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Abstract

Density functional theory calculations were used to investigate the stability of single walled

carbon nanotubes (CNTs) attached to nanoparticles. The total energies and the adhesion energies

between the CNTs and the nanoparticles were calculated for systems where the nanoparticles were

either pure Ni or Ni carbide. It was found that the adhesion between the CNT and a pure Ni cluster

is stronger than between the same CNT and a Ni-carbide cluster although the energy difference was

small compared to the total adhesion energies. This adhesion strength implies that CNTs are likely

to remain attached to both pure Ni and Ni-carbide clusters and that either pure Ni or Ni-carbide

clusters may be docked onto the open CNT ends to achieve continued growth or electronic contacts

between CNTs and electrode materials. The system with a CNT attached to a pure Ni cluster was

found to be energetically favoured compared to a system containing the same CNT attached to a

Ni carbide. The difference in total energy implies that a CNT should act as a sink for C atoms

dissolved in the Ni-carbide cluster which means that the dissolved C atoms will be drained from

the cluster, yielding a pure metal in the zero Kelvin thermodynamic limit. It is argued that this

draining procedure is likely to occur even if carbon is added to the cluster at a proper rate, e.g.

during CNT growth.
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In order to realize the high expectations of carbon nanotubes (CNTs) within the field of

nano electronics[1, 2] a procedure for systematic production of CNTs with predetermined

chirality is desirable. During the past two decades this has been achieved with some degree

of success, either by selective growth[3–5] or by separation of CNTs[6–8].

A logical step in the search for understanding CNT growth is to investigate the importance

of the individual parameters, e.g, growth mechanisms[9–14], catalyst particles[15–17] and

substrates[18–21] that might affect the final product.

In addition to experimental work, valuable information has been obtained by computa-

tional studies, spanning from first principles density functional theory (DFT) [22–30], via

semi-empirical methods [31–34] to entirely empirical methods[35–37].

Another issue which still remains to be resolved before the realization of large scale

production of nano electronics is the construction and properties of the electronic junctions

between CNTs and any contact material. The electronic transport properties though SWNT-

based devices depends on the SWNT chirality as well as on the structure and bonding at

the electrode-SWNT interface[38]. Hence, it can be expected that the conductive properties

will differ widely depending on the manufacturing process.

This work aims at increasing the understanding of how the constitution of the catalyst

particle may affect the CNT growth as well as the contacts produced by the docking of metal

particles to existing CNTs. This intriguing question has been addressed by first principles

DFT calculations of the total and adhesion energies of CNTs attached to Ni (carbide)

particles.

The majority of the DFT calculations presented in this contribution were performed using

the Vienna ab initio simulation package (VASP)[39] using a plane-wave basis set in combina-

tion with ultrasoft pseudo potentials (US-PP). The numerical results are from spin polarised

calculations performed using the PW91[40] exchange-correlation functional with a plane

wave energy cut-off of 400 eV which converged the total energies to less than 1 meV/atom.

The atomic structures were positioned in a simulation box of size 15Å×15Å×30Å, which

was sufficiently large to allow for Γ-point sampling of k-space. The geometry optimisations

of the atomic systerms, performed using the conjugate gradient algorithm, were stopped

when the total energy difference between subsequent relaxation steps was less than 10−4

eV. This method and parameters have been successfully used in previous studies of CNT-

metal systems, e.g., in Refs. [29, 30, 33, 41]. In order to verify the results obtained by
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VASP, a few control calculations were performed using the DFT program GPAW[42] with

the PBE[43] exchange-correlation functional. The GPAW calculations were performed using

the projector augmented wave method on a real space grid. The grid spacing was less than

0.25 Å and the box size was large enough to allow for at least 5Å vacuum between the

atomic system and the box edges. The relaxed structures obtained from VASP were used as

input structures for relaxation with the quasi-Newton method implemented in the ASE[44]

package and with forces calculated by GPAW with the above mentioned parameters. These

control calculations showed similar trends and the results are presented for comparison.

It is worth mentioning that the total energies presented in this work are relative to

reference states, defined either by the US-PP (VASP calculations) or PAW setups (GPAW

calculations). The consequence of this is that the total energies obtained by the two different

methods are not directly comparable since the references are different. This difference does

not affect the conclusions presented in this contribution since these are solely based on

energy differences within each method.

