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Abstract The ground-state geometrical and electronic properties of neutral and

charged MnC2 (M = Fe, Co, Ni, Cu; n = 1–5) clusters are systematically investi-

gated by density-functional calculations. The growth evolution trends of neutral and

charged FenC2, ConC2, NinC2 and CunC2 (n = 1–5) clusters are all from lower to

higher dimensionality, while it is special for CunC2
± (n = 1–5) clusters which favor

planer growth model. The space directional distributions of Co and Ni indicate

stronger magnetic anisotropy than that in Cu atoms. Compare with experimental

data (photoelectron spectroscopy), our results are in good agreement. The interac-

tion strengths between metal and carbon atoms in TM–C (TM = Fe, Co, Ni)

clusters are comparable and are obviously larger than that in Cu–C clusters, and this

interaction strengths also decrease through the sequence: cation [ neutral [ anion,

which may be crucial in exploring the differences in the growth mechanisms of

metal–carbon nano-materials.
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Introduction

Cluster system has unique physical and chemical properties in comparison with the

conventional behavior of free atoms and bulk atoms [1]. In recent years, much effort

has been made to study clusters both theoretically and experimentally [1].
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Transition metal clusters is of special research interest for many researchers as it has

important magnetic properties and catalytic function in the process of growing

carbon nano-materials. Typical transition metal clusters, such as iron, cobalt and

nickel, are commonly used as catalysts in the fabrication of Single-walled carbon

nanotubes (SWCNTs) and copper is good catalyst in the growth of carbon fiber.

Recently the most frequently studied cluster is transition-metal carbide clusters

[2–5]. Gustev et al. [6] investigated the geometries and electronic structures of FenC

and FenC± (n = 1–6) clusters by density-functional theory (DFT) and found rather

high metal–carbon bond energies. Joswig et al. [7] calculated the electronic and

geometrical structures of titanium carbohedrene clusters TimCn (m = 7, 8;

n = 10–14) using a newly developed genetic algorithm combined with a DFT

tight-binding method. In experiment, Li et al. reported the photoelectron spectra of

MC2
- (M = Sc, V, Cr, Mn, Fe and Co) clusters through a magnetic bottle anion

photoelectron spectroscopy (PES). They found that the trends of the electron

affinities and vibrational frequencies for MC2 species are well correlated with the

corresponding monoxides [8]. Tono et al. [9] measured the photoelectron spectra of

Co2Cn
- (n = 2, 3) and V2Cn

- (n = 2–4) clusters using laser ablation technique. The

carbide-formation processes of the late 3d transition metals and the carbide-

formation of the early 3d transition metals is different. The early 3d transition

metals forms large metal-carbide networks, such as metallocarbonhedrenes and

metal carbide compounds [9], while the late 3d transition metal does not [9].

We studied the geometrical and electronic properties of neutral MnC (M = Fe,

Co, Ni, Cu; n = 1–6) clusters [10]. Especially we addressed the critical influence of

the interaction strength between the carbon and metal clusters in neutral systems for

growing the SWCNTs. In experiment, the arc discharge (AD), laser ablation (LA)

and chemical vapor deposition (CVD) are used to fabricate the SWCNTs. The

carbon nano-metals are produced at high temperature in the experiments of AD and

LA, the systems involved there are most probably charged. In order to clarify the

growth mechanism of metal–carbon systems, it is necessary to investigate

the neutral and charged transition metal carbide clusters systemically. In this work,

the ground-state properties of the neutral and charged MnC2 (M = Fe, Co, Ni, Cu,

n = 1–5) clusters were investigated by DFT calculations.

