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Stretching dependence of the vibration modes of a single-molecule Pt-H2-Pt bridge
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A conducting bridge of a single hydrogen molecule between Pt electrodes is formed in a break junction
experiment. It has a conductance near the quantum unit,G0=2e2/h, carried by a single channel. Using
point-contact spectroscopy three vibration modes are observed and their variation upon isotope substitution is
obtained. The stretching dependence for each of the modes allows uniquely classifying them as longitudinal or
transversal modes. The interpretation of the experiment in terms of a Pt-H2-Pt bridge is verified by density-
functional theory calculations for the stability, vibrational modes, and conductance of the structure.

DOI: 10.1103/PhysRevB.71.161402 PACS numberssd: 73.63.Rt, 63.22.1m, 73.23.2b, 85.65.1h

There is beauty and power in the idea of constructing
electronic devices using individual organic molecules as ac-
tive elements. Although the concept was proposed as early as
1974 sRef. 1d only recently are experiments aimed at con-
tacting individual organic molecules being reported2–11 and
devices being tested.12,13 The first results raised high expec-
tations, but quickly problems showed up, including as large
discrepancies between the current-voltage characteristics ob-
tained by different experimental groups, and large discrepan-
cies between experiments and theory. The main tools that
have been applied in contacting single molecules are scan-
ning tunneling microscopesor conducting tip atomic force
microscoped and break junction devices. Often it is difficult
to show that the characteristics are due to the presence of a
molecule, or that only a single molecule has been contacted.
There has been important progress in analysis and reproduc-
ibility of some experiments,4,5,8–11but in comparing the data
with theory many uncertainties remain regarding the con-
figuration of the organic molecule and the nature of the
molecule-metal interface. The organic molecules selected for
these studies are usually composed of several carbohydride
rings and are anchored to gold metal leads by sulphur
groups. In view of the difficulties connected with these larger
molecules it seems natural to step back and focus on even
simpler systems.

Here we concentrate on the simplest molecule, H2, an-
chored between platinum metal leads using mechanically
controllable break junctions. Experiments on this system14

showed that the conductance of a single hydrogen molecule
between Pt leads is slightly below 1G0, whereG0=2e2/h is
the conductance quantum. A vibration mode near 65 meV
was observed and interpreted as the longitudinal center-of-
masssCMd mode of the molecule. These results have in-
spired further calculations on this problem using density-
functional theorysDFTd methods.15,16 Cuevaset al.15 find a
conductance around 0.9G0, in agreement with the DFT cal-
culations presented in Ref. 14. In contrast, Garcíaet al.16

obtain a conductance of onlys0.2−0.5dG0 for the in-line
configuration of the hydrogen molecule. Instead, they pro-
pose an alternative configuration with hydrogen atoms sitting
above and below a PtuPt atomic contact.

In this Communication we combine experimental results
with DFT calculations to show that the configuration pro-
posed in Ref. 14 is correct, yet the observed vibration mode
was incorrectly attributed. In contrast, the present experiment
resolves three vibration modes that can be classified as lon-
gitudinal or transverse modes based on the observed shifts
with stretching of the contacts. The comparison with the cal-
culations is nearly quantitative and the large number of ex-
perimentally observed parameterssthe number of vibration
modes, their stretching dependence and isotope shifts, the
conductance and the number of conductance channelsd puts
stringent constraints on any possible interpretation.

The measurements have been performed using the me-
chanically controllable break junction technique.17,18A small
notch is cut at the middle of a Pt wire to fix the breaking
point. The wires used are 100mm in diameter, about 1 cm
long, and have a purity of 99.999 99%. The wire is glued on
top of a bending beam and mounted in a three-point bending
configuration inside a vacuum chamber. Once under vacuum
and cooled to 4.2 K the wire is broken by mechanical bend-
ing of the substrate. Clean fracture surfaces are exposed and
remain clean for days in the cryogenic vacuum. The bending
can be relaxed to form atomic-sized contacts between the
wire ends using a piezoelement for fine adjustment.

After admitting a small amounts,3 mmold of molecular
H2 s99.999%d in the sample chamber and waiting some time
for the gas to diffuse to the cold end of the insert, a sudden
change is observed in the conductance of the last contact
before breaking. The typical value ofs1.6±0.4dG0 for a
single-atom Pt contact is replaced by a frequently observed
plateau near 1G0 that has been attributed in Ref. 14 to the
formation of a Pt-H2-Pt bridge. By increasing the bias volt-
age above 300 mV we recover the pure Pt conductance. But
as soon as the bias voltage is decreased the H2-induced pla-
teaus at 1G0 reappear. We interpret this as desorption of hy-
drogen due to joule heating of the contacts. For biases below
100 mV, the Pt-H2-Pt bridge can be stable for hours.