All atomic configurations have a CNT with one end attached to a cluster particle, being

either pure Ni or a Ni-carbide, and the other end passivated, either by a cap or a ring of

H atoms. Four different CNT chiralities, (3, 3), (5, 5), (9, 1) and (10, 0), were used in the

study. All CNTs had approximate lengths between 5.4 to 8.5 Å which were expected to

be sufficiently long to ensure that the qualitative properties studied close to the open end

are not incriminated by the vicinity of another, passivated end. The quantitative properties

may however be slightly affected by the CNT length but that is not likely to be important

here since the conclusions are based on observation of energy differences in the order eV.

All systems with a certain CNT chirality contained the same number of Ni and C atoms,

meaning that the CNTs attached to pure Ni were slightly longer than CNTs attached to

Ni-carbide.

The pure Ni clusters had an icosahedral shape with the exception for a reference system

containing an amorphous (non-icosahedral) Ni55 cluster, used to identify possible effects due

to the icosahedral geometry of the cluster. The choice of the Ni55 cluster size was motivated

by experimental reports of CNT growth from catalysts whose size are similar to or slightly

larger than the CNT diameters[45, 46]. The choice was also motivate by the use of the same

system in other studies, e.g., in Refs. [30, 33, 41]

The carbide clusters were amorphous and the C concentrations within the clusters were
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6 C atoms for the (3, 3) CNT and 20 C atoms for the (5, 5), (9, 1) and (10, 0) CNTs, which

corresponded to the removal of 6 and 20 C atoms from the longer CNTs. In addition to the

removal of 20 atoms, the (9, 1) CNT allowed for a consecutive removal of C dimers without

compromising the structure of the CNT end. The additional C concentrations studied were

6 and 14 C atoms dissolved into the Ni particle. The results for the carbide clusters originate

from structures where C atoms in the cluster may be attached to the CNT structure but no

new polygons were formed in association with the CNT.

Since the amorphous and carbide clusters had very complicated geometries, a few different

starting configurations were created for most of these systems and the results presented in

this contribution originate from the most stable geometry. Despite this caution, it should

be noted that the energies of the relaxed structures may still be sensitive to the starting

conditions. Hence, one has to be very careful when drawing conclusions based on only

one set of calculations, e.g., for only one chirality, and conclusions based on small energy

differences.

Additional details about the preparation of the CNT-cluster systems is given in the

Supporting Information. Examples of typical minimum energy structures of (5, 5) and (10, 0)

CNTs attached to pure Ni and Ni-carbide clusters are seen in Fig. 1.

In the discussion belo, a CNT containing X C atoms attached to a cluster containing Y Ni

atoms and Z C atoms will be denoted CNTXNiY CZ . For example, a CNT containing 66 C

atoms attached to a cluster containing 55 Ni atoms and 14 C atoms is denoted CNT66Ni55C14.

The adhesion, or binding, energies between the CNT structure and Ni(carbide) have been

calculated as

Ebinding = ECNTXNiY CZ
− ECNTX

− ENiY CZ
(1)

where ECNTXNiY CZ
is the energy of the total system while ECNTX

and ENiY CZ
are the

energies of the CNT and cluster, respectively.

The energies presented in this contribution were obtained from the lowest energy geome-

tries unless otherwise stated, i.e., the energies are for relaxed atomic configurations. For

example, in the calculation of the adhesion energies, the CNTXNiY CZ , CNTX and NiY CZ

systems had been relaxed individually. In addition to this, a few direct adhesion energies

were calculated by a direct separation of the CNTXNiY CZ structure, i.e., the CNTX and

NiY CZ systems had not been relaxed individually after the separation. When the direct

adhesion energies are discussed this is explicitly clarified.
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The work presented in this contribution expands and advances the work presented in Ref.

[33]. Briefly, the previous work focussed on the junction between a CNT and a Ni cluster and

the calculations performed showed that the CNT is attached above the metal surface (and

not at subsurface sites) and that the metal is more prone to adapt to the CNT-structure

and not vice versa. The present contribution shows, among other things, that the same

behaviour is observed for CNTs attached to Ni carbides, as illustrated in Fig. 1.