Computational Details

All calculations were carried out within the gradient corrected DFT framework

using the Quantum-ESPRESSO package [11]. The potential between the ion core

and the valence was expressed in terms of the Vanderbilt-type ultrasoft pseudo-

potential. The valence electronic configurations of Fe, Co, Ni and Cu are

3s23p63d64s2, 3d84s1, 3d94 s1 and 3d104s1. The exchange–correlation interaction

was calculated within the generalized gradient approximation (GGA) using the

Perdew–Burke–Ernzerhof (PBE) functional. Wave functions were expanded in a

plane-wave basis set within 30 Ry kinetic energy. For the finite sizes, clusters were

placed in a cubic supercell with an edge of 12–16 Å for different cluster sizes. This
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length scale is large enough to avoid interactions between clusters in neighboring

cells.

The geometries of clusters were optimized by Broyden–Fletcher–Goldfrab–

Shanno algorithm (BFGS). The initial structures were generated as our previous

work [10] from one dimension to three dimension following two steps : firstly, using

two C atoms to substitute two metal atoms on different potential energy surface sites

of the pure metal clusters (Mn?2, n = 5) [12–15]; secondly, these clusters were

constructed according to different symmetry. The convergence criteria for the total

energy and inter-atomic force were 10-6 ryd and 0.01 eV/Å.

Results and Discussion

Geometrical Structures of the Ground State

To check the accuracy of the method we used, several available experimental and

theoretical (vs. LDA, PW91 and BP method) results are shown in Table 1. The

calculated binding energy (Eb), bond length (R), and magnetic moments (M) of

these dimers (Fe2, Co2, Ni2, Cu2, C2, FeC) are listed in Table 2. Using the method

described in Sect. 2, we found the data of Table 2 being in good agreement with the

experimental and theoretical reports. The ground-state geometries of the neutral and

charged MnC2 (M = Fe, Co, Ni, Cu; n = 1–5) clusters are shown in Fig. 1. All

atoms were relaxed without any constraints in the process of structural optimization

(Table 3).

Cationic Clusters

The most stable structures of Fe2C2
?, Ni2C2

? and Cu2C2
? are linear chain under the

transformation of Dh group. Co2C2
? is a rhombus with D2h symmetry. The ground

state structure of Fe3C2
? and Co3C2

? are both trigonal bipyramids but with differ-

ent symmetries, Fe3C2
? has Cs symmetry and Co3C2

? has D3h symmetry. It is

Table 1 Bonding length (R), binding energy (Eb) of C2, Fe2, and Fe–C, compared with different

exchange-correlation functionals

System LDA PBE PW91 BP Expt.

C2

R (Å) 1.30 1.31 1.32 1.33 1.31 [2]

Eb (eV) 7.38 6.60 6.61 6.55 6.08 [2]

Fe2

R (Å) 1.89 2.00 2.04 2.03 2.02 ± 0.02 [16]

Eb (eV) 4.00 2.61 2.97 2.96 1.15 ± 0.09 [17]

FeC

R (Å) 1.51 1.57 1.57 1.57 1.59 [18]

Eb (eV) 6.02 5.02 5.21 5.21 3.95 [18]
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interesting to note that, the ground-state geometry of Ni3C2
? and Cu3C2

? clusters

are still two-dimensional configurations. The Ni3C2
? cluster has a sector with C2m

symmetry. The Cu3C2
? cluster is formed by adding a metal atom on Cu2C2

? cluster

with C2m symmetry. The ground-state geometry of Fe4C2
? cluster is a pentacle

pyramid with Cs symmetry. The ground-state geometry of Co4C2
? and Ni4C2

?

clusters are distorted octahedra with C2m symmetry. The lowest energy structure of

Cu4C2
? is a butterfly-like structure with D2h symmetry. For n = 5, Fe5C2

?, Co5C2
?

and Ni5C2
? all are pentacle bipyramids with C2m symmetry. Cu5C2

? is still a two-

dimensional structure which could be seen as one Cu atom added on the distorted

Cu4C2
? with Cs symmetry.

