [8–10,
14–17], as well as the changes, further insight into the bond character-
istics and hybridization among atoms must be executed distinctly.

The bond characteristics in the system were analyzed using the
PDOS for themodel, the charge distribution of the highest occupiedmo-
lecular orbital (HOMO) in the plane composed of the central atom and
enter with bond angles of 109.471°. (b) Distorted tetrahedral model where the three bond
90 to 130°. Black, yellow and white balls correspond to peripheral carbon, doped C(TM),
gend, the reader is referred to the web version of this article.)
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the peripheral carbon atoms, and the MO diagram. Figs. 3 and 4 show
the spin resolved PDOS and spatial distribution of the charge density
for the pure C–C, Ti–C, Cr–C, and Cu–C systems in the reference state, re-
spectively. For the C–C system, the HOMO is strongly hybridized be-
tween the 2p orbitals of the carbon atoms, as shown in Fig. 3(a). In
addition, the charge distribution of the HOMO (Fig. 4(a)) illustrates
that the central carbon and peripheral carbon atoms are bonded with
a heavy charge accumulation, which is the typical feature of the cova-
lent bond with strong directionality. Fig. 5(a) shows the spin resolved
MO diagrams of C–C system based on the PDOS calculation, in which
the atomic orbitals were obtained from the electronic structure of the
isolated atoms. The black and red arrows represent the spin down and
spin up electrons, respectively. Based on the comparison between the
energy levels for the HOMO and C 2p atomic state, the HOMO is proved
to be a bonding state for C–C systemand four electrons from the periph-
eral C 2p orbitalsfill the bonding orbital in pairs combinedwith the elec-
trons of the central C atoms, identifying the typical covalent bonding
characteristic of C–C which should consequently strengthens the stabil-
ity of the system.

With the addition of TM atom, it was found that the HOMO
transitioned firstly from bonding state to nonbonding state, and then
to antibonding state as thenumber of electrons in the 3d shell increased.
Three representative cases for Ti, Cr, and Cu are presented in
Fig. 3(b)–(d), Fig. 4(b)–4(d) and Fig. 5(b)-5(d). Fig. 3(b) shows the
PDOS for the Ti–C system, where the distinct hybridization occurs be-
tween the C 2p and Ti 3d orbitals for theHOMO state. The charge density
of theHOMO shown in Fig. 4(b) is indicative of a covalent bond. Howev-
er, due to the electronegativity of the peripheral carbon atoms, a serious
Fig. 3. PDOS projected on the central C or TM and peripheral C atoms in
charge shifts toward the peripheral carbon atoms, denoting that the Ti–
C bond is ionic. This phenomenon of charge shifting is visible in other
TM–C systems as well. In order to investigate the ionic difference for
various TM–C bonds, the contribution of this ionic characteristic is
quantitatively described using ionicity, fi, as suggested by Pauling [21].

f i ¼ 1− exp − xA−xBð Þ2=4
h i

ð1Þ

where xA and xB are the electronegativities for the two interactive atoms
A and B, respectively. Table 1 summarizes the calculated ionicities of the
various TM–C bonds in the present work. It can be seen that the ionicity
of the Ti–C bond is 0.23. Both the ionic and covalent characters are ob-
served between the Ti and C atoms, which thus weaken the directional-
ity of the pure covalent bond and induce the lower electron density
(Fig. 2). In general, although MOs are only known to be valid when
the atomic orbitals have comparable energy, the MO diagram obtained
from the PDOS calculation is still reliable to extract the bond character-
istics for larger energy differences. Fig. 5(b) shows the MO diagram for
the Ti–C system. The HOMO is composed of hybridized C 2p and Ti 3d
states, and the electrons fill all of the four bonding states as in a purely
covalent bond. This resembles the previous results, in which an σ Ti–C
bond was a weak, but otherwise normal, covalent bond in a serious of
organotitanium compounds [22].

When the central carbon atomwas replaced by V, Cr,Mn, or Fe atom,
all the HOMO levels displayed the characters of nonbonding state and
were composed of only the TM's 3d orbitals. Fig. 3(c) shows the calcula-
tion for the Cr–C system as a representative case for these TMs. The
the (a) C–C, (b) Ti–C, (c) Cr–C, and (d) Cu–C systems, respectively.

Image of Fig. 3


Fig. 4. The charge density between the central TM or C and peripheral C atoms for the HOMO passing through (a) C, (b) Ti, (c) Cr, or (d) Cu) and two peripheral C atoms. The blue and
yellow colors indicate the positive and negative signs in the wavefunctions, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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PDOS clearly indicates that only the Cr 3d orbital contributes to the
HOMO, and no hybridization appears between the Cr 3d and C 2p or-
bitals. The spatial distribution of the charge density (Fig. 4(c)) also dem-
onstrates the HOMO is isolated around the central Cr atom, revealing
the nonbonding state between the Cr and C atoms in the tetrahedral
system. This result is consistent with the MO diagram, as shown in
Fig. 5(c), where two electrons from the Cr 3d are evidently located in
nonbonding MO states except the four full-filled bonding states com-
posed by C 2p, Cr 3d and Cr 4 s orbitals. The ionicity for this group ranges
from 0.12 (Fe–C) to 0.22 (Mn–C), which is slightly less than that for
Sc–C or Ti–C.

