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Stability and Rupture of an Ultrathin Ionic Wire
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Using a combination of in situ high-resolution transmission electron microscopy and density functional
theory, we report the formation and rupture of ZrO, atomic ionic wires. Near rupture, under tensile stress,
the system favors the spontaneous formation of oxygen vacancies, a critical step in the formation of the
monatomic bridge. In this length scale, vacancies provide ductilelike behavior, an unexpected mechanical
behavior for ionic systems. Our results add an ionic compound to the very selective list of materials that can
form monatomic wires and they contribute to the fundamental understanding of the mechanical properties

of ceramic materials at the nanoscale.
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Monatomic wires (or chains) embody the ultimate reali-
zation of an ideal 1D system, providing a path to study the
physics of atoms and electrons confined in a single dimen-
sion. The peculiar behavior of such extreme low-dimensional
systems often reveals surprising and unexpected phenomena
in their mechanical [1-3], magnetic [4], electronic transport
[5,6], and vibrational properties [7,8]. Experimental realiza-
tion of monatomic wires initially focused on metallic
systems, particularly Au [1-3,5,6] and other 5d metals such
as Ir and Pt [9]. Shortly after, covalent systems such as long
carbon chains with alternating single and triple bonds
(polyynes) have been stabilized inside carbon nanotubes
[7,10], whereas shorter ones have been produced by pulling
graphene until rupture [11,12].

In contrast to this early activity in metallic and covalent
systems, to our knowledge, ionic wires have never been
observed or produced experimentally down to the mon-
atomic limit. Tonic systems are generally brittle and there-
fore considered to be less prone to form such ultrathin
wires, in comparison to ductile metals. Moreover, local
cation-anion charge balance in ionic systems is critical to
their stability and it would be reasonable to imagine that
keeping this balance during the whole process leading to
monatomic wire formation would require an intricate and
unlikely sequence of atomic rearrangements. In this Letter,
we study monoclinic ZrO,, a widely employed material for
different applications, such as catalysts [13,14], composites
for light-emitting diodes [15], water purification [16],
Li-ion batteries [17], and biomedical applications [18].

In this Letter, using high-resolution transmission elec-
tron microscopy (HRTEM), we report the observation of
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highly stable ionic monatomic wires during the final stages
of rupture between two nanoparticles of ZrO, under tensile
stress. In support of experimental findings, ab initio
molecular dynamics (AIMD) as well as quasistatic pulling
simulations based on density functional theory (DFT) not
only reproduce closely the observed atomic geometry of
such wires, but also reveal an exquisite process of oxygen
vacancy stabilization under stress that is key to provide the
atomic-scale ductilelike behavior leading to ultrathin wire
formation and rupture.

HRTEM is a powerful tool to follow atomic-scale
dynamics in nanostructured materials. To visualize the
dynamics of ZrO, atomic-wire formation, deformation,
and rupture at room temperature using this technique, a
novel preparation method was conceived. We prepare a
freestanding ZrO, thin film from monoclinic ZrO, nano-
crystals (m-ZrO, NCs) capped by organic ligands (oleic
acid) via a dipping deposition process over a Cu grid
covered by a holey carbon layer. The use of ZrO, NCs is
essential to optimize the thickness of ZrO, thin film for
HRTEM analysis, allowing for high-resolution images.
After deposition, the m-ZrO, NC film was cleaned by
electron beam illumination (e-beam shower) inside the
TEM at high-vacuum operation conditions (10~ torr),
promoting efficient elimination of the organic capping
layer and forming a freestanding layer of sintered nano-
particles (for more details, see the Supplemental Material
[19]). The absence of a supporting membrane layer allows
for unconstrained atomic mobility during the process. The
inhomogeneous sintering process causes differential
shrinkage, eventually leading to local tensile stress between
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FIG. 1. HRTEM images of the ZrO, wire near rupture and Zr-Zr distance of m-ZrO, bipyramidal cluster calculated from AIMD
simulations. Notice that only Zr atoms can be easily distinguished as dark spots in HRTEM images (oxygen atoms are invisible) [20].
(a) An atomic wire is seen with a Zr-O,-Zr distance of 3.8 A. (b) Complex atomic rearrangements take place, as suggested by the yellow
triangle displacement indicated in the figure, leading to the formation of an oxygen vacancy at the atomic wire with an increased Zr-O-Zr
distance of 4.2 A, which evolves to 4.3 A in (c), before rupture and (d) surface reconstruction. (e) Zr-Zr distance at the atomic wire
calculated from AIMD simulations at room temperature vs simulation time. The insets show the structure of the m-ZrO, cluster at the
indicated time frame. Inset (i) shows the initial setup after thermal equilibration at 300 K. As pulling simulation evolves, the Zr-Zr
distance at the nanobridge remains roughly constant until (ii), when the atomic rearrangements leading to oxygen vacancy formation
start to take place. At (iii), the oxygen-deficient atomic wire is formed, evolving with increasing tensile strain until Zr-O-Zr distances of
approximately 4.56 A, at (v), when rupture occurs.

