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To discriminate between the effect of charge and temperature as the main cause of structural changes in
nanotube-based field-electron emitters, we performed molecular dynamics simulations of charged single- and
multiwall carbon nanotubes under realistic conditions. Our results indicate that cap-terminated nanotubes
disintegrate abruptly under critical emission conditions. Disintegration, involving either desorption of cap
fragments or a transformation into carbon chains and graphitic flakes, occurs prior to melting and is accelerated
by Coulomb repulsion that destabilizes the charged tip.
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The use of carbon nanotubes1,2 as field-electron
emitters3–5 is considered as very promising for a number of
commercial applications, including field emission displays,6

cathode-ray tubes,7 x-ray sources,8 sensors,9 and electron
sources for electron microscopes.10,11 Apart from their high
aspect ratio, which provides large field enhancement, the
most important advantage of carbon nanotubes is their struc-
tural stability, thanks to the rigidity of the sp2 bond.2 One of
the main limitations of conventional field emitters, consisting
of sharp metal tips, lies in the shape instability of the tip
exposed to the large electric fields used for field emission.
Carbon nanotubes, on the contrary, should not change their
shape, unless the applied field exceeds a critical value. Pre-
vious calculations have addressed field-electron emission
from nanotubes,12,13 but not the structural changes occurring
beyond the stability limit. Key issues regarding the disinte-
gration process, including the microscopic decay mechanism
and the relative role of heat and Coulomb destabilization,
have never been addressed. In view of the applications men-
tioned, it is important to establish the stability limit and de-
cay mechanism by studying the structural evolution of car-
bon nanotube tips in large fields.

Here, we present a theoretical study of structural changes
in carbon nanotubes during electron emission in extremely
large applied fields beyond �10 V /�m. Molecular dynamics
�MD� simulations of nanotubes subject to large fields and
high temperatures suggest that disintegration occurs prior to
the onset of melting and is accelerated by the Coulomb re-
pulsion that destabilizes the charged tip.

The observed changes in the emitter structure were inter-
preted by structure optimization and molecular dynamics
studies of nanotubes under conditions mimicking what hap-
pens in the experiment. We specifically accounted for
changes in the electronic structure and the Coulomb repul-
sion in the tip region, which carries a net charge due to the
applied field, and temperature increase during the electron
emission process. The electronic structure and total energy of
the nanotube under emission conditions were described using
a parametrized linear combination of atomic orbitals Hamil-
tonian, which had been applied successfully to related pro-
cesses, including fusion of nanotubes14 and melting of
fullerenes.15 This real-space method, augmented by Coulomb
repulsion terms, was found particularly suited to describe the
bond weakening caused by occupation of antibonding states
as well as net electrostatic repulsion in the charged tip re-
gion. Structural evolution at nonzero temperatures was in-

vestigated using microcanonical and canonical16,17 molecular
dynamics simulations.

Under typical operating conditions of field-electron mi-
croscopes, where no structural changes occur for short times
at field values of �10 V /�m, we found our results to agree
well with self-consistent local density functional calculations
using norm-conserving pseudopotentials, as implemented in
the SIESTA code.18 The self-consistent approach is impractical
for realistic systems, since an adequate description would
involve very long nanotube segments13 and suffer from con-
vergence problems and an excessive demand on computer
resources.

To understand the origin of structural changes in nano-
tubes during field-electron emission, we performed structure
optimization and molecular dynamics simulations for �5,5�
and �10,10� single-wall and �5,5�@ �10,10� double-wall
nanotubes, all terminated by caps, at different applied fields
and temperatures. Since the energy barrier for field detaching
the cap by ideal cleavage is considerable even in narrow
nanotubes,19 we conclude that the destruction process is very
different from ideal cleavage and requires molecular dynam-
ics calculations for an adequate description. We expect our
molecular dynamics simulations to discriminate between the
relative importance of temperature and excess charge and
thus to decide the dominant decay mode under particular
conditions.

