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The evolution of the atomic structure and the vibrational and electronic transport properties of gold atomic
junctions incorporating molecular and atomic hydrogen upon elongation have been investigated with the
nonequilibrium Green’s function formalism combined with density functional theory. Our calculations show
that for the case of gold junctions doped with a single H, molecule the low-bias conductance drops rapidly with
the electrodes’ separation, while it remains almost constant if a single H atom replaces the molecule. In contrast,
when one considers two H atoms adsorbed on a gold monatomic chain forming an Au-H-Au-H-Au double-bridge
structure, the low-bias conductance increases first and then shows a plateau upon stretching the junction, in perfect
agreement with experiments on gold nanocontacts in hydrogen environment. Furthermore, also the distribution
of the calculated vibrational energies of the two H atoms is consistent with the experimental result in the
low-conductance region, demonstrating clear evidence that hydrogen molecules can dissociate on stretched gold
monatomic chains. These findings are helpful to improve our understanding of the structure-property relation
of gold nanocontacts and also provide a new prospect for gold nanowires being used as chemical sensors and

catalysts.

DOLI: 10.1103/PhysRevB.93.125438

I. INTRODUCTION

The fabrication of atomic-size gold wires is a milestone
in nanotechnology because of the prospects open for the
realization of future nanoelectronic devices. The reduced
dimensionality of such gold nanowires makes them show
unusual mechanical, chemical, and transport properties such
as quantized conductance and exceptional reactivity compared
to bulk gold [1-3]. In particular, investigations on the effects
of molecular and atomic hydrogen on their atomic structures
and electronic transport properties have received extensive
attention [4-25]. On the one hand, the presence of hydrogen
impurities intercalated between the gold atoms is assumed
to explain the striking structure stability of gold nanowires
at the large Au-Au separations of 3.6-4.0 A, which have
been observed in numerous experiments using transmission
electron microscopy and high-resolution transmission electron
microscopy [26—30]. This conjecture is based on the fact that
hydrogen is present even in high vacuum conditions and cannot
be visualized by electron microscopy techniques due to the low
contrast in comparison with the heavier gold atoms. Density
functional theory (DFT) calculations and ab initio molecular
dynamics simulations supported the possibility that the in-
serted hydrogen impurities would increase the Au-Au distance
and enhance the structure stability of the nanowires [4—11].
On the other hand, dramatic modifications of the electronic
transport properties of gold nanowires have been observed
in hydrogen environment. For example, Csonka ef al. not
only obtained a new peak near 0.5Gq (Go = 2¢?/h is the
conductance quantum) superimposed to the low-conductance
tail in the conductance histogram of gold nanowires when
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hydrogen molecules were intentionally introduced into the
experimental setup [13], but they also found a unique feature,
namely, some conductance traces presented a well-defined
periodic structure with a pronounced positive slope upon
stretching in the low-conductance region of 0.05-0.3G [14].
At the same time Kiguchi and co-workers studied the influence
of hydrogen molecules on Au atomic contacts using action
and inelastic electron tunneling spectroscopy, and found the
signature of vibration modes related to bonding between Au
and H [15]. To be more specific, the majority of the observed
vibration modes were located in the 20-55 meV range for
junctions having conductance between 0.05G( and 0.5Gy
and a broad feature was observed at around 33 meV in
the vibration energy distribution. Besides these experimental
studies a substantial amount of theoretical investigations fo-
cused on the mechanical, vibrational, and electronic transport
properties of gold nanowires doped with atomic and molecular
hydrogen [18-25]. Although previous studies have revealed
the role of atomic hydrogen in the origin of the conductance
peak near 0.5G [19], there is still no reasonable explanation
for the appearance of the peculiar periodic structure in the
conductance curve and the distribution of vibration energies
in the low- conductance region [14,15].

In order to address these issues, here we investigate the
vibrational and electronic transport properties of gold atomic
contacts incorporating molecular and atomic hydrogen by
employing the nonequilibrium Green’s function formalism
combined with density functional theory (that is, the so-
called NEGF+-DFT approach) [31-40]. Our calculations show
that, as the electrode separation is increased, the low-bias
conductance of gold junctions incorporating one H, molecule
drops rapidly while the low-bias conductance of gold junctions
doped with a single H atom remains almost constant. In
contrast, gold atomic contacts including two H atoms adsorbed
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at two consecutive bridge sites of a gold monatomic chain, thus
forming an Au-H-Au-H-Au double-bridge structure, presents
an increase of the low-bias conductance in the initial stretch-
ing process and then a conductance plateau. This peculiar
conductance behavior occurs in junctions with both (100)-
and (111)-oriented gold electrodes and monatomic chains
with different number of gold atoms included. Moreover, the
calculated vibrational energies are also distributed in the 20—
55 meV range. Thus, gold junctions with an Au-H-Au-H-Au
double-bridge structure are appropriate junction models to
explain both the periodic behavior with positive slope in the
conductance curve and the distribution of vibration energies
in the low-conductance region observed for gold nanocontacts
immersed in a hydrogen environment.