Further increasing the number of electrons in the 3d orbital yielded
an antibonding character in the HOMO of the TM–C system. The results
from the replacement of the central carbon by Co, Ni, or Cu atom
demonstrated the typical antibonding characteristics. Fig. 3(d) shows
that the obvious hybridization occurs between the Cu 3d and C 2p
orbitals for Cu–C system, and the charge density of HOMO shown in
Fig. 4(d) possesses a nodal structure with antibonding behavior be-
tween the Cu and peripheral C atoms. This unusual result implies the
possibility to distort the Cu–C tetrahedron easily from its reference
Fig. 5.MO diagrams based on the present DFT calculations with the bonding (B), nonbonding
systems. The red and black arrows correspond to the spin up and spin down states, respec
referred to the web version of this article.)
configuration to the lower energy state, explaining well the significant
stress reduction observed from experiments. The MO diagram in
Fig. 5(d) also confirms this antibonding characteristic by comparing
the energy of HOMO with that of atomic states of C 2p and Cu 3d, in
which three electrons occupy the antibonding states and others are to
full-fill the nonbonding and bonding states with lower energy levels.
Therefore, it can be said that as the number of 3d electrons increases
to more than six, some of them will occupy the higher energy states
like the antibonding state inducing the change of electron density in
Fig. 2.

As noted that the residual stress of the amorphous carbonmaterial is
mainly sensitive to the deviation arising from the bond angles or bond
lengths, the above bond characteristic evolution in TM-C system
makes it clear beyond all doubts the discrepancy of stress reduction
mechanism reported by experimental results [8–10,14–17,23]. Once
the bond angles were distorted from the reference state of 109.471 to
90, 100, 120 and 130°, the resultant energy variation (ΔE) in the C–C
and TM–C system could be calculated. Fig. 6 shows the ΔE for both the
TM–C and pure C–C systems with various bond angles. As the 3d elec-
trons of doped TM increase, the TM–C systems possess different bond
(NB) and antibonding (AB) states shown in the (a) C–C, (b) Ti–C, (c) Cr–C, and (d) Cu–C
tively. (For interpretation of the references to color in this figure legend, the reader is
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Table 1
Calculated ionicity values when the 3d TM atoms bound to C.

Central atom C Sc Ti V Cr Mn Fe Co Ni Cu

Ionicity 0 0.30 0.23 0.19 0.18 0.22 0.12 0.11 0.10 0.10
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characters, so it is observed that all of the TM–C systems possess the
smaller ΔE values than that of the pure C–C unit. This originates from
the ionic character between the TM and carbon atoms, which would
weaken the directionality of the purely covalent bond. Therefore, the
total energy of the system is less sensitive to the bond angles than
that of the C–C system. In addition, since the HOMO characteristics
dominate the system rigidity, it is noted that the antibonding charac-
teristic of the HOMO for Co, Ni, and Cu drastically reduces the bond
strength, which lowers the ΔE increase significantly as shown in
Fig. 6.

As aforementioned, doping these 3d TMs into an amorphous car-
bon system plays the role of a pivotal site, where the distortion of
bond angles can occur without the significant increase of the strain
energy due to the formed bond structure in TM-doped carbon sys-
tems [9,18]. Therefore, it is supposed to be the key reason why the
residual stress is generally decreased in the experimental results of
TM–C system [8,9,14–17,23]. It is also expected that the doped TMs
in carbon matrix would cluster because of the lower energy barrier
to diffuse through the carbon network. In addition, Fig. 6 also
shows that negative value of ΔE is observed at certain bond angles
not only for Cu–C systems (at 90°) but also for the Co–C (at 100°)
and Ni–C (at 130°) systems. This finding implies that introducing
Co, Ni or Cu atoms into the carbon matrix may cause significant
structural changes. Furthermore, although in this calculation only a
single tetrahedral structure was considered, it is suitable to reveal
the dependence of bond structure on the variety of the doped TM
and clarify the pivotal action of the TM atoms in amorphous carbon
matrix. The role of TM concentrations on the stress reduction in
DLC films is also being further investigated by first-principles molec-
ular dynamics simulation.

4. Conclusions

By first-principles calculation, we investigated the electronic struc-
ture of TM–C systems systematically in order to address the stress re-
duction mechanism that originated from the doped TMs. It is found
that the atomic and electronic structure of TM–C systems strongly de-
pends on the type of doped TM atoms, in particular, on their valence
Fig. 6. Total energy changes in the TM–C and C–C systems as a function of the bond angle.
electron structure. With the doping of Sc–Cu, the bond characteristics
of HOMO changed from bonding (Sc, Ti) to nonbonding (V, Cr, Mn, Fe)
and finally to antibonding (Co, Ni, Cu). Furthermore, due to the different
electronegativity between the doped TM and C atoms, the generated
ionic characters also contributed to the HOMO. The different HOMO
characters and partial ionic contributions between the TM and C
atoms reduce both the strength and directionality of the formed TM–C
bond, respectively. These differences account for the smaller changes
of total energy upon structural distortion for TM–C system than that
for pure C–C unit, demonstrating that doping a TM into an amorphous
carbon matrix could decrease the residual stress of the system. The
most important result in the present work is that a certain TMs such
as Co, Ni, and Cu,which can form the antibonding statewithwidely tun-
able atomic structure, provide an alternative guide to fabricate the func-
tional carbon films with high performance.
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