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The gap sizes between electrodes generated by typical methods are generally much larger than the
dimension of a common molecule when fabricating a single-molecule junction, which dramatically
suppresses the yield of single-molecule junctions. Based on the ab initio calculations, we develop a strategy
named the field-aided method to accurately fabricate an atomic-sized gap between gold nanoelectrodes. To
understand the mechanism of this strategy, configuration evolutions of gold nanojunction in stretching and
compressing processes are calculated. The numerical results show that, in the stretching process, the gold
atoms bridged between two electrodes are likely to form atomic chains. More significantly, lattice vacant
positions can be easily generated in stretching and compressing processes, which make field-aided gap
generation possible. In field-aided atom migration (FAAM), the external field can exert driving force,
enhance the initial energy of the system, and decrease the barrier in the migration path, which makes the
atom migration feasible. Conductance and stretching and compressing forces, as measurable variables in
stretching and compressing processes, present very useful signals for determining the time to perform
FAAM. Following this desirable strategy, we successfully fabricate gold nanogaps with a dimension of
0.38 4+ 0.05 nm in the experiment, as our calculation simulates.

DOI: 10.1103/PhysRevApplied.9.054023

I. INTRODUCTION

For the last two decades, we have witnessed the rapid
progress of single-molecule technologies and molecular
electronics [1-9]. It is known that fabricating a nanoscale
gap from a nanowire is the prerequisite step for construct-
ing a single molecular junction [10-23]. However, it is still
a hard task to accurately generate an atom-sized nanogap
and steadily control the tip configurations of the electrodes
[24-27]. For example, the nanogap is normally larger than
5 nm, whether by the electromigration method or by the
reactive-ion-etching method [28,29], which greatly hinders
the yield of single-molecule-device fabrications. To over-
come the low-yield problem, strategies must be developed
to accurately form atom-sized gap using nanowire.
Fortunately, when nanowire is stretched, the conductance
trace often shows stepwise features, which is a pronounced
character that may be utilized to accurately form an atom-
sized gap. Especially in the process of stretching metal
nanowire, the one-G,, (G, = 2¢*/h) step in the conduct-
ance trace indicates that the nanowire will be broken upon a
further elongation [30-33]. However, if one breaks the
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nanowire directly by stretching, the gap size is generally
from one to several nanometers at random due to the
relaxation of the gap interface after breaking. This random
gap size is often larger than the general dimension of a
single molecule, which consequently results in the low
yield of the single-molecule junction [34]. The mechan-
ically controllable break junction (MCBJ) technique has
the unique advantage of accurately fabricating nanogaps
with atom scales because the gap can be adjusted at 0.1 nm
accuracy or even at picometer accuracy using the MCBJ
technique [5,34]. However, it is inconvenient to adjust
distance by moving electrodes in the circuit integration.
Thus, in order to overcome this difficulty, we suggest that
the bias voltage added to the electrodes can be applied to
migrate metal atoms near the interface [35-40] to generate
nanogaps. Specifically, we recently found that the atoms at
the contact tip of the metal junction can be removed one
after another from the constriction and ultimately induced a
break by bias voltage [34], which opens a window to
accurately fabricate an atom-sized gap by nanowire with
the MCBJ technique without further moving the electrodes.

In order to clarify the formation of an atom-sized gap by
field-aided atom migration (FAAM), in this work, we
investigate the configuration evolution of gold nanojunc-
tions during stretching and compressing processes and
field-inducing processes by ab initio calculations. The most
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possible configurations of the gap interface are described in
the evolution process and the minimum gap size of the
system is investigated. It is found that, even though there
are different kinds of breaking probabilities, the gap
interfaces can mainly be categorized into two types. The
vacant positions generated in the stretching processes make
FAAM feasible. When a certain voltage is applied to the
stretched nanowire, the migration of the atoms creates a gap
with a relatively accurate dimension of only a one-atom
size. Employing energy traces and force traces plotted in
the atom migration processes, the underlying mechanisms
of generating nanogaps with an accurate one-atom dimen-
sion with the FAAM method are clarified. This nanogap
generation scheme is confirmed by our innovative MCBJ
experiments.