The total energies presented in Table I show that the (10, 0) nanotube is energetically

favoured compared to the other chiralities when it is attached to a pure Ni cluster. This is

in agreement with the results presented in Ref. [30] and it could therefore be reasonable to

believe that this is the case for the CNT attachment to carbides as well. While this may

be indicated by the results in Table I, the harsh energy landscape makes the results more

dependent on initial configuration, i.e., this can not be concluded with certainty.

From the results in Table I, it is also seen that adhesion energy between pure Ni and

the zig-zag (10, 0) CNT is almost 10 eV stronger than for the archair (5, 5) CNT, i.e.,

Ead,(10,0)−Ni55 = −25.20 eV compared to Ead,(5,5)−Ni55 = −16.22 eV. Separation of the Ni55

and the CNT generates 10 dangling C bonds, independently of whether the CNT has chirality

(10, 0) or (5, 5), which results in adhesion energies of approximately −2.5 eV and −1.6 eV

per dangling bond, respectively. This is in very good agreement with the data presented for

Ni in Fig. 2 of Ref. [30].

Table I also shows that, similarly to the situation for the pure Ni cluster, the adhesion

between the (10, 0) CNT and the carbide cluster is stronger than between the (5, 5) CNT

and the carbide cluster, but the difference in adhesion energies is slightly reduced. The

(absolute values of the) adhesion energies have also decreased to Ead,(10,0)−Ni55C20
= −21.30

eV and Ead,(5,5)−Ni55C20
= −13.90 eV.

The direct adhesion energies between the CNT and Ni carbide clusters were also calcu-

lated by a direct separation, i.e. where the CNT and cluster had not been relaxed after

separation. This was done for the (5, 5), (9, 1), and (10, 0) CNTs attached to Ni55C20 clus-

ters and the results are presented in Table II where the direct adhesion energies are seen to

be 24.07 eV, 29.83 eV and 30.20 eV for the (5, 5), (9, 1), and (10, 0) CNTs respectively. The

direct adhesion energies show the same trend as the adhesion energies obtained after indi-

vidual relaxation, i.e., the adhesion between a (10, 0) CNT and a metal carbide is stronger

than the adhesion between a (5, 5) CNT and a metal carbide. The total energies of both the
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CNT and cluster structures obtained after direct separation are seen to be a few eV higher

in energy than energies obtained for the same structure after relaxation. The higher energies

of the (9, 1)-Ni55C20 and the corresponding Ni55C20 compared to the energies of the other

structures indicate that the energies of these structures may have an effect of the starting

configuration. While this affect the total energy, it is not likely to affect the adhesion energy

as the cluster is present in both cases.

These results indicate that the geometry of both the CNT and the cluster are affected

by the attachment to eachother. In agreement with the results presented in Ref. [33], the

geometry of the CNT end retain its qualitative shape after the attachment. The few eV

energy difference between the CNT obtained after separation and the relaxed CNT are to

a high extent an effect that is not explained by a visible geometrical change, although the

(9, 1), and (10, 0) CNTs showed some tendency to decrease the diameter of the lowest CNT

ring. This could be interpreted as the first step towards the formation of a fullerene instead

of a open ended CNT.

In Ref. [30] is was argued that a too strong C-metal adhesion is likely to lead to en-

capsulation of the catalyst, and hence an abortion of the growth process, while a too weak

C-metal adhesion is more likely to lead to a detachment of the cluster particle from the

CNT and no further growth. An intermediate adhesion strength is required for continued

growth. In this perspective the results presented here indicate that a CNT, initially grown

from a pure metal cluster, will remain attached to the cluster even if large amount of C

becomes dissolved in the cluster or, vice versa, a CNT, initially grown from a carbide cata-

lyst particle, will remain attached to the catalyst even if it is drained of carbon. The small

difference in adhesion energy is not likely to change the premises of the growth, i.e., the

adhesion strength is not likely to be neither to strong nor to weak after dissolution.

The significant adhesion strengths between CNTs and both pure Ni and Ni carbide clus-

ters are also of importance for CNT-electrode contacts as it show that CNT-Ni (carbide)

contacts are thermodynamically favourable compared to separation. Although the conduc-

tive properties are likely to differ for the pure metal or carbide, the adhesion seen here offers

the possibility of electron transfer across the CNT - metal(carbide) interface.