II. CALCULATION METHOD

In this work we use the SIESTA code to compute the atomic
structure of the Au-H systems and the quantum transport code
SMEAGOL to study their electronic transport properties [38—41].
SIESTA is an efficient DFT package, in which the wave func-
tions of the valence electrons are expanded with a finite-range
numerical orbital basis set and the atomic cores are described
by improved Troullier-Martins pseudopotentials [41,42]. We
construct a double-zeta plus polarization basis set for both
Au and H. The generalized gradient approximation within
the Perdew-Burke-Ernzerhof formulation is used for the
exchange-correlation functional [43]. With our choice of
pseudopotentials and basis functions a lattice constant of
4.18 A is obtained for bulk gold, which is in good agreement
with the experimental value of 4.08 A [44], while the H-H
bond length and the stretching frequency of the H, molecule
in the gas phase are respectively calculated to be 0.75 A and
4411 cm™', consistent with the experimental values of 0.74 A
and 4401 cm™! [45,46]. In the case of the Au-H systems the
atomic coordinates in the device region are relaxed until the

atomic forces are smaller than 0.01eV Afl, and a cutoff of
800 Ry for the real-space grid integration is employed to reduce
the so-called egg-box effect [41].

SMEAGOL is a practical implementation of the NEGF+DFT
approach, which employs SIESTA as the DFT platform [38—40].
The unit cell of the extended molecule comprises the H atoms,
some Au atoms with low coordination, and 11 Au(100) or
ten Au(111) atomic layers with a (3 x 3) in-plane supercell.
We always consider periodic boundary conditions in the plane
transverse to the transport. The total transmission coefficient
T(E) of the junction is evaluated as

T(E) = / T(k; E)dk, (1
2DBZ

2DBZ

where Q,ppz is the area of the two-dimensional Brillouin
zone (2DBZ) in the transverse directions. The k-dependent
transmission coefficient 7' (k; E) is obtained as

T(k; E) = Te[[ . GR TG R, @)

where G,’f,, is the retarded Green’s function matrix of the
extended molecule and I'z () is the broadening function matrix
describing the interaction of the extended molecule with the
left (right) electrode. Here, we calculate the transmission
coefficient by sampling 3 x 3 k points in the transverse 2DBZ.
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III. RESULTS AND DISCUSSION

Since Csonka et al. attributed the observed periodic struc-
ture in the conductance trace to the pulling of gold monatomic
chains incorporating a hydrogen molecule [14], we start our
studies by investigating the effects of molecular hydrogen
absorption, paying particular attention to the modifications
of the low-bias conductance and of the vibrational frequencies
at different stretching states of the wire. Figure 1(a) shows
a symmetric model of the Au-H-Au junction, in which
one hydrogen molecule is incorporated in the center of a
four-atom-long gold monatomic chain connected to two (100)-
oriented gold electrodes through one pyramidal base at each
side. The electrode separation L is the distance between the
outermost surface layers of the two gold electrodes, and in our
calculations we elongate the junction through small increments
of AL = 0.2A. Ateach step we relax the positions of the two
H atoms and of the gold atoms both in the wire and in the
pyramidal bases, while we keep the gold atoms belonging to
the electrodes fixed. The transmission coefficient at the Fermi
energy, Er, and some typical bond lengths in the junction as a
function of the electrode separation L are respectively shown
in Figs. 1(b) and 1(c). As we can see, the presence of the
H; molecule reduces the conductance of the gold monatomic
chain from the perfect transmission of a single channel to a
partial transmitted regime with a conductance value of 0.74G,
at L = 17.82A. Increasing the electrode separation leads to a
dramatic monotonic drop in the junction conductance [20].
Concomitantly, the bond length of the hydrogen molecule
dui—mo contracts from 0.87 Aat L =17.82A to 0.77 A at
L =18.62 A whereas the distance dau-p1 between the Au
atom adjacent to H (Au2) and the H (H1) atom increases from
1.87 A to 2.32 A. Since the bond length day1.ay between
the Aul atom and the one next to it (the Au2 atom) remains
constant at 2.65 A, we find that the coupling between the
H; molecule and the gold nanowire is continuously weakened
following the elongation of the Au-H,-Au junction. This is also
the precise reason for the continuous reduction of the low-bias
junction conductance, which is dominated by the electronic
coupling between the H 1s and the Au 6s atomic orbitals.
Because dy;_p» stays constantly at 0.77 A (noting that the
H-H bond length in an isolated hydrogen molecule is 0.75 A)
and day g1 still increases when further increasing the electrode
separation, we can deduce that the Au-H,-Au junction breaks
at the Au-H interface [24] and the interaction between the H;
molecule and the gold nanowire is not strong enough to pull
out a monatomic gold chain from the gold electrode. As such,
this structure cannot be responsible for the observation of the
periodic behavior of the conductance curve upon stretching. It
should be noted that due to its symmetric atomic arrangement,
the Au-H;-Au junction shown in Fig. 1(a) can break at either
the Au2-H1 bond or the Au3-H2 one depending on the details
of the relaxation process.