II. THEORETICAL METHOD AND
COMPUTATIONAL DETAILS

The stretching and compressing processes of gold nano-
junctions and the formation of gold nanogaps are simulated
at ab initio levels. In the simulation, a gold nanojunction is
constructed as shown in Fig. 1. Since only the neighboring
Au layers have obvious interactions with each other and the
interface configuration in the junction-breaking and gap-
forming process mainly relates to several atoms near the
interface of the gold junction, in the simulation, only the
atoms in the dashed rectangle are considered. The reliabil-
ity of the results is validated by a few larger systems with
more layers of Au atoms which consume significant
computational cost for each calculation. The stretching
or compressing forces are exerted on the outer gold layers
during the simulation of the stretching and compressing
processes of the gold nanojunction. Specifically, for each
stretching distance, the forces are exerted on layer L3 and
layer R3 (see Fig. 1) by fixing the two layers, while the
inner layers are relaxed to allow for geometric optimization
in the calculation. Here, the stretching distance (or elec-
trode distance, denoted as D) is defined as the distance
between layer L3 and layer R3 in Fig. 1.

3 L2 L1 Rl R2 R3

FIG. 1. The schematic structure of the gold nanojunction. The
structure shown in the rectangular frame represents the initial
configuration of the atomic gold wire before stretching and
compression.

The stretching and compressing processes of the system
are simulated by adjusting the electrode distance (D)
between layer L3 and layer R3 step by step. For each
step, the positions of relaxed atoms that are just optimized
in the last step are taken as the initial geometry to perform
further geometric optimization [41,42]. In this way, the
stretching and compressing processes are calculated at
Becke, three-parameter, Lee-Yang-Parr level with the
Lanl2DZ basis set in GAUSSIANO3 packages [43]. The
conductance of the gold junctions in different stretched
states is calculated by using the nonequilibrium Green’s
function (NEGF) method combined with density-func-
tional theory implemented in the TranSIESTA module of
the SIESTA package. In the NEGF calculations, the gold
junctions are divided into three regions, i.e., left electrode,
scattering region, and right electrode (see Fig. 1).
According to the Landauer-Buttiker formula [44], the
current with different bias for the molecular junction is
written as

2e
[=—
h

T(E.V)[f(E—pp) = f(E = pg)ldE. (1)
where T(E, V) is the transmission probability. p; and ug
are the electrochemical potentials of the two electrodes.
After current calculations, the differential conductance is
obtained by using G = 0I/0V. In the calculation, the
improved Troullier-Martins-type norm-conserving pseudo-
potentials are used to describe the core electrons of Au
atoms. A single-{ plus polarization basis set is employed
for the valence shell electrons of Au atoms. The Perdew-
Burke-Ernzerhof generalized-gradient approximation is
adopted for the exchange-correlation functional [45].

III. RESULTS AND DISCUSSION

Fabricating an atom-sized gap using a gold nanowire
requires highly accurate experimental technology. The
electrodes should be stretched and compressed repeatedly
at picometer accuracy, which can be fulfilled by the
differential-screw-based mechanically controllable break-
junction technology developed by us recently [34]. In order
to fabricate a nanogap with high yield and high efficiency, a
series of stretching and compressing processes of gold
nanojunctions are simulated theoretically. Using the sim-
ulation, the probable interface configurations, the mechan-
ics information, and the conductance signals, which are
very significant to the fabrication of atom-sized gap, are
discussed.