From a comparison of the total energies of CNTs attached to a pure metal (top in Table I)

or to carbide (bottom in Table I) it is seen that the CNTs attached to Ni carbides have from

≈ 2 eV (for (3, 3)) up to ≈ 10 eV (for (10, 0)) higher total energy than the CNTs attached
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to a pure metal clusters. The consequence of this trend, which is observed for all systems,

is that under equilibrium conditions, the CNT will act as a sink for C atoms available in

the cluster. Hence, if a CNT is grown from a metal carbide[47] the growth process will not

only be aborted when the addition of the external feedstock is stopped but the Ni carbide

will be drained of C atoms and a pure Ni cluster will remain at the CNT end. This is

of relevance to CNT growth, regrowth and CNT-electrode contacts where excess dissolved

carbon atoms will diffuse from the metal to the CNT. These cluster particles can either

be carbides or become carbides as an effect of the docking procedure, e.g., the procedure

referred to as forced docking in Ref. [33]. By careful adjustment of external parameters,

such as temperature, pressure and the surrounding atmosphere, the cluster particle can be

purified by an annealing process and finally result in a pure CNT-metal junction. Another

important consequence of this result is that the formation of a carbide, with moderate

carbon concentration, will not necessarily terminate the growth process. Note that this

conclusion pertains to the nano-sized clusters studied here, and may not be relevant to bulk

metal(carbide) electrodes

The differences in the total energy of systems with pure Ni and Ni carbide can, at least

to some extent, be explained by the fact that the pure metal clusters are in high symmetry

(icosahedral) structures while the metal carbide clusters are amorphous. This effect could

be reduced by considering pure metal clusters initially having amorphous, non-crystalline

geometries. To verify the validity of the results presented above, a reference model with

a (9, 1) CNT attached to an amorphous Ni55 cluster, seen in Fig. 2, was compared to the

same CNT attached to the icosahedral Ni55 cluster The total energy of the system with the

amorphous cluster is −965.76 eV which is approximately 3 eV higher than the total energy

of the system where the same CNT is attached to the icosahedral cluster. The total energy

of the Ni55 cluster is increased from −250, 61 eV for the icosahedral cluster to −248, 01 eV

for the amorphous cluster. This leads to an adhesion energy between the amorphous Ni55

cluster and the (9, 1) CNT of approximately −22.3 eV which is slightly weaker, although

still comparable, to the adhesion between the (9, 1) CNT and an icosahedral Ni55.

This leads to the conclusion that the higher energy of the carbide systems is likely to be

an effect of both the destruction of the icosahedral structure and the C dissolution into the

cluster. Since the adhesion between the CNT and pure Ni clusters appears to be more or

less independent of the structure of the Ni cluster, it is likely that the reduction in adhesion
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strength between CNTs and carbide clusters, as compared to CNTs and pure Ni clusters is

an effect of the C dissolution. This reduction in the adhesion strength does also conribute

to the difference in the total energies calculated for the pure Ni and Ni carbide systems.

The two situations discussed so far can be considered as two extremes, i.e., the clusters

contain either no or many C atoms. To ensure that the conclusions drawn are not sensitive to

the C concentrations, calculations were performed for a (9, 1) CNT attached to a Ni cluster

with 0, 6, 14 and 20 dissolved C atoms. The final structures and total energies are seen in

Fig. 3. The total energies (round symbols in Fig. 4) are seen to increase with increasing C

concentration. Also the adhesion energies (squares in Fig. 4) between the CNTs and metal

(carbide) are seen to increase with increasing C concentration, i.e., the adhesion strength

becomes weaker with increasing C concentration. To be able to extract some quantitative

trends about the increase in the energy, a linear function (solid line in Fig. 4) was fitted to

the data of the total energy as a function of the number of dissolved carbon atoms in the

cluster. The total energy per additional C atom is approximately 0.42 eV/atom. Also the

adhesion energy is seen to increase with increasing C concentration. This increase is very

limited when dissolving only 6 C atoms which may be explained that very few dissolved C

atoms are, as seen in Fig. 3 (d), positioned in the part of the cluster that is attached to the

CNT. These results are agreement with the idea that a part of the increase in total energy

is due to the increase in adhesion energy while the other part of the energy increase must

be due to decreased stability of the cluster and CNT.

It should be stressed that the linear dependence is not properly investigated but merely

introduced as a tool for the discussion. It is not reasonable that the total energies will show

such linear dependence for higher carbon concentrations. Despite the fact that the linear

dependence of total and adhesion energies is somewhat artificial, it strongly supports the

conclusion that the system is more stable when all carbon atoms are associated with the

CNT. The results reported here for the (9, 1) CNT are expected to be valid for the other

CNTs studied here.