For an isolated nanotube in a field, depicted in Fig. 1�a�,
the induced excess charge density on the surface � is related

(a)(a)(a)(a)
-z-z-z-z

�

EEEE

����

(b)(b)(b)(b)

-1-1-1-1

-0.8-0.8-0.8-0.8

-0.6-0.6-0.6-0.6

-0.4-0.4-0.4-0.4

-0.2-0.2-0.2-0.2

0000

0000 3333 6666 9999

zzzz
((((µµµµ
m
)

m
)

m
)

m
)

����qqqq (10(10(10(10
-3-3-3-3
e/atom)e/atom)e/atom)e/atom)

(c)(c)(c)(c)

-1-1-1-1

-0.8-0.8-0.8-0.8

-0.6-0.6-0.6-0.6

-0.4-0.4-0.4-0.4

-0.2-0.2-0.2-0.2

0000

0000 0.50.50.50.5 1111
T/TT/TT/TT/T

maxmaxmaxmax

FIG. 1. �Color online� Distribution of excess charge and tem-
perature in a carbon nanotube electron emitter under realistic emis-
sion conditions. �a� Schematic picture of the nanotube emitter in a
uniform electric field E�z�. The position z is given with respect to
the nanotube tip. �b� Excess charge density along the tube based on
results from Ref. 13. �c� Typical steady-state temperature profile of
a self-heating nanotube emitter, with the highest temperature Tmax at
the tip.
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to the local electric field E�� /�0. This charge density is the
highest near the exposed tip and decays exponentially from
the tip with the decay length of �0.5 �m,13 as seen in Fig.
1�b�. In the region within 10 nm from the tip, where struc-
tural changes occur due to the higher temperature, the change
in the excess charge is below 2% and thus can be ignored.

The main source of temperature increase in the nanotube
emitter is self-heating during electron emission. Similar to
the amount of excess charge, also the temperature increase is
caused by a higher emission current in a larger external field.
Considering a 1 �m long emitter exposed to the field of
14 V /�m,13 the basis of the data in Fig. 1, each emitted
electron should locally deposit �14 eV−�� into the nanotube
tip, where � is the work function. This excess heat is carried
away by thermal conduction to the anchor point of the nano-
tube and, to a minor degree, by black-body radiation. Con-
vection does not contribute to cooling, since the emitter is in
vacuum. In steady state, cooling must locally compensate
heating all over the structure. Starting from the heated tip,
the heat flux through each nanotube segment must thus be
equal and constant. With a finite, temperature dependent
thermal conductivity, this assumption leads to the tempera-
ture profile along the nanotube emitter shown in Fig. 1�c�.

In Fig. 2, we present MD simulation results for an �40 Å
long C290 nanotube emitter, modeled by a C230 segment of a
�5,5� nanotube with terminating domes at both ends. After
equilibrating the system at initial temperature values ranging
from 0 to 3000 K using a Nosé-Hoover thermostat, we fol-
lowed its time evolution using microcanonical MD. Since the
total energy and the number of atoms N are conserved in the
simulation, changes in the potential energy U, related to
structural transitions, mirror changes in the kinetic energy K
in the center-of-mass reference frame. We relate K to the
kinetic temperature T by K= �3 /2�NkBT and monitor the time

evolution of the effective temperature to identify structural
transitions related to decay. In particular, onset of fragmen-
tation is reflected in a raise of T, caused by the charged,
mutually repelling fragments gaining kinetic energy.

With no excess charge, we expect an onset of disorder at
all nanotube emitter atoms close to the melting temperature
of large fullerenes and graphite in the range of
3000–4000 K.15 As seen in Figs. 2�a� and 2�b� for the low
excess charge value �q=0.11e/atom, there is no indication
of instability at 2000 K, but a clear indication of decay at
3000 K. The snapshot of the nanotube emitter at the point of
decay near 6 ps, depicted in Fig. 2�c�, suggests a local frac-
ture that is very different from a molten neutral structure.

Even a modest increase in the excess charge to �q
=0.13e/atom destabilizes the nanotube at 2000 K, as seen in
Fig. 2�d�, and speeds up the decay process at 3000 K, as seen
in Fig. 2�e�. The decay process at this higher value of �q
also leads to a more abrupt detachment of the cap region, as
depicted in Fig. 2�f�. Our results thus show that emitter de-
cay is affected both by temperature and excess charge in the
tip region.

