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Contact dependence of the conductance of H, molecular junctions from first principles
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Using a first-principles scattering-state approach, transport properties of molecular hydrogen in Pd and Pt
junctions are computed, revealing a dramatic reduction in conductance when replacing Pt with Pd contacts.
This decrease originates from a change in conduction mechanism, from ballistic transport in Pt junctions to
off-resonance tunneling in Pd junctions. Our findings also indicate that lead atoms in contact with H, are as

important in determining conductance as H, itself.
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I. INTRODUCTION

Recently, there have been several reports of measure-
ments of the conductance of atomic-scale junctions formed
from single atoms, atomic chains, and individual molecules
using mechanically controllable break junctions and scan-
ning probes.'® For most organic molecular junctions where
the molecule binds covalently to the metallic electrodes, the
measured conductances are quite low, typically in the range
1074G,—1072G,, and there is often significant disparity be-
tween measured experimental values and theory.>~!! In con-
trast, for metallic point contacts and atomic chains, reported
conductances are on the order of 1G, significantly higher
values arising from larger coupling between the molecule
and the leads for states near the Fermi level, and there is a
remarkable agreement between theory and experiment.'?!
The disagreement for organic systems may be due in part to
the extreme sensitivity of measured properties to the details
of the metal-molecule contact geometry, an interface difficult
to characterize experimentally and theoretically. Addition-
ally, it is still far from clear whether standard theoretical
frameworks, such as the density functional theory (DFT) as
it is commonly applied, are effective for predicting conduc-
tance in such systems.'”?! On the other hand, the more
strongly coupled metallic point contacts are apparently in a
regime where correlation effects are relatively less important,
which would account for the good agreement between calcu-
lated conductances with experiment.

One might expect a fairly small conductance from junc-
tions with a closed-shell molecule such as H,, similar to that
of organic molecule junctions, but the measured conduc-
tances for this “simple” molecule are reported to be surpris-
ingly high, on the order of a conductance quantum, and agree
reasonably well with theoretical results.?>"?® Smit et al. mea-
sured the conductance of a Pt break junction in a H, atmo-
sphere at 4 K, and obtained a differential conductance of
about one quantum unit, Gy=2¢?/h at low bias. In the same
study, shot-noise measurements suggest that the conductance
is associated with a single channel, and inelastic tunneling
spectra provide evidence that the H, molecule is involved
and arranged in the junction with its bond axis aligned par-
allel to the transport direction, bridging the Pt contacts.”’
Following this experiment and also using break junctions, a
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different group measured the conductance of H, with Pd
leads under similar conditions and reported a conductance
value of only 0.3G,—0.5G,, significantly less than the Pt
case.?® Given the similarity of the two metals, the reduction
in conductance by a factor of 2 or 3 for Pd is surprising; the
result was initially attributed to a drop in density of states
due to a hydrogen doping of the Pd leads.?®

Several recent theoretical calculations have corroborated
the findings of the Pt experiment, giving large values of con-
ductance of order of 0.1Gy—1.0G,.>*%¢ Although two theo-
retical works are consistent with the hypothesis that Pd con-
tacts have a lower conductance, no existing studies have
adequately explained the mechanism for the sensitivity of the
H, junction conductance to the choice of contacts. In this
paper, we compute the transmission spectra and conductance
of a single H, molecule connected to Pt and Pd (111) leads
using an ab initio scattering-state method®® and specifically
examine how the choice of lead (or contact) affects the low-
bias transport properties. We find that changing the contacts
of a H, junction from Pt to Pd results in a significant de-
crease in electronic coupling between the molecule and con-
tact and gives rise to a qualitative change in the conduction
mechanism close to the Fermi level, consistent with the dra-
matic difference in the measured low-bias transport proper-
ties observed in the two cases.