a pair of sintered regions. This is the perfect condition to  pulling simulations at 300 K of a bipyramidal ZrO, cluster in
observe the stress-induced rupture between nanograins,  Fig. 1(e) and quasistatic pulling simulations of two different
whose final stages will lead to the formation of the ZrO, = model atomic chains (with and without an oxygen vacancy,
atomic wire. The cleaned freestanding ZrO, films were  as we shall explain) at O K in Fig. 2. Computational details
analyzed in situ using a Cs-corrected TEM microscope  can be found in the Supplemental Material [19], which also
operating at 300 kV, thus allowing us to observe the  contains the full video (Video M2) of the AIMD simulations
formation and rupture of ZrO, ionic wires with unprec-  described in Fig. 1(e).
edented spatial and temporal resolution. It is important to We analyze in parallel experiments and simulations.
mention that we did not observe extensive damage caused  As shown in Fig. 1(a), in the initial steps of atomic-wire
by the e-beam (for more details, see the Supplemental  formation the experimental Zr-Zr atomic distance at the
Material [19]). bridge is 3.8 A, about 10% larger than the bulk value and
Video M1 of the Supplemental Material shows a typical ~ consistent with our DFT-calculated value of 3.7 A for a
example of the dynamics of formation and rupture of the = ZrO, stoichiometric monatomic wire under maximum
monatomic wire. Figure S1(a) shows a snapshot of this  tensile stress applied before rupture (Fig. 2). This is also
video, where we identify a precursor polycrystalline bridge  consistent with the initial steps of our AIMD simulations
from the cleaned ZrO, thin film. After several minutes [Fig. 1(e)], thus suggesting a Zr-O,-Zr geometry as a
under illumination, it gradually evolves to a bicrystal  precursor of the atomic wire. Then, suddenly, a series of
nanobridge, shown in Fig. S1(b). The bicrystal bridge = complex atomic rearrangements are seen both in experi-
continuously shrinks as a result of a complex combination ~ ments [Figs. 1(b) and 1(c)] and in simulations, between
of tensile stress and mass flux (details to be described  insets (i) and (iii) in Fig. 1(e). As seen in the HRTEM
elsewhere [20]) until it becomes a monatomic chain joining images, following the displacement of a triangular cluster,
two grains [Figs. S1(c) and S1(d)]. Once again, to our  highlighted by the yellow triangle in Figs. 1(a) and 1(b), the
knowledge this is the first observation of such atomic wires  Zr-Zr atomic distance suddenly reaches 4.3 A in Fig. 1(c),
in brittle, ionic materials. Figure 1 shows in detail the  corresponding to an unexpected deformation of 25% in
HRTEM image sequence leading to the wire rupture. This ~ comparison with the bulk value. From the simulations, we
sequence of images is interpreted with the help of two  conclude that the atomic rearrangements involve a complex
separate sets of ab initio calculations based on DFT: AIMD  combination of bond breakage and rotation, effectively
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FIG. 2. (a) DFT calculations showing the ZrO, wire energy