To get further insight into the relative role of temperature
and excess charge on the decay process, we need to consider
the probability of its occurrence, which is exp�−�U /kBT�,
with �U referring to the activation barrier needed for the
structural change. We first investigate the effect of excess
charge �q on the stability of the nanotube emitter at T=0. In
Fig. 3�a�, we show the average atomic binding energy in the
C290 nanotube emitter as a function of the excess charge.
With an increasing amount of excess charge, the intrinsic
stability of the system gradually decreases by the rising Cou-
lomb repulsion to the point where isolated charged fragments
become more stable than the charged nanotube. The destabi-
lizing effect of �q is partly to populate antibonding orbitals,
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FIG. 2. �Color online� Time evolution of the kinetic temperature T during microcanonical molecular dynamics simulations of charged, hot
nanotube emitters. Results for low excess charge �q=0.11e/atom in �a� and �b� are compared to results for �q=0.13e/atom in �c� and �d�.
Results for the low initial temperature Tinitial=2000 K in �a� and �d� are compared to those for hotter tubes with Tinitial=3000 K. Structural
snapshots at the point of destruction, indicated by an arrow in �b� and �e�, are presented in �c� and �f�, respectively.
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but mainly to increase the Coulomb repulsion, proportional
to �q2. Thus, the excess charge, occurring as �q2 in the
exponent of the probability expression, plays a far more dra-
matic role in the disintegration process than the temperature.
Our results for the binding energy as a function of �q sug-
gest a spontaneous Coulomb explosion at T=0 to occur for
net excess charge �q�0.17e/atom. At lower values of �q,
the nanotubes will still disintegrate, but the process will be
delayed and thermally activated.

To complement our results in Fig. 3�a�, we next investi-
gate a purely thermal disintegration at �q=const. In Fig.
3�b�, we display the change of the potential energy �U as a
function of temperature using time averages from molecular
dynamics simulations for the values of �U and T. For a
charge neutral system, we observe an initial linear increase
of �U with the expected classical slope of �3 /2�kB. In the
temperature range between 4000 and 6000 K, there is a well-
formed step in �U�T�, reminiscent of a phase transition in
this finite system.15 With no Coulomb repulsion present, the
molten phase persists up to much higher temperatures as a
contiguous structure that is constantly changing shape.

More interesting is to observe the behavior of this emitter
carrying �q=0.11e/atom. The results, shown by the
symbols 	 and connected by a dotted line in Fig. 3�b�, sug-
gest a spontaneous disintegration at the rather low tempera-
ture T�3000 K.

In Fig. 3�c�, we revisit the stability of charged nanotube
emitters, shown in Fig. 3�a� for T=0, for structures initially
thermalized at the moderate temperature Tinitial=2000 K.
This is also the temperature value, where the behavior of
uncharged and charged nanotube emitters starts deviating in
Fig. 3�b�. The results of our microcanonical MD simulations,
depicting the expectation value of �U�t→
�, suggest a
nearly quadratic dependence of �U on �q, similar to the
behavior in Fig. 3�a� at low values of �q. Nanotube emitters
charged with �q�0.13e/atom, still stable at T=0, disinte-
grate into fragments at T�2000 K. The gain in kinetic en-

ergy of mutually repelling fragments translates into a reduc-
tion of �U in this regime.

Finally, we combined the results of our MD simulations to
learn more about the expected lifetime of a nanotube emitter
as a function of the excess charge and temperature. Our re-
sults, displayed in Fig. 3�d�, summarize our general finding
that disintegration is accelerated at high temperatures and
large values of the excess charge. The lifetime is character-
ized by the survival probability of the structure, given by 1
−exp�−�U /kBT�, throughout a succession of attempts occur-
ring with the attempt frequency ��1013 s−1. Polynomial fits
of our results at constant temperature values ranging from
1000 to 3000 K, shown in Fig. 3�d�, allow an extrapolation
to experimentally relevant lifetimes. To destabilize the nano-
tube emitter at T�3000 K in roughly 1 �s, it should carry a
mere excess charge �q�0.011e/atom, only slightly larger
than the maximum charge expected in nanotube emitters un-
der steady-state conditions, as discussed in Fig. 1�b� and Ref.
13. At lower temperatures, we expect nanotubes carrying the
same excess charge to survive much longer.

Our results discussed so far were obtained for cap-
terminated �5,5� nanotube segments with a high length-to-
diameter aspect ratio. The vibration spectrum of these sys-
tems is dominated by axial stretching and bending modes
that cause local stress accumulation and thus initiate frag-
mentation. For the sake of comparison, we investigated the
vibration modes also in the wider �10,10� nanotubes of the
same length. Associated with the smaller aspect ratio, we
found a significant fraction of radial modes that caused axial
unzipping in addition to the vibration modes mentioned
above. Since there is no energy gain associated with axial
unzipping, such defects heal readily and do not contribute
directly to the nanotube emitter destruction. Thus, it is essen-
tial to use high aspect ratio systems when describing the
disintegration process of nanotube emitters.