In addition to the electronic transport properties, we have
also analyzed the dependence of the vibration spectrum of the
Au-H;-Au junction on the electrode separation [Fig. 1(d)]. The
dynamical properties of the H, molecule can be characterized
by four types of vibration modes: the longitudinal stretching
mode, the longitudinal translation mode in which the center of
mass of the H, molecule vibrates along the transport direction,
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FIG. 1. (a) The optimized atomic structure of the symmetric
Au-H,-Au junction with (100)-oriented gold electrodes and one
single H, molecule incorporated at the center of a four-atom-long
gold monatomic chain. The electrode separation is L = 18.02 Aand
the red arrow indicates the rupture point. The transmission coefficient
at the Fermi level (b), some typical bond distances (c), and the
vibrational energies of the transverse rotation and translation modes
of the H, molecule (d) as a function of the electrode separation. The
green dashed line indicates the breaking electrode separation.
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the double-degenerate transverse rotation mode (R) in which
the angle between the H-H bond and the transport direction vi-
brates, and the double-degenerate transverse translation mode
(7) in which the center of mass of the H, molecule vibrates
along the transverse directions. We calculate these vibration
modes using the frozen phonon method at each stretching step.
Since the vibrational energies of the longitudinal stretching
and translation modes are around several hundreds of meV,
the observed vibration modes of gold contacts in hydrogen
environment can only be attributed to the transverse rotation
and translation modes of the incorporated H, molecule. The
calculated vibration energies of the transverse rotation and
translation modes are found respectively in the 60-70 meV
and 20-30 meV range, i.e., they are either higher or lower than
the peak experimentally found at 33 meV. Thus, the vibrational
analysis of the Au-H,-Au junction does not provide a strong
support to the conjecture that molecular hydrogen dominates
the properties of gold contacts in a hydrogen environment.
It should be pointed out that the position of the incorporated
H; molecule in the gold monatomic chain has no significant
effects on the electronic transport properties and the vibration
spectrum of the Au-H;-Au junction. As shown in Fig. S1 in
the Supplemental Material [47], shifting the position of the
H; molecule from the center to one end of the four-atom-long
gold nanowire only influences marginally the low-bias junction
conductance and the vibration energies of the transverse
rotation and translation modes.

