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1. ZnO atomic chains

Formation energy is defined as

E¢ =E,/(Zn,0,) —mEy(Zn) —nE4(O) (1)

where E,,(Zn,,Oy) is the energy of an atomic chain of m zinc
atoms and n oxygen atoms, and E,;(Zn) and E,, (O) the energy
of zinc and oxygen isolated atoms, respectively. Four atomic
chains were studied by DFT calculations in order to verify
that the structures observed are indeed the most likely to form.

Fig 1 shows formation energy as a function of strain for
different monoatomic ZnO chains according to DFT calcu-
lations. The most stable type of chain was found to be the
one without an oxygen-oxygen bond. This is in excellent
agreement with our MD simulations using the ReaxFF poten-
tial, where only one of such bonds is observed short before
rupture.
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Figure 1. Formation energy of four types of infinite
monoatomic ZnO chains as a function of strain. A side view
of the chains in their relaxed configuration (strain = 0) is also
shown. These chains are formed by A: Interspersed Zn and O
atoms; B: O; linked by a single Zn atom; C: O, linked by
two Zn atoms; D: an O atom linked by two Zn atoms.

2. BCK and RFF performance

In order to compare performances of RFF, BCK, and DFT on
nanostructures, stretching studies on chains and ladders were
carried out using these three techniques. Results are shown
in Fig. 2-4 To ease the comparison, energy values has been
referred to that of the equilibrium.
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Figure 2. Chains without O, (NC1): Performance of Buckingham potential (BCK) and the Reactive Force Field (RFF).
Energies, distances, and angles are compared with those obtained using DFT. The length of the unit cell (Lx) is also shown.
The most important outcome of these comparisons is the large energy error of BCK with respect to DFT. Another failure of the
former, is the rigidity assigned to the 6 angle, which above -5% of strain is always 180°.
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Figure 3. Chains with O, (NC2): Performance of Buckingham potential (BCK) and the Reactive Force Field (RFF).
Energies, distances, and angles are compared with those obtained using DFT. The length of the unit cell (Lx) is also shown. For
the Buckingham potential, the oxygen-oxygen interaction implies a strong repulsion (it does not contemplate the covalent
bond). As depicted in (a), energy minimizations using BCK lead to rearrangements in which the oxygen atoms are not longer
bonded to each other.
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Figure 4. Nanoladders: Performance of Buckingham potential (BCK) and the Reactive Force Field (RFF). Energies,

distances, and angles are compared with those obtained using DFT. The length of the unit cell (Lx) is also shown. In this case

the energies of both techniques are close to tha of DFT, although RFF becomes more accurate at large negative strains. Again,

BCK assigns an unrealistic rigidity to the 6 angle. In fact, nanoladders in the Buckingham potential are planar at any strain.



3. Stretching speed

In order to study the influence of the stretching speed on
the chain length before rupture, statistical analysis were per-
formed over sets of 25 MDs for NWy and NWy;. Fig. 5 shows
histogram of chain lengths for 0.8 m/s and 8.0 m/s stretching
speeds.

Frequency

N A O 0O N & O ©

Frequency

o

0 3 6 9 12 15180 3 6 9 12 15 18
Chain length (atoms) Chain length (atoms)

Figure 5. Histogram of the chain length over 25 MDs for
0.8 m/s and 8.0 m/s stretching velocities. Values correspond
to NW and NWy at 300 K.

The most common chain length and the maximal chain
length for each nanowire at different stretching speeds show
similar values. Since the the strain speed seems to have little
effect on the distribution of chain lengths, further calculations
were performed at the fast stretching speed (8.0 m/s).

4. Voronoi charges

In order to study the evolution of the charge as chains are
stretched, Voronoi charges[1] were calculated for three stages
of stretching: at equilibrium (A), close to chain fracture (B),
and after chain rupture (C). Results are shown in Fig. 6. A neg-
ligible change on atomic charges is observed during stretching
until the chain breaks. These charges are of the order of +1.1 e
for zinc atoms, —1.1 e for oxygen atoms, and —0.55 e for each
atom of the O, species. This values confirm the dual nature of
the oxygen bond in O3; each oxygen has an ionic bond with
its Zn neighbor (only that with half the typical value) and a
covalent bond with its oxygen partner. After rupture, terminal
atoms decrease their module charge by 50%, approximately.
This is simply because, when broken, they can only take or
give charge from one neighbor, instead of two.

5. Projected density of states
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Figure 7. Projected density of states of ZnO nanochains.
States with greater contributions to the total density of states
are shown. State O(p) corresponds to oxygen atoms bonded
to zinc atoms, and state O, (p) to oxygen atoms in the O,
species. Note the the latter occupies higher energy sates than
the the other oxygen atoms, increasing the Fermi level.
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Figure 6. Voronoi charges of NC1 and NC2 chains at three stages of stretching. A: at equilibrium, B: close to chain fracture, C:
after chain breaking. All negative values correspond to oxygen atoms and positive values to Zn atoms.
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