Considering that the probable interface configurations
produced in the experimental fabrications often vary, for
they are generally related to the stretching and compressing
velocity, we adopt different step lengths for the stretching
and compressing of the gold junction in the theoretical
simulation, which can roughly present the effects of
different stretching or compressing velocities. Since
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FIG. 2. The evolution of system configuration and the rebuilding
of the gap interface during the breaking and recontact processes.
We display four possible processes for the system being stretched
and recontacted, denoted as process I [(a) <> (b) <> (¢) <> (d)],
process I [(e) — (h)], process III [(i) <> (h) <> (j) <> (k)], and
the semistable process IV [(k) — (n)].

different interface configurations can be produced by
adopting different stretching or compressing step lengths
in the simulation—no matter which initial geometry is
applied—we begin our calculations from a relatively
regular probable geometry, as shown in Fig. 2(b), which
can be formed with large probability by repeated breaking
and recontact operations in the experiment for its stable
structure.

A. Breaking and recontact simulation

Figure 2 shows several probable configuration evolu-
tions of the gold nanojunction in different stretching or
compressing processes. In the figure, process I [i.e.,
(a) <> (b) <> (c) <> (d)] can be seen as a reversible
process for which the electrode distance changes only
0.02 nm for each step. In process I, configuration (b) is
close to the standard lattice structure with an electrode
distance of 1.16 nm, which has the lowest ground-state
energy of all the configurations used in our simulations.
Although the arrangement of the Au atoms in the middle
two layers is apparently deformed when the electrode
distance is compressed to 0.98 nm [configuration (d)],

by reversed stretching from configuration (d), the configu-
ration of the gold junction is still turned back to configu-
ration (c¢) and then to configuration (b). It should be
mentioned that a higher energy barrier needs to be
surmounted for the compressing process from configura-
tion (c) to (d) than for the reversed stretching process from
configuration (d) to (c) [see Fig. 3(a)].

However, from configuration (c) (D = 1.06 nm), if we
compress the gold junction with a faster velocity, i.e., each
electrode moves 0.02 nm to compress the gold junction to
D = 0.98 nm [Fig. 2(e)], an absolutely different stretching
process takes place. Figure 2(e) shows that, with the
compression, five atoms in the middle two layers are
rearranged into one new layer, while atom 1 is plunged
into layer L2, with atom 8 being squeezed out. Because of
the rearrangement of the new layer, the gold junction is
converted into an irreversible lower energy state [Fig. 3(a)];
thus, the stretching operation results in a new process from
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FIG. 3. The evolution of the energy (E), conductance (G), force
(F), and differential stiffness factor (k) of the gold junction in the
compression processes I and III and the stretching processes Il
and IV. (a) Ground-state-energy curves of the system during
different evolution processes. (b) Steplike decreases of conduct-
ance traces during these four processes. The quantized steps are
presented with a step difference of approximately 1G, when the
electrode distance increases. (c) The stretching force that the
system experiences during these four processes. (d) Curves of
the differential stiffness factor, which corresponds to the energy
valleys in (a) and the conductance steps in (b).
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configurations (e) to (h) (denoted as process II). For process
II, with the stretching of the electrode, atom, 2, 3, 4, and 8
form the new layer L1, and atoms 5, 6, and 7 form the new
layer R1 [Fig. 2(f)], where atom 8 came from layer L2,
atom 4 came from layer R1 and atom 7 came from layer R2
in the initial configuration [configuration (b)]. It should be
mentioned that the electrode distance of configuration (f) is
1.16 nm, which is the same as that of configuration (b). To
further stretch the gold junction, atoms 7 and 8 move into
the separation between layer L1 and layer R1 [configura-
tion (g), D = 1.34 nm], and, finally, the gold junction is
broken between atoms 8 and 7 with the electrode distance
of 1.74 nm [Fig. 2(i)]. Process II is not reversible from
configuration (g) to (h) (D = 1.52 nm) because, when
atom 8 enters the gap between atoms 2 and 7, an atom
chain consisting of atoms 9, 2, 8, and 7 is formed, which
makes the energy of the gold junction decrease sharply
[Fig. 3(a)]. Thus, compressing the junction from configu-
ration (h), it is easier to push atom 7 to glide on the edge of
the junction than it is for atom 8 to be resqueezed out,
which results in another process (denoted as process III).