Next we investigate the electronic transport and the vi-
brational properties of gold junctions incorporating a single
hydrogen atom. As shown in Fig. 2(a), we construct a
symmetric model for an Au-H-Au junction in which a single H
atom is inserted in the center of a four-atom-long gold chain.
In contrast to the case of Au-H,-Au in which the low-bias
conductance shows a steep drop following the increase of the
electrode separation, a flat plateau with a conductance value of
0.8Gy arises in the elongation process of the Au-H-Au junction
[see Fig. 2(b)]. This originates from the strong electronic
coupling between the H 1s and the Au 6s orbitals, resulting in a
nearly perfect conducting channel around the Fermi level [20].
Due to the flexibility of the Au-H bonds, the hydrogen impurity
can locate at one side of the gold monatomic chain with the
Au-H-Au bond angle o = 122° when the gold nanowire is
in a compressed state (L = 16.65 A). For larger electrode
separation, the hydrogen impurity moves into the center of
the two adjacent Au atoms with the bond angle « approaching
180°. In the chain the Au-H bond is more robust than the
Au-Au one, and thus the Au-H-Au bond distance can stretch
up to 3.76 A before the rupture of the junction, which occurs
for an Aul-Au2 (Au3-Au4) separation of 3 A. This is in good
agreement with previous studies [5,8]. At variance with the
previous case of molecular hydrogen, a single H atom inserted
in the gold nanowire has only three translation modes. The
two transverse translation modes vibrating in the directions
perpendicular to and parallel with the plane accommodating
H and its two adjacent Au atoms are respectively labeled as
T1 and T2, and they become degenerate when the hydrogen
atom is located along the axis of the gold chain. The
vibrational energies of these two transverse translation modes
are calculated to be in the 20-55 meV range even for the
rather long electrode separation before the junction rupture.
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FIG. 2. (a) The optimized atomic structure of the symmetric Au-
H-Au junction with (100)-oriented gold electrodes and one single H
atom incorporated at the center of a four-atom-long gold monatomic
chain. The electrode separation is L = 16.05 A and the red arrow
indicates the rupture point. The transmission coefficient at the Fermi
level (b), some typical bond distances and bond angle (c), and the
vibrational energies of the two transverse translation modes of the H
atom (d) as a function of the electrode separation.

Similar results are also obtained when the single H atom is
located at one end of the four-atom-long gold monatomic chain
(see Fig. S2 in the Supplemental Material) [47]. Although the
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distribution of the vibrational energies observed in experiments
has been reproduced by the Au-H-Au junctions, the high
calculated conductance values of 0.7 — 0.8G contradict the
low measured ones. Thus, gold contacts incorporating a single
atomic H are still not appropriate to describe in full the
experiments.

It has been shown that stretched gold nanowires are
exceptional catalysts due to the upshift of the d bands
produced by the reduced coordination and the applied
strain [23,24]. In fact, H, molecules are predicted to dissociate
over a free suspended gold nanowire with a small activation
barrier of 0.1 eV [19,22,25]. Noticing that the zero-point
energy of H, molecules is ~0.25 eV, it is easy to realize
that H, molecules can dissociate on a gold monatomic
chain, thus forming an Au-H-Au-H-Au double-bridge
structure. For example, Zanchet et al. have shown that H,
can dissociate into such double-bridge geometry by analyzing
the minimum-energy path of a hydrogen molecule impinging
on a four-atom gold wire [25]. We then investigate the
electronic transport properties and the vibration spectrum of
the Au-H-Au-H-Au double-bridge structure. Such a junction
model composed of a four-atom-long gold monatomic chain
and two single hydrogen atoms adsorbed at two consecutive
bridge sites is shown in Fig. 3(a). The junction geometry
and the corresponding low-bias conductance depend on the
electrode separation. As can be seen from Figs. 3(b) and 3(c),
during the initial stretching stage for electrode separations
of 16.45 A < L < 18.05 A the two distances daul-HI-Aw2
and daw m2-Au3 increase constantly and the two bond angles
#Aul-H1-Au2 and 2£Au2-H2-Au3 are enlarged from 108°
to 180°, whereas the bond length day3 a4 remains almost
unchanged. As such, upon stretching the two adsorbed H atoms
gradually move into the four-atom-long gold monatomic chain
forming a coaxial structure. At the same time, the low-bias
junction conductance increases from 0.14Gy at L = 16.45 A
to 0.27Gy at L = 17.65A, showing a pronounced positive
slope with the junction elongation. After the two H atoms and
the four Au ones become aligned in a straight line, further
stretching produces the Au3-Au4 bond to elongate together
with the two distances dayi-g1-au2 and daw-H2-Aw3- Finally the
chain breaks at the Au3-Au4 bond [9]. During such structural
modifications of the junction, the low-bias conductance
shows a flat plateau near 0.26Gy, in good agreement with the
measured value of 0.25G [14]. Notably, the four-atom-long
gold monatomic chain incorporating two single hydrogen
atoms can sustain an elongation of about 2.8 A. Thus,
the shape, length, and the plateau value of the calculated
conductance curve all reproduce well the experimental results
obtained by Csonka et al. [14].