Neutral Clusters

The ground state structures of neutral MC2 (M = Fe, Co, Ni, Cu) clusters are all

isosceles triangles with C2m symmetry. The ground-state geometry of the FeC2

cluster is identical with the results reported before [19, 25]. All of the ground-state

geometries for the Fe2C2, Co2C2, Ni2C2 clusters are the same fanlike structures with

Cs symmetry. For Cu2C2, two copper atoms locate far away from each other. The

lowest energy structures of Fe3C2, Co3C2 are all trigonal bipyramid with different

symmetries. Ni3C2 and Cu3C2 employ fanlike structures as the ground-state

structures with C2m symmetry. The ground-state geometry of the Fe4C2 (Cs), Co4C2

(C2v) clusters are the same as those of Fe4C2
? and Co4C2

? clusters. Ni4C2 shows a

similar structure as Fe4C2. For Cu4C2, the lowest energy structure is evoluting as a

three dimensional structure with Cs symmetry. Fe5C2, Co5C2 and Cu5C2 are all

Pentagonal bipyramids. Ni5C2 is formed by adding a nickel atom to a quadrilateral

bipyramids structure on one side.

Anionic Clusters

The lowest energy structures of MC2
- (M = Fe, Co, and Ni) are all isosceles

triangles with C2m symmetry. CuC2
- prefers a linear chain with the Cu atom at the

edge site which is in good agreement with the discussions by Tono [9] and

Alexandrova [26]. In Ref. [26], the global minimum structure of CuC2
- is linear

Table 2 Bonding length (R), binding energy (Eb) and magnetic moment (M) of M2 (M = Fe, Co, Ni,

Cu) and C2, compared with experimental date and theoretical (based on the first principle theory) values

System Fe2 Co2 Ni2 Cu2 C2

R (Å)this work 2.00 1.95 2.11 2.26 1.31

Theory 2.01 [2] 1.98 [20] 2.11 [20] 2.23 [14] 1.35 [2]

Expt. 2.02 ± 0.02 [16] 2.15 ± 0.0004 [22] 2.219 [24] 1.31 [2]

Eb (eV)this work 2.61 3.48 2.86 2.09 6.60

Theory 2.44 [19] 2.51 [20] 2.69 [20] 2.27 [14] 6.26 [2]

Expt. 1.15 ± 0.09 [17] 1.69 ± 0.26 [21] 2.068 ± 0.01 [23] 6.08 [19]

M (lB) 6.00 4.00 2.00 0.00 2.00
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chain. The energy of triangular isomer is just 3.82 kcal/mol (0.166 eV) higher than

the B3LYP/6-311 ? G* level theory. The most interesting thing is that these two

isomers are both observed by experimental spectra. In this work, we also computed

the triangular isomer as the first low-lying structure. The energy difference of linear

isomer is only 0.20 eV. This is identical to Alexandrova’s work. The ground-state

structures of Fe2C2
-, Co2C2

- and Ni2C2
- all are quadrangles with Cs symmetry.

CoC2
- and Co2C2

- show geometric structures similar to those of the corresponding

neutral ones, which are in good agreement with Tono’s results [9]. Cu2C2
- shows

the similar ground state structure and symmetry with Cu2C2
?. The ground-state

geometry of the Co3C2
- cluster is trigonal bipyramid with the C2m symmetry. All

the lowest energy structures of Fe3C2
-, Ni3C2

-and Cu3C2
- are planar with Cs, Cs

Fig. 1 The geometrical structures of the ground state for neutral and charged MnC2 (M = Fe, Co, Ni,
Cu; n = 1–5) clusters (Where the big balls with plum purple stand for metal atoms, and the small balls
with purple stand for C atoms) (Color figure online)
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and C2m, respectively. Fe4C2
- is a pentacle pyramid with Cs symmetry. Distorted

octahedra with C2m symmetry are found to be the lowest-energy structures of

Co4C2
- and Ni4C2

-. Cu4C2
- was a planar with C2m symmetry. Fe5C2

- is a pentacle

bipyramid with C2m symmetry. Co5C2
- and Cu5C2

- have the same Cs symmetry.