Figure 2 shows that, with the compression from con-
figuration (h), atom 8 pushes atom 7 to layer R1 [con-
figuration (j), D = 1.44 nm], and layer L1 then pushes
atom 8 to layer R1 and, at the same time, pushes atom 7 to
layer R2 [configuration (k)]. Meanwhile, atoms 5, 6, and 8
attract atoms 2 and 9 and deviate from layers L1 and L2,
respectively [configuration (k), D = 1.28 nm]. The
approximately standard lattice formation configuration
(b) is achieved again if the gold junction is further com-
pressed to D = 1.16 nm, but the atomic arrangement is
obviously different from configuration (b). Process Il is a
reversible process. When each gold electrode is stretched
with 0.02 nm for each step from configuration (k), the
junction goes over configurations (j) and (h) until at last
being broken with configuration (i). The evolutions of
processes I, II, and III show that, although the structure of
the junction is deformed and even the atoms in the junction
are rearranged differently in different stretching and com-
pressing processes, the standard lattice arrangement is still
the most probable choice for the gold junction at the proper
electrode distance.

In process III, configuration (k) is a very interesting
configuration. In this configuration, because of the attrac-
tion of atoms 8 and 7, atom 2 deviates from layer L1 and
atom 9 deviates from layer L2. In fact, the geometric
optimizations show that atoms 9, 2, 8, and 7 attract each
other relatively more strongly than with other atoms, which
seem to be forming a single-atom chain in configurations
(h) and (j). Because these stronger attractions still remain in
the stretching or compressing process, in the geometric
optimizations, the atoms in this chain generally move
together. Hence, in configuration (k), when atom 8 is
squeezed to move into layer R1 and atom 7 to move into
layer R2, atoms 2 and 9 deviate from layer L1 and L2,

respectively, by the attraction of atoms 8, 5, and 6.
Considering the relative stronger attractions between atoms
9, 2, 8, and 7 in configurations (h), (j), and (k)—especially
in configuration (k)—the distance between atom 9 and
layer L3 is enlarged to be similar to the distance between
atom 7 and layer R3, we are very interested in whether or
not a real single-atom chain can be stretched out between
two electrodes? To attempt to form a single-atom chain by
ab initio simulations, we first stretch each electrode with
small steps, such as 0.01 or 0.02 nm for each step. The
simulation shows that, when the electrode distance reaches
1.44 nm, the atom chain consisting of atoms 9, 2, 8, and 7
easily slips to be close to one electrode as configuration
(), (h), or (i). However, when we stretch the junction with
large steps, such as when each electrode moves 0.03 or
0.04 nm for each step, atoms 9, 2, 8, and 7 stay in the center
region and a single-atom chain gradually emerges between
the two electrodes as configurations (1) and (m) (see process
IVin Fig. 2). When the electrode distance is above 1.82 nm,
a gold atom chain in the length of three atoms can be
stretched out. The longest stretching distance of process IV
is 2.02 nm; further stretching results in the breaking of the
gold junction shown in configuration (n). It can be seen that
configurations (n) and (e) are the same configuration if one
rotates the system by 180° with respect to the center of the
system. In fact, the atom chain consisting of atoms 9, 2, 8,
and 7 can be seen as gliding on the Au(100) surface when
the junction is stretched in process IV; hence, the single-
atom chain seems relatively stable in processes III and IV.
Our simulation shows that to produce a single-atom chain is
not an easy task because the gold junction is in a high-
energy state in the stretching process, which can be
easily seen by comparing the energy of process IV with
process III from Fig. 3(a).