II. METHODOLOGY

Equilibrium geometries in this work are calculated from
first principles using DFT within the local density approxi-
mation (LDA) in a supercell that contains a hydrogen mol-
ecule plus 224 metal atoms.’®3! The SIESTA package and
localized pseudoatomic basis sets are used to obtain the
ground-state properties.’>3* For all structural relaxations,
convergence is achieved by sampling four & points in the
irreducible Brillouin zone of the supercell, while I'-point
sampling is employed for calculations utilizing the
scattering-state formalism described below. We use a double
{ with polarization basis set for the hydrogen atoms, and
double-{ sp orbitals and single-¢ d orbitals for Pd and Pt.*?
The cutoff radii of the basis orbitals are determined by fixing
the energy shift of atomic eigenvalues to 0.005 Ry, and the
sampling of the real-space grid is controlled with an energy
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FIG. 1. (Color online) Model geometry used in conductance
calculations: The H atoms are shown in white, and Pt or Pd atoms
in gold. The interslab distance, H-H atom distance, and tip atom to
hydrogen distance are determined by minimizing the total energy.

cutoff of 200 Ry.3* The electron-ionic core interactions are
represented by norm-conserving pseudopotentials.*

Electron transport properties are obtained using a coher-
ent scattering-state formalism.?*3> The H, molecule is first
relaxed in a symmetric junction, with Pt or Pd leads attached
on either side, and with translational symmetry imposed
along directions parallel to the Pt or Pd surface. The junction
is then partitioned into three regions: left bulk, center scat-
tering region, and right bulk. The center scattering region is
chosen to be sufficiently large so that the Hartree potentials
at the left-center and right-center boundaries smoothly match
those of the bulk. Here, we find three atomic layers on each
side of the junction to be sufficient. Energy-dependent scat-
tering states are constructed on a fine energy grid around the
Fermi energy,”® with incoming and outgoing itinerant and
evanescent states determined from the bulk lead (Pt or Pd)
complex band structure.?*3® Typical energy grid spacings
used in this work are 5 meV. This results in a linear system
of equations at each energy E, which are solved to yield
transmission matrix ¢ with elements ¢,,,(E) for each incoming
channel n and outgoing channel m. The zero-bias conduc-
tance is then computed from the Landauer formula G/G,
=Tr(t'1), where ¢ is evaluated at E.%’

III. RESULTS

We consider a geometry in which the H, molecule, with
its bond along the transport axis, is placed between two me-
tallic pyramid tips, similar to previous works.”>->> The pyra-
mids are connected to planar (111) metallic leads, as shown
in Fig. 1. The central scattering region consists of three slab
layers on either side of the junction, with additional three
slab layers for both the left and right bulk lead regions. This
gives a total of 12 slab layers plus the junction, for a total of
226 atoms inside the simulation supercell.

This choice of junction geometry is motivated by several
factors. First, the vibrational frequencies of H, computed
with this geometry are consistent with inelastic tunneling
spectroscopy peak energies measured in break-junction
experiments.”’ Second, shot-noise measurements suggest
that the conductance is carried by a single channel, consis-
tent with previous calculations for a linear geometry.?3->
Third, the linear geometry is reported to be favored just be-
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FIG. 2. (Color online) Transmission spectra for H, junctions
across planar (a) Pt (111) and (b) Pd (111) leads. Left panels show
transmission spectra obtained from I'-point calculation, and dotted
lines indicate the position of Er. Right panels show a comparison
between transmission spectra obtained with different k-grid
samplings.

fore breaking for junctions under tension.?® In addition, py-
ramidal junction geometries have been observed previously
with transmission electron microscopy and in molecular dy-
namics simulations of nanowire formation.3%3

The determination of our optimized junction geometry
proceeds in two steps. First, the top two layers of an isolated,
six-layer metallic slab with bulklike interatomic distances are
relaxed. We use theoretical lattice constants obtained from
LDA calculations using the basis set described in Sec. II for
bulk leads, 3.83 and 3.88 A for Pd and Pt, respectively. After
relaxing the isolated Pt slab, we observe an increase for the
topmost interlayer spacing, while the corresponding distance
in Pd slabs showed negligible change. Our results are similar
to those obtained in earlier calculations of the (111) surfaces
of these metals.*>*! The junction is then formed by position-
ing the relaxed slabs on either side of atomic pyramids con-
necting a H, molecule. The pyramid atoms and H, are al-
lowed to relax completely at several interslab separations,
from which we select the one with the lowest overall energy
after relaxation.