Co5C2
- is hexagonal pyramid with a Co atom on the peak. Cu5C2

- adds a Cu atom

on the base of Cu4C2
-. Ni5C2

- with C2m symmetry is formed by adding a C atom on

one side of a octahedra.

As described above, the ground-state structures of neutral MnC2 (M = Fe, Co,

Ni; n = 1–5) clusters evolve from planar to stereoscopic. Similar growth model are

also found for the charged MnC2
± (M = Fe, Co, and Ni, n = 1–5) clusters. However

the ground state structures of the neutral CunC2 and charged CunC2
± (n = 1–5)

clusters always have planar geometry except Cu5C2. It’s interesting to note that the

pure Cun clusters still present planer configurations as the lowest-energy geometry

up to n = 6. As we all known the radius of C atom is much more smaller than that

of the metal (Fe, Co, Ni, Cu) atoms, adding two C atoms should not obviously

change the main growth model of the host metal clusters Mn.

The extent of C–C coupling in those metal–carbon clusters has many interesting

behaviors. The two carbon atoms bond together in the ground-state for all neutral

and charged FenC2 and CunC2 (n = 1–5) clusters. The C–C bond is much stronger

Table 3 The total energies (Etot) of the ground-state configurations of Mn, Mn
±, C2, C2

±, MnC2 and MnC2
±

(M = Fe, Co, Ni, Cu; n = 1–5) clusters (Clu)

Clu Etot (eV) Clu Etot (eV) Clu Etot (eV) Clu Etot (eV)