B. Signals in conductance and force curves for
fabricating atom-sized gaps

Conductance and stretching or compressing forces can
give useful information for judging the configuration of the
junctions which can be obtained by experiment. Figure 3(b)
shows the conductance traces of the gold junctions in the
four stretching or compressing processes. Because the
number of connected atoms in the breaking region of a
gold nanojunction decreases one by one in the stretching
process, the conductance traces show stepwise features for
all four of the processes which are often presented in the
experimental probes [33,34,46-48]. There are two espe-
cially significant characteristics for the stepwise conduct-
ance traces. The first one is that the conductance steps
generally appear at the valley position of the energy curve.
The reason is that when the gold junctions are stretched to a
relatively equilibrium state, the configuration of the junc-
tion changes slightly with the variation of the electrode
distance. Thus, the conductance of the junction generally
shows insensitivity to the change of the electrode distance
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in the vicinity of the equilibrium state of the junction,
which results in the conductance traces showing the plateau
features. On the contrary, when distinct changes take place
for the configuration of the gold junction, the energy curve
generally shows peak features. The conductance is very
sensitive to the change of electrode distance in the vicinity
of the peak energy point; i.e., swift or sharp changes often
take place for the conductance traces. The second charac-
teristic is that most of the conductance traces show wide
one-G, steps, except in the case of process I. In process I,
the gold junction breaks from the standard lattice structure
with a three-atom connection [configuration (b)], so the last
conductance step is a higher plateau with a conductance of
about 2.5G, in our calculated conductance trace. However,
for the other processes, the junction is generally connected
by one atom [configuration (h)] or single-atom chain
[configuration (m)] before the junction is broken, which
results in one-G, steps in the conductance traces.
According to the characters of conductance traces, in the
experiment, when a one-G,, step emerges, one can stop the
stretching operation and fix the electrode. Then proper bias
voltage can be applied to the gold junction to move the
atoms away from the connection region to produce the
atom-sized gaps.

Generally, the one-G plateau is about 0.2-0.5 nm in
width; thus, the accurate electrode distance to stop the
stretching operation cannot be directly determined by the
conductance trace only. Then the stretching force is another
important measurable quantity which can be applied to
determine when the electrode should be fixed, and the bias
voltage should be added. In order to understand the
important role of the stretching force in the fabrication
of the nanogaps, applying F = AE/AD, we calculate the
stretching or compressing forces of the four processes as
shown in Fig. 3(c), where positive values indicate stretch-
ing forces, while negative ones represent compression
forces. The figure shows that, due to the break from the
three-atom connection, the broken force of process I is
about 3 nN, which is much larger than those of the other
processes. For processes II, III, and IV, the peak force
values for the configuration variations are all about 1.5 nN.
However, only about 0.9 nN is required for the junction to
finally break from one-atom contact. It should be men-
tioned that, when the conductance reaches 1G in the
stretching process, zero force indicates that the gold
junction is at equilibrium state, with one atom or a single
atom chain connected between two electrodes.

Additionally, if we define k = AF/AD as the differ-
ential stiffness factor (DSF) of the gold junction, we can
obtain more significant information from the peak values of
the DSF. Figure 3(d) shows that the largest stiffness factor
for process I is about 4.0 nN/ A, which occurs in configu-
ration (b). The peak value of the DSF for process Il is about
3.0 nN/A, which occurs in configuration (f), with an
electrode distance of about 1.2 nm. While, at 1.38 nm,

the DSFs are about 1.5 nN/A in process II and process III.
In process IV, the DSFs for configurations (I) and (m) are
about 1.0 nN/A and 0.5 nN/A, respectively. It can be seen
that, when a one-atom connection or a single-atom-chain
connection forms, the stiffness factor is not more than
1.5 nN/ A. Specifically, if a single-atom chain forms and
glides on the tip surfaces in the stretching process, the
stiffness factor is only about 0.5-1.0 nN/A. The DSFs
calculated by us are very consistent with the measurement
of Aradhya et al. [31]. The decrease of DSF peak values is
related to the decrease of Au atoms that connect between
the two electrode tips in these configurations. Hence, one
can see that the DSF is a significant quantity for judging the
number of gold atoms connected between the two electrode
tips, which cannot be solely judged by force curves in the
stretching processes. Obviously, with further stretching of
the system, the electrode distance increases more easily
under the external force; i.e., when the Au atom chain is
pulled out, the electrode distance increases faster than any
other equilibrium configurations before the junction is
broken. Thus, because of the relaxation in the stretching
process and after the junction is broken, the gap size is often
unpredictable if it is fabricated only by stretching the gold
junction, especially when there is a single atom chain being
pulled out [49].