The vibrational analysis of this junction model is sum-
marized in Fig. 3(d). Since the energies of the vibration
modes related to the Au atoms are less than 20 meV due
to the heavier mass of gold, only the motion of the two H
atoms can possibly provide vibrational energies larger than
20 meV. Bearing a resemblance to the H, molecule, the
dynamical properties of the two adsorbed H atoms can be
characterized by two transverse translation modes (71,72)
and two transverse rotation modes (R1,R2). In the 71 and
R1 modes, the two hydrogen atoms vibrate in the direction
perpendicular to the plane constituted by themselves and
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FIG. 3. (a) The optimized atomic structure of the gold nano-
junction with (100)-oriented gold electrodes and the Au-H-Au-H-Au
double-bridge structure forming on a four-atom-long gold monatomic
chain. The electrode separation is L = 16.85A and the red arrow
indicates the rupture point. The transmission coefficient at the Fermi
level (b), some typical bond distances and bond angles (c), and the
vibrational energies of the transverse rotation and translation modes
of the two H atoms (d) as a function of the electrode separation.

the gold chain. In contrast, in the 72 and R2 modes they
vibrate parallel to the same plane and perpendicular to the
axis of the gold chain. It should be noted that the 72 and R2
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modes have vibrational energies around hundreds of meV for
electrode separations 16.45 A <L <18.05 A. We attribute this
observation to the bending of the two Au-H-Au bond angles
for which far more energy is needed for the hydrogen atoms
to squeeze the adjacent Au atoms. However, the 71 and 72
modes as well as the R1 and R2 ones become degenerate as
the two H atoms line up along the axis of the gold chain.
As we can see, in most of the stretching process there is at
least one vibration mode whose vibrational energy is in the
20-55 meV range, consistent with the reported experimental
results [15]. Since both the calculated conductance curve
and the distribution of the vibrational energies reproduce
excellently the experimental results, our calculations strongly
support the idea that molecular hydrogen dissociates when
adsorbed on stretched gold monatomic chains. Furthermore,
the Au-H-Au-H-Au double-bridge structure is the atomic ar-
rangement that describes the experiments in a more consistent
way than those with molecular or single atomic hydrogen.

It has been shown that the conductance of clean monatomic
gold wires can vary significantly depending on the wire stretch-
ing and the number of incorporated atoms [48]. Therefore, in
order to verify whether the number of the suspended gold
atoms in the gold nanowire affects the electronic transport
and vibrational properties of the double-bridge structure, we
have also considered three-atom-long and five-atom-long gold
monatomic chains adsorbed with two hydrogen atoms on
consecutive bridge sites (Figs. S3 and S4 in the Supplemental
Material) [47]. Our calculations show that both the conduc-
tance curve and the distribution of the vibration energies for
these two new junctions are almost identical to those shown
in Figs. 3(b) and 3(d) except that the conductance plateau
is a little shorter for the three-atom-long gold chain. This
weak length dependence was also observed in experiment [14].
Therefore we propose here a junction model to interpret the
origin of the well-defined periodic behavior of the measured
conductance curve (Fig. 4). Our model is basically similar
to that given in Fig. 9 of Ref. [14]; the most significant
difference is the replacement of the H, molecule with two
single hydrogen atoms. As a gold nanocontact is pulled apart,
a gold monatomic chain is formed between the two gold
electrodes. When one hydrogen molecule adsorbs on the
three-atom-long gold chain, it dissolves into two hydrogen
atoms forming the Au-H-Au-H-Au double-bridge structure
and also reduces the junction conductance from about 1G to
a small value of ~0.1G. Then, when the electrode separation
further increases, the two hydrogen atoms move towards the
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FIG. 4. The junction model proposed for the interpretation of the
observed periodic structure with positive slope in the conductance
curves of gold nanocontacts in hydrogen environment.
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the junction model shown in Fig. 3(a) at the electrode separation
L=1685A.

axis of the gold chain and the junction conductance gets
larger. After these two H atoms align along the chain axis,
the conductance curve exhibits a plateau. Due to the strong
Au-H bonding, more gold atoms can be pulled into the chain
during the stretching process. Once a new gold atom from the
electrode is added into the chain, the two hydrogen atoms go
back to the bridge sites with smaller conductance and a new
cycle starts again until the junction finally ruptures (see Fig. 4).