Following the procedure outlined above, the equilibrium
hydrogen bond lengths within the junction are 0.88 A (Pd
leads) and 0.99 A (Pt leads). Both bond lengths exceed that
of isolated H,, calculated to be 0.76 A within the LDA. This
significant lengthening of the H, bond suggests a strong in-
teraction between the metal tip atom and H,, with the Pt tips
interacting more than Pd. The tip-to-hydrogen distances are
calculated to be 1.71 A with Pd leads and 1.68 A with Pt
leads. Increasing the interslab distance (from equilibrium)
results in H, dissociation for Pt-H, junctions and desorption
for Pd-H, junctions, again consistent with a significantly
stronger lead-molecule coupling in the Pt junctions.

Using the relaxed atomic coordinates of the junction, we
calculate the I'-point zero-bias transmission spectra, and the
results are shown in the left panels of Fig. 2. Interestingly,
the transmission does not exceed unity, the maximum value
expected for a single spin-degenerate channel, over the entire
energy range. For both Pt and Pd junctions, there are sharp
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resonant peaks at energies more than 4 eV below the Fermi
level, a range coincident with the d bands in the metallic
lead. For energies close to and above the Fermi level, there is
an increasing contribution to the conduction from relatively
delocalized s-like lead states, and these give rise to broader
transmission features due to stronger hybridization and larger
overlap with the junction. The Pt spectrum has a conductance
plateau of about 1.0G over a range of several eV around the
Fermi level, and a robust zero-bias conductance value of one
quantum unit, in agreement with the experimentally mea-
sured value and a previous calculation.?* For Pd leads, the
transmission [Fig. 2(b)] differs noticeably from that of the Pt
case near the Fermi level: A resonance peak appears just
below Ep, and the transmission gradually rises from 0.35 at
the Fermi level to 1.0 at 2.0 eV above Ep. The calculated
conductance for H, with Pd leads is 0.35G, appreciably less
than the Pt case but consistent with experimental
conductance.?® As a check of convergence, calculations were
also performed for the 2X?2 and 3 X3 k-mesh samplings
perpendicular to the transport axis. Transmission spectra cal-
culated with a 2 X2 k mesh are qualitatively similar to those
obtained from I'-point calculations, as can be seen in the
right panels of Fig. 2, and the conductance of the Pt junction
remains at 1.0G, while that of the Pd junction increases
slightly from the I point value of 0.35G,—0.42G,,. Increas-
ing the k mesh from 2 X 2 to 3 X 3 increases the conductance
by less than 0.01G,, for both Pt and Pd junctions, indicating
quantitative convergence. These transmission spectra show
that I'-point calculations are sufficient to capture the essen-
tial physics driving transport behavior in these junctions, al-
lowing us to consider only I'-point results in our subsequent
analysis.

To gain further insight, we decompose the incoming lead
states into independent eigenchannels by diagonalizing the
matrix 't, where t=t,,,(E) is an energy-dependent matrix
composed of the transmission coefficients of the scattering-
state wave functions.*? The eigenvectors of 't are the eigen-
channel wave functions, and the contribution of each eigen-
channel to the transmission value at a particular energy is the
corresponding eigenvalue. For both Pt-H, and Pd-H, junc-
tions, we find after diagonalization that a single eigenchannel
dominates the transmission spectrum over a wide range of
energies about the Fermi level.>>*3 This is due to the fact that
the projected density of states (PDOS) on the H, molecule
has a dominant antibonding character near Ef, reducing the
number of junction conduction channels across H, to 1.