The results discussed above were obtained in the 0 K limit while the temperature interval

between room temperature and approximately 1000K is more relevant to the experimental

situations. At these temperatures, vibrations of the atoms may affect the stability of the

atomic systems. In order to elucidate this effect, two (9, 1) CNTs attached Ni and Ni carbide

clusters were subjected to short MD simulations. The starting configurations for the MD
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simulation were prepared from the (9, 1)-Ni55C0 and (9, 1)-Ni55C20 structures providing data

for Table I and which are seen in Fig. 3. In order to raise the temperature in the beginning

of the simulation, each structure was slightly distorted by a very small random displacement

of all atoms before initiation of the MD simulation. The simulation temperatures were

then controlled by a thermostat set to 1500K but due to the limited simulation time, the

temperature of the systems were more likely to be around 800K during simulation. This

temperature showed to be sufficient to induce both vibrations and structural changes of the

simulated systems. The time step of the simulation was 1.5 fs and during the simulation,

atomic configurations were sampled after times 300 fs, 600 fs, 900 fs and 1200 fs. The

total energies of these configurations were calculated as well as the direct adhesion energies

between the CNT and cluster, i.e., the adhesion energies obtained by direct separation of

the structures without any individual optimisation of the CNT and cluster.. To make the

MD simulation feasible, the plane wave energy cut-off was lowered to 250 eV during the MD

simulation while the total energies and direct adhesion energies presented were obtained

from calculations with a plane wave energy cut-off of 400 eV.

The results of these simulations are presented in Table III and it is clear that the direct

adhesion energies between CNTs and both pure Ni and Ni-carbides are in the order of 25 -

30 eV even after the introduction of temperature effects. From the total energies, it can also

be seen that the systems with pure Ni clusters are energetically favoured by approximately

8 - 10 eV. This means that, similarly to the 0 K situation described above, the CNT will act

as a sink for C atoms dissolved into the cluster. The adhesion energy between the CNT and

cluster is strong for both the pure Ni cluster and the Ni-carbide cluster which means that

both clusters are likely to remain attached to the CNT. However, the trend of the slightly

weaker adhesion between CNTs and Ni-carbide compared to pure Ni was not seen at the

finite temperature. This may be due to the fact that such small energy differences may be

drowned in the large total energy oscillations at these temperatures, i.e., it could only be

seen by averaging over a larger system ensemble. These results indicate that the results

obtained for 0 K situation are likely to be valid even a finite temperatures.

As discussed above, carbon atoms that are dissolved in the cluster are drained into the

attached CNT, which acts as a sink. When this occurs there is also an increase in the

CNT-cluster adhesion energy. At low carbon feedstock pressure, draining leads to a slightly

stronger adhesion and a decrease in total energy. For the maximum allowed feedstock
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pressure, defined such that the addition rate of one C atom to the system is equal to the

rate of C incorporation into the CNT, the carbon concentration in the cluster particle will

be constant. Under this condition the draining process is driven by the decrease total energy

and the adhesion energy will remain constant. Exceeding the maximum pressure will mean

that the rate of C addition to the system is faster than the incorporation in the CNT and

the consequence of this is not addressed in the present calculations.

First principles DFT calculations, obtained by two different softwares and exchange-

correlation functionals, have shown that a CNT attached to a pure Ni cluster is energetically

favoured compared to the same CNT attached to a Ni carbide. It is also seen that the binding

(adhesion) strength between the CNT and the Ni carbide cluster is slightly weaker than the

binding strength between the CNT and the pure Ni cluster. However, the difference in

binding energy is small compared to the total binding energies. This indicates that if the

adhesion energy is strong enough for the CNT to remain attached to the pure Ni particle, it

will most likely remain attached to the Ni carbide as well. Furthermore, from the difference

in total energies the conclusion is drawn that once the CNT is formed on, or mechanically

attached to, a Ni particle it will serve as a sink and drain carbon atoms from the Ni particle.

These results were obtained at 0 K but a few control calculations at finite temperature

indicate the results should be valid at higher temperatures as well.
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FIG. 1: Typical minimum energy structures of capped CNTs attached to Ni55 and Ni55C20 clusters.