We also simulated the destruction of �5,5�@ �10,10�
dome-closed double-wall nanotube emitters under extreme
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FIG. 3. �a� Average binding
energy in a model nanotube emit-
ter as a function of the excess
charge �q. �b� Dependence of the
relative potential energy �U�T� of
this system on the temperature T
with respect to the value at T
=1000 K. � marks the point of
disintegration. �c� Dependence of
the relative potential energy
�U��q� of this system on the ex-
cess charge �q with respect to the
value for the neutral system ob-
tained in the long-time limit of
molecular dynamics simulations
with the initial temperature Tinitial

=2000 K. �d� Expected lifetime of
the emitter as a function of the ex-
cess charge �q for different initial
temperatures.
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conditions. As long as the outer wall was intact, it screened
the electric field inside and caused no charge accumulation
on the inner tube.12 Only after the outer tube had been se-
verely damaged, the inner tube acquired excess charge and
was destroyed. In general, we expect the destruction of mul-
tiwall nanotube emitters also to progress sequentially from
the outside in.

The advantage of molecular dynamics simulations is to
offer detailed insight into the destruction dynamics in slow
motion. Because of the short time step of 0.5 fs and limita-
tions in computer resources, our total simulation times are
limited to typically a few picoseconds. This is much shorter
than experimentally relevant periods, making it hard to ob-
serve rare events. To overcome these limitations, we speeded
up the dynamics by increasing the excess charge and tem-
perature beyond the experimentally relevant values. These
results, in combination with considerations based on statisti-
cal mechanics, were used to judge the long-time behavior of
nanotube emitters under extreme conditions.

We have found that under steady-state conditions occur-
ring during regular field-electron emission, excess charge ac-
cumulation and heating in the tip region do not cause dam-
age to the emitter on the time scale of the MD simulations.
With no excess charge, heat should melt the system uni-
formly, rather than inducing abrupt fracture observed in the
experiment.10,11 On the other hand, even at low temperatures,
fluctuations in the excess charge occurring during the emis-
sion process may excite low-frequency vibrations, such as
the head-shaking motion reported previously,3 by changing
the Coulomb repulsion. These vibrations are not only a heat
source, but also, with the help of inertia and collective mo-
tion of the tip atoms, capable of locally increasing stress and
thus destroying nanotube electron emitters prior to their
melting.

Our simulations suggest that the preferred failure mode of
carbon nanotube emitters is to detach the capped nanotube
end, leaving an open-ended nanotube behind. Charged gra-

phitic fragments, which detach from the open nanotube edge,
subsequently disintegrate into smaller substructures. Carbon
chains, attached to the tube,4 are hard to observe in transmis-
sion electron microscopy �TEM�, but occur commonly in our
simulations, as seen in Fig. 2�c�.

In situ TEM observations during electron emission10,11

suggested that all structural changes in carbon nanotubes oc-
curred abruptly, unlike in metal tip field emitters, which
gradually self-sharpen in an applied field. We find this sce-
nario in agreement with our simulation results, which sug-
gest that degradation at high temperatures is assisted by the
Coulomb repulsion in the charged tip region, causing an
abrupt fracture at large values of the emission current.

Whereas our simulations have been performed for perfect
nanotubes, it is likely that the failure is triggered at structural
defects in real nanotube emitters. Defects, which could be
either intrinsic or induced by ion bombardment during the
field emission process,20 are known to cause charge accumu-
lation,5 thus accelerating the disintegration.

In conclusion, we performed molecular dynamics simula-
tions of charged single- and multiwall carbon nanotube elec-
tron emitters under realistic conditions to discriminate be-
tween the effect of charge and temperature as the leading
cause of destruction. We found that cap-terminated nano-
tubes should disintegrate abruptly at high emission current
values. Disintegration, involving either desorption of cap
fragments or a transformation into carbon chains and gra-
phitic flakes, occurs prior to melting and is accelerated by the
Coulomb repulsion that destabilizes the charged tip.
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