IV. DISCUSSION AND ANALYSIS

To understand the difference between the Pt and Pd spec-
tra in Fig. 2, we analyze the transmitting eigenchannel wave
functions (defined to be the eigenchannel with the highest
eigenvalue) at E in real space. Contour plots for both Pt and
Pd junctions are shown in Fig. 3, which show a superposition
of incident, reflected, and transmitted waves.

For the Pd junction, strong reflection is evident at the lead
tip atom, resulting in relatively less weight on the right side
of the junction. For the channel with the only non-negligible
eigenvalue, we observe a near-perfect transmission (i.e., ei-
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FIG. 3. (Color online) Color contour plot of square of conduct-
ing eigenchannel wave function with the highest eigenvalue at Er in
a plane containing the H, molecule for the (a) Pt-H, and (b) Pd-H,
systems, overlaid on a ball-and-stick model of the atomic positions.
Scattering states are incident from the left, and these results are
obtained from I'-point calculations.

genvalue near unity) for the Pt junction but only a partial
transmission for the Pd junctions, consistent with the calcu-
lated conductance in each case. It is important to note that
for the Pd-H, junction, reflection of the incident electron
occurs primarily between the tip atom and pyramid base,
strongly suggesting that the H, molecule is not solely re-
sponsible for the drop in conductance in the Pd case. To
explore this further, we use the Friedel sum rule to relate the
transmission T(E) and scattering phase shift to the partial
density of states of the junction and examine the spatial re-
gion relevant to electron transport for these junctions.** We
find that the phase shifts induced by an “extended molecule,”
a four atom unit that we define to consist of the H, molecule
and its two adjacent metal tip atoms, are sufficient to repro-
duce the transmission spectra at E for both Pt-H, and Pd-H,
junctions,45 while phase shifts from H, alone are not, a result
that suggests that the tip atoms play a significant role in
determining the junction conductance.

In Fig. 4(a), we compare the PDOS of the transmitting
eigenchannel wave function on the extended molecule with
the PDOS in the bulk lead of the Pt-H, system. To better
understand the features observed in the transmission and
how they relate to the PDOS, we consider a simple one-
dimensional tight-binding model of a symmetric single-
channel junction, consisting of two semi-infinite leads
coupled to a single impurity level, as a function of the lead-
impurity coupling (details in the Appendix). For strong lead-
impurity coupling, the impurity state broadens into a feature-
less resonance, except for van Hove singularities at energies
close to the lead band edges. This results in a plateau of unit
transmission and ballistic behavior over an energy range
given by the lead bandwidth. We refer to this situation,
where the PDOS is relatively featureless but the conductance
is unity, as the bandlike regime. As the lead-impurity cou-
pling is reduced, however, the PDOS and transmission spec-
trum due to the impurity resonance will take the form of a
peak with a width proportional to the electronic coupling,
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and we refer to this case as the resonant-tunneling regime.
For the Pt-H, junction, there are peaks visible in the ex-
tended molecule PDOS in Fig. 4(a) at energies —2.3 and
—1.3 eV (relative to the Fermi energy). The —2.3 eV peak
directly corresponds to a feature in the transmission, and it is
absent in the bulk-lead PDOS, indicating that it is derived
from resonant states localized in the junction region. The
—1.3 eV PDOS also has a corresponding feature in the trans-
mission spectrum, but this feature is directly adjacent to and
blends into the broad, bandlike plateau transmission feature
that extends from —1.1 eV to energies above the range of our
transmission spectrum. The onset of the broad transmission
plateau at —1.1 eV is correlated with the peaked feature in
the bulk PDOS at ~-1.1 eV, which is associated with a
band-edge van Hove singularity. For energies above this
band edge, the coupling of the Pt 6s states to the extended
molecule is strong enough to give rise to a plateau in trans-
mission. The Pd-H, junction transmission, in contrast, exhib-
its just two dominant peaks, at —1.7 and —0.7 eV, which are
well aligned with corresponding peaks in the extended mol-
ecule PDOS, indicative of off-resonance tunneling behavior.
Our analysis above suggests a large difference in coupling
strength between the Pt-H, and Pd-H, junctions. To quanti-
tatively investigate this issue, we calculate the hopping pa-
rameter 7;, defined as (i|H|¢), where H is the Hamiltonian,
|i) are basis orbitals on pyramid base atoms adjacent to the
extended molecule, and |¢) is the eigenstate of the extended
molecule dominating conduction close to the Fermi level.
For Pt-H, junctions, we obtain y,=1.05 eV, y, =121 ¢V,
and ydg=0.59 eV, and for Pd-H,, junctions v,=0.39 eV,
')/,,7:0.72 eV, and y,2=0.48 eV. The hopping parameters in