(AE) vs unit cell length (with respect to equilibrium unit cell of
the perfect wire) for the wire with (orange and green curves) and
without (blue curves) an oxygen vacancy until complete rupture.
The oxygen chemical potential is added to the total energy of the
defective system in two extreme limits: O-rich (orange) and
O-poor (green) conditions. The curves are parabolic fits to the last
three DFT data points to improve the description of the rupture.
The constant-length thermodynamic constraint is represented by
the red circle and triangle for each chemical potential limit. The
constant-force thermodynamic constraint is represented by the
dashed lines in each chemical potential limit. (b) DFT calcu-
lations showing the ZrO, wire deformation curve for the
stoichiometric and nonstoichiometric model until complete rup-
ture. At each step, the shaded atoms (as shown in the insets) are
fixed and the remaining atoms are allowed to relax. The force is
taken on the fixed atoms at each ground-state geometry. The
insets show the maximum Zr-Zr distance reached before the
atomic-wire rupture. Rupture occurs after the last relaxation step
(last point drawn). Comparing the two curves, we notice that the
presence of an oxygen vacancy significantly decreases the force
required to break the atomic wire and also allows for much longer
wire extensions before rupture.

leading to the removal of an oxygen atom from the atomic
bridge (i.e., creation of an oxygen vacancy) and establish-
ing a Zr-O-Zr local stoichiometry, which in turn allows for
the large Zr-Zr distances observed in HRTEM. Our static
DFT calculations (Fig. 2, details in the Supplemental
Material [19]) confirm this result, indicating that an

oxygen-deficient Zr-O-Zr motif can extend up to Zr-Zr
distances of approximately 4.6 A before rupture. Finally,
Fig. 1(d) shows the system right after rupture, where one
grain keeps well-oriented facets, while the other becomes
rounded. Notice that the monatomic wire is observed in the
HRTEM images for at least 1 s [as seen from the time
counting between Figs. 1(a) and 1(c)], an extremely long
time at the atomic scale, thus confirming that the observed
structure is exceptionally stable.

Our AIMD simulations [Fig. 1(e)] suggest that rupture of
the ZrO, wire is preceded by the spontaneous formation of
an oxygen vacancy in the wire center. This is an intriguing
result, since keeping the correct stoichiometry, both locally
and globally, is usually an important requirement in ionic
systems, where stability is closely intertwined with charge
balance. We emphasize that our simulation cell has, from
the start, the bulk ZrO, proportion, so oxygen depletion at
the wire must be compensated by oxygen excess some-
where else in the simulation cell, i.e., a highly energetic
vacancy-interstitial Frenkel-type defect must be created
in the process. AIMD simulations for oxygen-depleted
bridges are also performed and discussed in the
Supplemental Material [19], and they do not change the
qualitative picture described above.

It is interesting to understand the driving mechanism for
this spontaneous defect formation process under tensile
stress in more detail. To this end, we use as a starting point
an ideal model of an infinite ZrO, wire [upper inset of
Fig. 2(b)]. Detailed geometrical and dynamical stability
properties of this particular wire are provided in the
Supplemental Material. Figure 2(a) shows the total energy
as a function of supercell length—measured with res-
pect to the equilibrium length of the ideal stoichiometric
wire—for both pristine and defective wires. In the case of
defective wires, we add to the total energy curves the
oxygen chemical potential in two extreme conditions:
(i) the O-rich condition (orange curve), where pgo =
1/ 2Eq, (where Eq, is the total energy of an O, mole-
cule), and (ii) the O-poor condition (green curve),
po = 1/2Eq, + 1/2AE}) o (where AE} , is the formation
energy of monoclinic ZrO,) [21]. It is assumed that the
oxygen chemical potential may vary continuously between
these two limits and, as a consequence, there is a continuum
of possible intermediate curves between the orange and
green parabolas of Fig. 2(a).

Borrowing from the knowledge of 3D solids, in which
the relative structural stability between two systems can be
either analyzed at constant-volume or constant-pressure
conditions, we use the equivalent concepts for these 1D
systems by analyzing their relative stability at constant
supercell length L or constant force F. For constant length,
the relative stability is simply given by the total energy
minimization. In other words, the crossing of total energy
curves [indicated by the red circle and triangle in Fig. 2(a)]
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TABLE 1. Bond length variation for different theoretical con-
ditions for the m-ZrO, nanowire geometric transition toward
rupture and comparison with experimental bond lengths. ug is
the oxygen chemical potential. The O-rich conditions stand for
Ho = 1/2E, and the O-poor conditions stand for ug = 1/2Eq, +

1/ ZAEérOZ, with Eq, the total energy of the O, molecule and

AE’;rOz the formation energy of m-ZrO,. The best match between

theory and experiment occurs for O-rich and constant-length
conditions.