A deep understanding of the particular conductance curve
of the double-bridge structures can be obtained by comparing
the transmission spectra and the local density of states (LDOS)
projected onto the atomic orbitals of the hydrogen and gold
atoms in the constriction. Figure 5(a) presents the equilibrium
transmission spectrum of the junction model shown in Fig. 3(a)
at the electrode separation of L = 16.85 A. A noticeable
transmission peak appears at 1.43 eV below Ep with its tail
extending above Er. By comparing the LDOS of the Aul, H1,
Au2, H2, and Au3 atoms in the junction, we can find that the
transmission around Ey is mainly due to the H 1s and Au 6s
atomic orbitals. This is also corroborated by the eigenchannel
analysis [49,50], which clearly shows that around the Fermi
level there is only one conducting channel dominated by the
H 1s and Au 6s atomic orbitals (Fig. S5 in the Supplemental
Material) [47]. As the junction is stretched, this transmission
peak moves to higher energies; the transmission coefficient
at Er increases at the initial stages and then remains almost
constant (Fig. 6). This is a cooperative result determined by
the complex interaction among the hydrogen and gold atoms
in the constriction. When the two H atoms are located at the
bridge sites, the shape of the transmission spectra around Ef
is more similar to that of the LDOS of the Au3 6s atomic
orbital; in contrast, after the two H atoms enter the gold
chain the shape of the transmission spectra is more similar
to that of the LDOS of the Aul 6s atomic orbital. Therefore,
the occurrence of the well-defined periodic structure with a
pronounced positive slope in the low-bias conductance region
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FIG. 6. The equilibrium transmission spectra (a) and the LDOS
projected onto the 6s atomic orbitals of the Au3 atom (b) and the
Aul atom (c) in the junction model shown in Fig. 3(a) at the different
electrode separations, which are labeled in Fig. 3(b).

should be ascribed to the specific electronic interactions in the
double-bridge structures.

It has been shown that the electrode orientation signifi-
cantly affects the calculated transport properties of molecular
junctions [51,52]. Therefore, we have also investigated the
low-bias conductance and the vibration spectrum of the
Au-H-Au-H-Au double-bridge structure connected to two
(111)-oriented Au electrodes (Fig. 7). Similarly to the cases of
the Au(100) electrodes, as the junction is stretched the low-bias
conductance increases initially and then remains at 0.23G,,
further supporting the conclusion that the experimentally
observed periodic behavior of the conductance curve of gold
contacts in hydrogen environment can be assigned to the gold
monatomic chains adsorbed with two hydrogen atoms forming
the double-bridge structure. Some of the calculated vibrational
energies are also in the 20-55 meV range, showing a very
weak dependence on the electrode orientation.
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FIG. 7. (a) The optimized atomic structure of the gold nanojunc-
tion with the (111)-oriented gold electrodes and the Au-H-Au-H-Au
double-bridge structure forming on a four-atom-long gold monatomic
chain, the electrode separation L = 18.23 A and the red arrow
indicating the rupture point; the transmission coefficient at the Fermi
level (b) and the vibrational energies of the transverse rotation and
translation modes of the two H atoms (c) as a function of the electrode
separation.
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IV. CONCLUSION

In this study we have investigated the atomic structure,
vibrational and electronic transport properties of gold atomic
junctions doped with molecular and atomic hydrogen employ-
ing the NEGF+-DFT approach. Our calculations show that gold
nanocontacts incorporating a single H, molecule or a single H
atom cannot produce conductance curves consistent with those
observed in experiments for gold atomic junctions in hydrogen
environment. In contrast, when one H, molecule adsorbed
on a stretched gold monatomic chain dissociates into two H
atoms and forms the Au-H-Au-H-Au double-bridge structure,
the calculated conductance curve presents a pronounced
increase in the initial stretching process and then exhibits
a plateau with a conductance of 0.26G, until the rupture
of the chain. Since this specific conductance behavior has
been obtained for gold junctions with gold monatomic chains
composed of three, four, and five atoms, we can construct
a junction model with the Au-H-Au-H-Au double-bridge
structure formed on length-varied gold monatomic chains to
interpret the observed periodic structure with positive slope in
the low-conductance region. Furthermore, one or more of the
transverse translation and rotation modes of the two H atoms
in the Au-H-Au-H-Au double-bridge structure have vibration
energies in the 20-55 meV range, in good agreement with the
experimental values. Therefore, the Au-H-Au-H-Au double-
bridge structure is the more preferred atomic configuration
for gold junctions formed in hydrogen environment. These
findings not only provide an explanation for the observed
vibrational and electronic transport properties of gold atomic
junctions in hydrogen environment but also demonstrate the
applications of gold monatomic chains as chemical sensors and
catalysts.
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