the Pt-H, system are larger than those in the Pd-H, system
for states around Ej, as expected. The reason for a greater
coupling for Pt is that in the extended molecule eigenstate
|@), the Pt tip atoms have more s-orbital weight close to Ep,
whereas the Pd tip atoms possess more d?-orbital character,
which is significantly shorter ranged. The s-like orbital on
the tip atom results in more overlaps with the orbitals in the

metallic contacts, leading to a larger hopping matrix element.
The increased s-orbital character on the Pt tip atoms is con-
sistent with the ground-state electronic configuration of iso-
lated Pt atoms, which is @’s', compared with that in Pd at-
oms given by d'°.

Finally, to illustrate the role of the tip atoms in determin-
ing the junction conductance, we repeat the transmission cal-
culation for the Pd extended molecule connected ro Pt leads;
the results appear in Fig. 5.

Notice that after this replacement, the conductance drops
considerably and the transmission spectrum resembles that of
the Pd system, with localized resonances appearing near Ej.
Similarly, for the case of the Pt extended molecule with Pd
leads, we observe a transmission plateau near E, similar to
the Pt system [Fig. 5(b)]. This clearly demonstrates that the
transmission is dominated by the nature of the extended mol-
ecule in both systems.

"~
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Transmission
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FIG. 5. (Color online) Transmission spectra obtained from
I'-point calculations for Pt extended molecule (black) and Pd ex-
tended molecule (red) across (a) Pt leads and (b) Pd leads.
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FIG. 6. (Color online) Transmission and im-
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V. CONCLUSION

To conclude, we have performed first-principles conduc-
tance calculations on junctions with H, placed between Pt
and Pd pyramid tips connected to planar (111) leads and have
obtained zero-bias conductance values in agreement with
experiment.?’-?® This agreement suggests that correlation ef-
fects, which are believed to contribute to differences between
calculated and measured conductances in many organic mol-
ecules, may play a less important role for H, junctions with
Pt or Pd leads.>”'! We also showed that there is a single-
channel transmission over a wide energy range independent
of the lead chemistry and demonstrated that the nature of
transmission about Ej for Pt-H, and Pd-H, junctions is
dominated by a four atom extended molecule, consisting of
the H, molecule plus two adjacent metal tip atoms. The dra-
matic difference in zero-bias conductances is explained in
terms of a difference in conduction mechanism, arising from
stronger coupling between the contacts and the extended
molecule in the Pt system relative to the Pd one, giving rise
to zero-bias conductances in the ballistic and off-resonant-
tunneling regimes for Pt-H, and Pd-H, junctions, respec-
tively.
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APPENDIX

Our tight-binding model consists of two semi-infinite one-
dimensional leads coupled to a single impurity state. The
lead atoms have a single orbital basis and a nearest-neighbor
coupling strength of f,, while the lead-impurity coupling is
t,. The Hamiltonian is given by

—1 0
+ + + +
H= (— fo D, chici—10> crei —t(che_, + cocl)) +c.c.

i=—% i=1

The following are expressions derived for the transmission
T(E) and projected density of states on the impurity
Pimpuriny(E) as a function of energy (Fig. 6).

B

1—42
11
T(E) = ——>—.,

1+ (a*=-2a)—
415

1 T(E)d?

. . (E) = —_—
ptmpurzr}( ) 47710 \/liEz
4t

where a=t,/t,.
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