Fe -3388.4971 FeC2
? -3684.3885 FeC2 -3691.3964 FeC2

- -3694.4468

Fe2 -6772.4695 Fe2C2
? -7074.8050 Fe2C2 -7079.9349 Fe2C2

- -7082.9033

Fe3 -10160.1469 Fe3C2
? -10463.8341 Fe3C2 -10468.2727 Fe3C2

- -10471.1346

Fe4 -13548.9635 Fe4C2
? -13852.4335 Fe4C2 -13856.9227 Fe4C2

- -13859.3666

Fe5 -16937.3154 Fe5C2
? -17241.7914 Fe5C2 -17245.7457 Fe5C2

- -17248.2582

Co -1006.6929 CoC2
? -1306.1462 CoC2 -1313.4344 CoC2

- -1316.6323

Co2 -2016.8650 Co2C2
? -2318.5344 Co2C2 -2324.0759 Co2C2

- -2326.8700

Co3 -3026.3955 Co3C2
? -3329.8034 Co3C2 -3334.7802 Co3C2

- -3337.0541

Co4 -4037.0325 Co4C2
? -4340.5694 Co4C2 -4345.0435 Co4C2

- -4347.6772

Co5 -5047.7857 Co5C2
? -5351.6655 Co5C2 -5355.4685 Co5C2

- -5358.0877

Ni -1163.0215 NiC2
? -1461.9923 NiC2 -1469.8108 NiC2

- -1473.0834

Ni2 -2329.7519 Ni2C2
? -2631.0994 Ni2C2 -2636.9190 Ni2C2

- -2639.8308

Ni3 -3495.8589 Ni3C2
? -3799.0668 Ni3C2 -3803.8731 Ni3C2

- -3806.5030

Ni4 -4662.4306 Ni4C2
? -4966.5070 Ni4C2 -4970.7905 Ni4C2

- -4973.3426

Ni5 -5829.3266 Ni5C2
? -6133.8543 Ni5C2 -6137.9434 Ni5C2

- -6140.4481

Cu -1188.5933 CuC2
? -1486.1834 CuC2 -1493.8953 CuC2

- -1497.6004

Cu2 -2379.2780 Cu2C2
? -2680.1142 Cu2C2 -2685.6730 Cu2C2

- -2688.5732

Cu3 -3569.1841 Cu3C2
? -3872.6345 Cu3C2 -3876.1789 Cu3C2

- -3879.4619

Cu4 -4759.4943 Cu4C2
? -5062.5251 Cu4C2 -5067.6060 Cu4C2

- -5070.1014

Cu5 -5950.9345 Cu5C2
? -6253.9316 Cu5C2 -6258.0686 Cu5C2

- -6261.4524

C2
? -278.8776 C2 -301.0904 C2

- -306.0539
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than Fe–C bond [27, 28]. So Fe would not insert into the C–C chain since that would

break the stronger C–C bonds and form the weaker Fe–C bonds [29]. While for the

neutral and charged ConC2 and NinC2 (n = 1–5) clusters the two C atoms are

uncoupled in most cases. These results suggest that the difference of bond behavior

within M–C plays the most important role in building carbon nanometer materials.

Electronic Properties

The density of states (DOS) of CuC2 was calculated to compare with reported

experimental data (PES of CuC2
- [26]). In Fig. 2, the fluctuating trend of the two

graphs are similar. The main peaks in PES also present in curve of DOS. The

HOMO–LUMO energy gap (1.09 eV) in Fig. 2a is identical with the energy gap

between the first sharp peak * and X (about 1.05 eV) in Fig. 2b.

The magnetic properties of transition metal clusters attract many research

interests in recent years. The magnetic moments are enhanced in clusters of the 3d

transition metal Fe, Co and Ni as compared to their bulk values [30–32]. Variations

of the magnetic moments of MnC2 and MnC2
± (M = Fe, Co, Ni, Cu; n = 1–5)

clusters are shown in Fig. 3. The magnetic moment decreases following the

sequence of (FenC2–FenC2
± cluster, ConC2–ConC2

± cluster, NinC2–NinC2
± cluster)

with the same size, this is similar to the case of pure transition metal (Fe, Co and Ni)

clusters observed in experiment [32]. Among all the neutral and charged clusters,

the magnetic moment of FenC2 and FenC2
± (n = 1–5) clusters are almost the largest

especially for the clusters with n = 5. The magnetic moment of the FenC2 and

FenC2
± (n = 1–5) clusters increases monotonically as the cluster size increases.

While the magnetic moment of CunC2 and CunC2
± (n = 1–5) clusters exhibits

oscillation behavior between 0 and 1 except CuC2
?.

Chemical bond can sensitively impact the magnetic feature of isomers. The

charge density of MnC2 and MnC2
- (M = Co, Ni, Cu; n = 1, 2) were calculated

and plotted in Fig. 4. As seen in Fig. 4, there is a strong covalent bond between two

C atoms. The metal-C2 is consistent with their ionic bonding character. The

Fig. 2 a Density of state for CuC2 cluster. b Photoelectron spectra of CuC2
- at 193 nm [25]
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anisotropic spatial distribution of Co and Ni atoms are obviously stronger than that

of Cu atoms. This is an interesting result for the neutral and charged MnC2

(M = Co, Ni, Cu; n = 1–5) clusters. Co and Ni atoms has strong magnetic

anisotropy. While CunC2 clusters has a more muted effect on magnetic moment.

The deformation degree in charge density measures the strength of interaction

between atoms. The larger the deformation is, the stronger the interaction should be.

Ding and co-workers [33] used ab initio and molecular dynamics simulations to

investigate the catalytic growth mechanisms of SWCNTS. They found that the

adhesion strength between the catalyst and the ending of growing SWCNTS was

crucial, which must be larger or comparable to the carbon dangling bond formation

energy of the SWCNTS. So it is necessary to investigate the interaction strength

between metal–carbon atoms. The fragmentation energy of neutral and charged

MnC2 (M = Fe, Co, Ni, Cu; n = 1–5) clusters are calculated by the following

formulas:

Df ¼ EðMnÞ þ EðC2Þ � EðMnC2Þ ð1Þ

Df 0 ¼ EðMnÞ þ EðC�2 Þ � EðMnC�2 Þ ð2Þ
Where E(Mn), E(C2) and E(MnC2) represent the total energy of the corresponding

cluster Mn, C2 and MnC2, respectively. The ground-state energies of Mn, Mn
±, C2,

C2
±, MnC2 and MnC2

± (M = Fe, Co, Ni, Cu; n = 1–5) clusters have been listed in

Table 2.