The CNT chiralities are (5, 5) ((a) and (b)) and (10, 0) ((c) and (d)) and the total energy of the

structures are given below the structure.
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CNTs attached to pure Ni

System Etot ECNT Ecluster Eadhesion

CNT (3,3) (VASP) -387,44 -326,98 -50,06 -10,40

CNT (5,5) (VASP) -968,58 -701,75 -250,61 -16,22

CNT (9,1) (VASP) -968,71 -695,45 -250,61 -22,65

CNT (10,0) (VASP) -970,88 -695,08 -250,61 -25,20

CNT (3,3) (GPAW) -420,20 -328,58 -81,02 -10,60

CNT (10,0) (GPAW) -1104,69 -696,06 -381,30 -27,33

CNTs attached to Ni carbides

System Etot ECNT Ecluster Eadhesion

CNT (3,3) (VASP) -385,66 -274,53 -100,71 -10,38

CNT (5,5) (VASP) -960,39 -520,01 -426,48 -13,90

CNT (9,1) (VASP) -959,72 -513,26 -426,48 -19,98

CNT (10,0)(VASP) -960,85 -513,07 -426,48 -21,30

CNT (3,3) (GPAW) -418,49 -276,06 -132,62 -9,81

CNT (10,0) (GPAW) -1097.03 -513,19 -559,68 -24,16

TABLE I: Minimum energies (eV) for (3, 3), (5, 5), (9, 1), and (10, 0) CNTs attached to pure Ni13

and Ni55 clusters (top table) and nanotubes with the same chiralities attached to Ni13C6 and

Ni55C20 clusters (bottom table). The minimum energies are also given for the individual parts of

the system, i.e., the CNTs and metal (carbide) clusters. The data obtained by VASP (PW91) and

GPAW (PBE) have been explicitly indicated.
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CNT attached to pure Ni

System Etot ECNT Ecluster Eadhesion

CNT (5,5) -960,39 -514,96 -421,37 -24,07

CNT (9,1) -959,72 -509,83 -419,94 -29,95

CNT (10,0) -960,85 -509,38 -421,27 -30,2

TABLE II: Minimum energies (eV) for (5, 5), (9, 1), and (10, 0) CNTs with 60 atoms attached to

Ni55C20. The energies given for the individual parts of the system, i.e., the CNTs and Ni55C20

clusters, as well the direct adhesion energy were obtained after a direct separation of the CNT-

Ni55C20 system, i.e., no relaxation of the individual systems were performed.

FIG. 2: A typical minimum energy structure of a (9, 1) CNT attached to an amorphous Ni55

cluster. The total energy of this structure is approximately 3 eV higher than for the corresponding

system with an icosahedral Ni55 cluster.
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FIG. 3: Typical minimum energy structures of a capped (9,1) CNT attached to a Ni55CX cluster.

The number of carbon atoms, X, in the cluster is 0 (a), 6 (b), 14 (c) and 20 (d). The total energy

of the system increases with increased carbon concentration in the cluster.
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FIG. 4: Total energies (round symbols) and adhesion energies (square symbols) of a (9, 1) CNT

attached to a Ni55CX cluster as a function of the number of C atoms dissolved in the cluster. The

solid line is a linear fit to the total energy and the slope of the linear fit is seen in the legend.

A (9, 1) CNT attached to pure Ni clusters

T ime Etot ECNT Ecluster Eadhesion

300 -954,49 -683,54 -243,83 -27,12

600 -953,18 -682,80 -242,30 -28,08

900 -953,81 -682,82 -244,05 -26,94

1200 -953,72 -682,38 -242,57 -28,77

A (9, 1) CNT attached to Ni-carbide clusters

T ime Etot ECNT Ecluster Eadhesion

300 -944,02 -504,67 -412,30 -27,05

600 -944,10 -505,32 -412,34 -26,44

900 -942,87 -504,48 -411,72 -26,67

1200 -944,41 -502,70 -413,53 -28,18

TABLE III: The total energies of (9, 1) CNT attached to pure Ni clusters (top) and Ni-carbide

clusters (bottom) as well as the total energies of the individual constituents and the direct adhesion

energy. The CNT-cluster system had been subjected to MD simulation and the systems were

sampled after 300 fs, 600 fs, 900 fs and 1200 fs.
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