C. Field-aided atom-sized gap fabrication

Field-induced atom migration applied with the MCBJ
technology is the most available strategy to avoid relaxation
after the junction is broken and fulfill the accurate fab-
rication of an atom-sized gap because of the way in which
one can fix the electrodes at any selective distance before
the junction is broken by stretching. In Fig. 2, one can
see that the configurations from (j) (D = 1.44 nm) to
(h) (D = 1.52 nm) in process III, and the configurations
in the evolution path from configuration (h) to configura-
tion (i) before the junction is broken seem to be the ideal
configurations to produce an one-atom-sized gap. This is the
case because there is only one atom in the contact region
between the two electrodes, and the vacant position beneath
atom 7 is very suitable for atom 8 and atom 7 to locate when
they move away from the contact point. Specifically, these
configurations are in a regime for conductance that decreases
from a higher plateau to the 1 G, plateau, and the stretching
force decreases from the peak value (about 1.2-1.5 nN) to
zero. Thus, both the conductance curve and the force curve
show excellent character for determining the time to fix the
electrodes and perform field-induced atom migration.
Additionally, the system energy of process III is obviously
lower than those of other processes when the electrode
distance is up to 1.35 nm, which enhances the probability of
process III taking place.

The ab initio calculations show that, for the junctions
from configurations (j) to (h), atom 8 possesses positive
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FIG. 4. The schematic process of field-aided gap generation
and the corresponding evolution of system energy and atom
migration force. (a) The initial state of the atom migration
process. (b) The atom migration process under an external
electric field. After the migration of atoms 7 and 8 induced by
external field, a single-atom-sized gap is formed between two
electrodes. (c) Ground-state energies, as functions of migration
positions with or without an external field, for gold junctions with
electrode distances of 1.48, 1.52, and 1.56 nm. (d) The corre-
sponding migration force for atoms 7 and 8 migrating to different
positions. (e) Energy curves in the atom migration processes for
the junctions in fields of 154, 257, 360, and 463 mV/ A, with an
electrode distance of 1.52 nm. (f) The corresponding migration
force for the migration processes shown in (e).

charges of more than 1.0e, while atom 7 is little charged.
Thus, it is more possible that, in field-induced atom
migration, the applied field drives atom 8, and conse-
quently atom 7 migrates ahead. Figures 4(a) and 4(b) show
the most probable atom migration process, where A
represents the initial state of atoms 7 and 8, C represents
the final state of atoms 7 and 8, and B is the transition state.
The single-point energy and corresponding force for the
atoms migrating to different positions along the electrode
surface with or without an external field are shown as
Figs. 4(c) and 4(d), where the strength of the applied field is
257 mV/A. There are three sets of energy traces which
correspond to junctions with electrode distances of 1.48,
1.52, and 1.56 nm, respectively.

Figure 4(c) shows that, without an external field, there is
a large energy difference of about 1.1-1.3 eV between
initial state A and final state C. When the field is applied,
the energy difference for the junction with an electrode
distance of 1.48 nm decreases to 0.5 eV, with a 0.7-eV

barrier between initial state A and transition state B. For the
distance of 1.52 nm, however, the energy difference
decreases to only about 0.1 eV, with a barrier of about
0.3 eV. For a distance of 1.56 nm, the energy difference
between state A and state C is about 0.2 eV, with a barrier of
about 0.5 eV between state A and state B. Moreover, for
distances of 1.52 and 1.56 nm, the energy shows a sharp
decrease when the junction is broken in the external field
for atom 8 in the vicinity of 0.7 and 0.8 A. Thus, the result
shows that the junction with an electrode distance of
1.52 nm is more suitable for the atom migration than the
junction with distances of 1.48 and 1.56 nm. Figure 4(d)
shows that the force for atom 7 and atom 8 migrating away
from state A together is only about 0.5 nN, with the field
being applied for the junction with an electrode distance of
1.52 nm. However, it is about 1.5 nN for the system without
a field. Thus, the applied electric field weakens the action
of the junction on the migrating atoms.