Fig. 3 Magnetic moments of neutral and charged MnC2 (M = Fe, Co, Ni, Cu; n = 1–5) clusters
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Figure 5 shows the fragmentation energies of neutral and charged MnC2

(M = Fe, Co, Ni, Cu; n = 1–5) clusters, which increase with increasing the cluster

size. The interaction strength in TM–C2 of neutral and charged TMnC2 (TM = Fe,

Co, Ni; n = 1–5) clusters are comparable and are both larger than of Cu–C clusters

with the same cluster size.

There are many interesting results to compare the fragmentation energy of the

neutral MnC2 following the sequence of different strength: cation [ neu-

tral [ anion. According to the metal–carbon interaction strength model [33], the

interaction strength between the catalytic particle and the SWCNT’s open end is

critical for growing the SWCNTs. Now we see that the interaction between the

metal cluster and the positively charged carbon atoms are enhanced at the positively

charged background. This is why Fe, Co, Ni are more efficient catalysts than other

transition metals like Cu, Pd and Au for SWCNTs growth. Recent experiments [34,

35] have shown that the enhanced growth of the SWCNTs occurs at the negatively

biased electrode. To explain the experiment, the authors [34] proposed a

model considering the charge transport, which depended on a positively

charged background at the SWCNT-metal nanoparticle contact region (the

positively charged nanotube base, see Fig. 5 in Ref. [34]). They proposed that the

Fig. 4 Charge density of MnC2 and MnC2
- (M = Co, Ni, Cu; n = 1–2) clusters
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condition- and/or temperature-induced charge current along the SWCNT can make

enhancement of the SWCNT growth. We believe the enhanced interaction strength

at the metal–carbon contact region is also an important factor to promote the growth

of the SWCNTs observed in experiment.

Conclusions

We perform spin-polarized DFT calculations to investigate the ground-state

geometrical and electronic properties of neutral and charged MnC2 (M = Fe, Co,

Ni, Cu; n = 1–5) clusters. The four key points are summarized as follows: (1) The

ground-state geometry of neutral clusters could be influenced by adding or losing an

electron. TMnC2 (TM = Fe, Co, Ni; n = 1–5) clusters liken to grow from lower

dimensional structure to higher dimensional structure. Planar structures dominates

the Cu–C clusters. (2) In the ground-states, two carbon atoms bond together in all

neutral and charged FenC2 and CunC2 (n = 1–5) clusters. But they could be

separated for the neutral and charged ConC2 and NinC2 (n = 1–5) clusters. This may

cause different carbon fabrications. (3) Chemical bond can sensitively impact the

magnetic feature of isomers. The spatial distribution of Co and Ni indicate stronger

magnetic anisotropy than that of Cu atoms. (4) The interaction strength between

metal and carbon atoms is comparable with TM–C (TM = Fe, Co and Ni) clusters

and is obviously larger than that in Cu–C clusters with the same cluster size. The

Fig. 5 The fragmentation energies of neutral and charged MnC2 (M = Fe, Co, Ni, Cu; n = 1–5) clusters
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interaction strength decreases following the sequence: cation [ neutral [ anion.

The interaction between the metal cluster and the positively charged carbon atoms

are enhanced at the positively charged background. The enhanced interaction

strength at the metal–carbon contact region is an important factor to study the

growth mechanism of metal–carbon nano-material.
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