Ho condition Constraint Bond length variation (A)
O-rich Length 3.66 — 4.53

Force 351 > 542
O-poor Length 325 - 391

Force 3.14 - 4.18
Experiment 3.80 — 4.20

will correspond to the critical lengths beyond which the
defective systems will have lower energy than the pristine
system, leading to the spontaneous formation (i.e., negative
formation energy) of an oxygen vacancy. As seen in
Fig. 2(a), this critical strain is 14.4% for O-rich systems
and 5.5% for O-poor systems. Such large strains are much
larger than the yield strain of bulk ZrO, and they result
primarily from the large variations in Zr-O-Zr bond angles
under tensile stress, clearly a geometrical effect only
possible for such a low-dimensional monatomic wire.
Geometrical analysis of both structures at the crossing
points leads to discontinuous jumps of Zr-Zr distances,
from 3.25 to 3.91 A in the O-poor condition and from 3.66
to 453 A in the O-rich regime. These bond length
discontinuities are measured experimentally to be from
3.8 to 4.2 A [Figs. 1(a) and 1(b)].

For constant-force conditions, we search for the structure
that minimizes the enthalpy H = E — FL. An equivalent
geometrical formulation is given by the common tangent
construction [dashed lines in Fig. 2(a)]. The common
tangent slope gives the critical transition force (9.04 nN
for O-rich and 2.78 nN for O-poor conditions). We can also
calculate in this case the Zr—Zr bond length discontinuities
(from 3.14 to 4.18 A for O-poor and from 3.51 to 5.42 A for
O-rich conditions).

In Table I, we summarize these results for constant-
length and constant-force conditions as a function of the
oxygen chemical potential condition. Simply from the
comparison between our calculated Zr-Zr distance discon-
tinuities with experimental results, we could suggest that
the final stages of our monatomic wire evolution occur in
O-rich conditions at quasistatic (nearly constant) bridge
length rather than constant force.

It is also instructive to analyze the force vs Zr-Zr distance
for both pristine and defective ZrO, atomic wires, shown in
Fig. 2(b). Because of its higher elastic constant, the force
curve is much steeper for the pristine wire compared to the

defective one. This observation provides yet another way to
interpret the spontaneous vacancy creation mechanism
depicted in Fig. 2(a). As pulling progresses, eventually
the energy cost of creating an oxygen vacancy will be lower
than the elastic energy difference between the two stretched
atomic wires and the oxygen vacancy will form sponta-
neously. Therefore, vacancy formation at the final stages of
rupture can be seen as a mechanism for stress relief, leading
to rupture at much lower forces than what would be
expected for stoichiometric wires, as shown in Fig. 2(b).

The role of oxygen vacancies in the final stages of ZrO,
monatomic wires formation and rupture can also be verified
by performing the breaking experiments at low temper-
atures, using a cryoholder with liquid N, (77 K). As shown
in the Supplemental Material [19], rupture still occurs at
such low temperatures, in which we should expect signifi-
cantly less atomic mobility. However, we observe in this
case that the largest Zr-Zr distance before rupture is
considerably smaller (3.6 A) compared to the room-temper-
ature value of 4.3 A, as shown in Fig. S2. This smaller value
is consistent with our quasistatic rupture simulations with-
out oxygen vacancies [Fig. 2(b)]. Therefore, we propose
that at low temperatures rupture takes place without the
formation of oxygen vacancies, as a consequence of the
kinetic hindrance of vacancy formation due to the lower
atomic mobility.

In conclusion, we observed by HRTEM the formation,
stability, and rupture of an ionic atomic wire under tensile
stress. Our results add ZrO, to a very selective list of
systems where the formation of such atomic wires has been
observed, which previously included only 5d metals and
carbon. Ab initio theory provides state-of-the-art identifi-
cation of the detailed mechanisms for monatomic wire
formation near rupture, which include the unexpected
spontaneous formation of an oxygen vacancy under stress
at room temperature. The oxygen vacancy provides extra
elongation, softness, and irreversible (plastic) deformation
to the monatomic wire, a behavior analogous to ductility in
solids, albeit at the atomic scale. The results presented here
are a step forward to a better understanding of the
mechanical properties of ionic ceramic materials at the
nanoscale. In particular, they contribute to understanding
the structural behavior at the atomic scale of this class of
materials, which may pave the way to future explorations
and applications of mechanical properties of these systems.
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