Obviously, after field-induced atom migration, the geom-
etry of the gold junction is similar to configuration (a). If
the electrode distance is 1.52 nm, the gap formed after atom
migration is about 0.36 nm. It should be mentioned that,
when the electrode distance is shorter than 1.48 nm, the
migration of atom 8 can attract atoms 2 and 9 together, thus,
the atom-sized gap is not produced for the gold junction
with a shorter electrode distance. Moreover, when the
electrode distance is larger than 1.56 nm, the barrier for
atom 8 breaking from atom 2 is higher than 0.5 eV, even
under a field of 257 mV/A. Specifically, the force for atom
8 to be overcome is up to 1.0 nN, which is hard to overcome
even though atom 8 is positive charged. Thus, based on the
calculation, one can see that the size of the gap fabricated
by field-induced atom migration mainly falls into a most
probable regime with a dimension of 0.32-0.40 nm, which
is confirmed by our experiment (Fig. 5).

Figures 4(e) and 4(f) show the energy and the force
curves for the gold junctions at different values of the
external electric field with an electrode distance of 1.52 nm.
These figures show that, with the increase of the field, the
energy of the initial state of the system increases relative to
that of the final state and gradually exceeds the energy of
the final state, which can dramatically promote atom
migration. When the value of the electric field increases
to 360 mV/ A, the energy of initial state A is approximately
equal to that of transition state B [Fig. 4(e)]. As the field
increases to 463 mV/A, the energy of state A is 0.12 eV
larger than that of state B. Thus, with the increase of the
field, the migration of atoms 7 and 8 becomes easier and
easier. It is noticeable that there always exists an energy
barrier in the migration path at point B [Fig. 4(e)], which
seems to be an obstacle for the migrations of atoms 7 and 8.
However, this energy barrier is positive for atom migration
because this kind of barrier can prevent electrode tips from
avalanche-type deforming and rearranging [34,50].
Moreover, when the barrier is not more than 0.3 eV, it
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can be easily overcome with the help of atomic vibration at
room temperature.

D. Experimental confirmations for the field-aided
atom-sized gap fabrication schemes

In order to confirm our theoretical scheme, we fabricate
several gold nanojunction chips employing MCBJ technol-
ogy. The work principle of MCBJ is shown in Fig. 5(a). A
MCBJ setup consists mainly of three parts: a flexible
substrate containing a suspended metal wire with a nano-
constriction, a push rod, and a counter support. The metal
wire is fabricated by standard electron-beam lithography, and
the movement of the push rod is controlled by piezoelectric
actuator. Owing to the mechanical configuration of the
three-point apparatus, a long vertical movement (AZ) of

1
|
|
|
|
1.y 1
3.0 3.5 4.0 4.5 5.0
Gap size (A)

FIG. 5. Working principle and experimental data for the
generation of an atom-sized gap. (a) Working principle of the
MCBJ setup. A suspended metal bridge with a constriction is
fabricated on the substrate. The substrate is fixed on a three-point
bending apparatus. The movement of the push rod in the Z
direction causes an elongation of the constriction in the X
direction. The elongation of the constriction can be precisely
controlled by the bending of the substrate. (b) SEM image of the
chips after a break of the nanobridge. (c) The distribution of gap
size after a break of the gold nanojunctions. The gaps are
fabricated by field-induced atom migration from junctions with
one G state.

the push rod causes only a short elongation of the nano-
constriction (AX). Here, an attenuation factor r ~ 2 x 107°
(r = AX/AZ) can be obtained with our setup, which means
we can stretch the nanoconstriction with subangstrom
accuracy [51,52]. When the push rod exerts a bending force
on the substrate, the constriction part undergoes the largest
stretching force, which reduces the cross section of the
nanoconstriction. We precisely stretch the metal wire at a
speed of 0.1 A/step, and the conductance of the metal wire is
monitored simultaneously. Once the monitored conductance
is close to 1Gy, the push rod is fixed by holding the
piezoelectric actuator. It is noteworthy that the conductance
is stable—without obvious fluctuations over several hours—
when the push rod is fixed.

Subsequently, a linear increased bias voltage is applied
to drive the atoms away from the contact regime of the
junction to produce an atom-scale gap. Once a conductance
jump (> 0.2G,) is detected, a linear decrease in the
voltage is triggered immediately and controlled by the
feedback system. When the atom bridging the nanowire is
removed from the constriction, the current jumps to the
tunnel regime (G < 1G,), indicating the complete break-
ing of the nanowire and that an atomic scale gap has been
generated. One merit of the MCBJ technique is that the
gold bridge can be repeatedly broken and recontacted by
the control of the substrate; thus, different samples can be
formed through these repeated processes. In the experi-
ments, we examine five different chips, and each chip
produces approximate 15 gaps. Based on the detected
conductance and the attenuation factor of the MCBJ setup,
we can determine the sizes of the nanogaps [53,54], which
are shown in Fig. 5(c). This figure shows that, because of
the field-induced atom migration, the most probable size of
the gaps is 0.38 £0.05 nm, which corresponds to the
dimension of a one-gold-atom gap and agrees well with
our theoretical simulations. Thus, the atom-sized gaps are
successfully fabricated with high yields by the aids of field-
induced atom migration.

One challenge for the nanogap fabrication is the exces-
sive Joule heating under high current intensity, which may
result in an unexpected melt of the gold junction. In order to
avoid the excessive Joule heating, different strategies had
been put forward [55-57]. Fortunately, excessive Joule
heating can also be avoided in our experiment due to the
following facts. (1) Employing the MCBJ technique, the
metal wire can initially be stretched to a single atom
nanobridge. Therefore, the displacement of an atom near
the bridge can be triggered under a small bias voltage (50—
100 mV is observed in our experiments), which is a much
lower value than the threshold voltage (0.5-1.0 V) needed
in a typical electromigration experiment employing bulk
metal wires that are dozens of nanometer in diameter.
(2) The heat dissipation rate is much faster in the nano-
junction (a few atoms in diameter) due to the relatively
larger surface area compared to the bulk metal wire. Thus,
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excessive heating can be suppressed in our experiments.
(3) In order to reduce the heating effect, a middle level
vacuum with approximately 0.1 bar of argon is applied
when we perform the experiments, through which the high
excited vibration modes can be suppressed and the exces-
sive heating can be reduced.

Compared to the effect of the electric field, which
normally moves the atoms in a specific orientation, the
excessive heating related to the high excited vibration
modes generally drives atoms in random directions.
However, a suitable amount of heating or vibration can
also provide useful energy for atoms to surmount the
potential barriers in the migration path. Thus, with the
help of the vibration, the actual field needed to move the
atoms is generally reduced. Therefore, although it seems
that a field of more than 250 mV/A is needed to perform
atom migration in our calculations, a relatively small bias
voltage (50-100 mV) is needed to trigger the atom move-
ment in our experiments.

IV. CONCLUSIONS

In order to accurately fabricate an atom-sized gap, a
strategy of the FAAM method based on MCBJ technology
is developed in this paper both theoretically and exper-
imentally. To understand the mechanism of atom-sized gap
fabrication, the probable configuration evolutions are
investigated in the stretching and compressing processes
of a gold nanojunction based on the ab initio calculations.
The calculations show that, although various kinds of
configuration evolutions may take place in different stretch-
ing and compressing processes, the standard lattice con-
figuration is still the most stable configuration. The
conductance traces, force traces, and stiffness factors in
the stretching and compressing processes are further dis-
cussed, which can provide significant information to fulfill
the task of fabricating a single-atom-sized gap by FAAM
using a gold nanojunction. The vacant position produced in
the stretching process makes it feasible for atom migration.
The most probable dimension of the gap produced by field-
induced atom migration is 0.32-0.40 nm. Based on our
theoretical scheme, we successfully fabricate one-atom-
sized gaps with high yields via an experiment by applying
the MCBJ-based FAAM method.
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