At the 1G0-conductance plateaus we take differential con-
ductancesdI /dVd spectra in order to determine the inelastic
scattering energies. By repeatedly breaking the contacts,
joining them again to a large contact, and pulling until
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arriving at a plateau near 1G0, we obtain a large data set
for many independent contacts. The experiments were
repeated for more than five independent experimental runs,
and for the isotopes HDs96%d and D2 s99.7%d. Figure 1
displays a spectrum taken for D2 showing a sharp drop in
the differential conductance by 1%–2% symmetrically at
±50 meV. Such signals are characteristic for point-contact
spectroscopy,20 which was first applied to single-atom con-
tacts in Ref. 21. The principle of this spectroscopy is simple:
when the difference in chemical potential between left- and
right-moving electrons, eV, exceeds the energy of a vibration
mode,"v, backscattering associated with the emission of a
vibration becomes possible, giving rise to a drop in the con-
ductance. This can be seen as a dipspeakd in the second
derivative d2I /dV2 at positive snegatived voltages, as in
Fig. 1.

Some contacts can be stretched over a considerable dis-
tance, in which case we observe anincreaseof the vibration
mode energy with stretching. This observation suffices to
invalidate the original interpretation14 of this mode as the
longitudinal CM mode. Indeed, our DFT calculations show
that the stretching mainly affects the Pt-H bond which is
elongated and weakened resulting in a drop in the frequency
of the H2 longitudinal CM mode. An increase can be ob-
tained only for a transverse mode which, like a guitar string,
obtains a higher pitch at higher string tension due to the
increased restoring force.

On many occasions we observe two modes in thedI /dV
spectra,ssee the inset of Fig. 1d. The relative amplitude of
the two modes varies: some spectra show only the lower
mode, some only the higher one. All frequencies observed in
a large number of experiments are collected in the histo-
grams shown in Fig. 2. With a much larger data set compared
to Ref. 14 we are now able to resolve two peaks in the

distribution for H2 corresponding to the two modes seen in
the inset of Fig. 1. The peaks are expected to shift with the
massm of the isotopes asv~Î1/m. This agrees with the
observations, as shown by the scaled position of the hydro-
gen peaks marked by arrows above the distributions for D2
and HD. Note that the distribution for HD proves that the
vibration modes belong to a molecule and not to an atom,
since the latter would have produced a mixture of the H2 and
D2 distributions. In the case of D2 we observe a third peak in
the distribution at 86–92 meV. For the other isotopes this
mode falls outside our experimentally accessible window of
about ±100 meV, above which the contacts are destabilized
by the large current. Figure 3 shows the dependence of this
mode upon stretching of the junction. In contrast to the two
low-frequency modes this mode shifts down with stretching,
suggesting that this could be the longitudinal CM mode that
was previously attributed to the low-frequency modes.14

In order to test the interpretation of the experiment in
terms of a Pt-H2-Pt bridge we have performed extensive
DFT calculations using the plane-wave-based pseudopoten-
tial codeDACAPO.22,23 The molecular contact is described in
a supercell containing the hydrogen atoms and two 4-atom Pt
pyramids attached to a Pts111d slab containing four atomic
layersssee inset of Fig. 4, Ref. 24d. In the total-energy cal-
culations both the hydrogen atoms and the Pt pyramids were
relaxed while the remaining Pt atoms were held fixed in the
bulk structure. The vibration frequencies were obtained by
diagonalizing the Hessian matrix for the two hydrogen at-
oms. The Hessian matrix is defined by]2E0/ s]ũna]ũmbd,

FIG. 1. Differential conductance curve for D2 contacted by Pt
leads. ThedI /dV curve stopd was recorded over 1 min, using a
standard lock-in technique with a voltage bias modulation of 1 meV
at a frequency of 700 Hz. The lower curve shows the numerically
obtained derivative. The spectrum for H2 in the inset shows two
phonon energies, at 48 and 62 meV. All spectra show some, usually
weak, anomalies near zero bias that can be partly due to excitation
of modes in the Pt leads, partly due to two-level systems near the
contactsRef. 19d. FIG. 2. Distribution of vibration mode energies observed for H2,

HD, and D2 between Pt electrodes, with a bin size of 2 meV. The
peaks in the distribution for H2 are marked by arrows and their
widths by error margins. These positions and widths were scaled by
the expected isotope shifts,Î2/3 for HD andÎ1/2 for D2, from
which the arrows and margins in the upper two panels have been
obtained.
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whereE0 is the ground-state potential-energy surface andũna

is the displacement of atomn in directiona multiplied by the
mass factorÎMn. In calculating the vibration modes all Pt
atoms were kept fixed, which is justified by the large differ-
ence in mass between H and Pt. The conductance is calcu-
lated from the Meir-Wingreen formula27 using a basis of
partly occupied Wannier functions,28 representing the leads
as bulk Pt crystals.

In order to simulate the stretching process of the experi-
ment we have calculated contacts for various lengths of the
supercell. The bridge configuration is stable over a large dis-
tance range with the binding energy of the H2 molecule vary-
ing from −0.92 to −0.47 eV, relative to gas phase H2 and a
broken Pt contact, over the range of stretching considered
here. The H-H bond length stays close to 1.0 Å during the
first stages of the stretching upon which it retracts and ap-
proaches the value of the free molecule. The hydrogen thus
retains its molecular form and the elongation mainly affects
the weaker Pt-H bond. For smaller electrode separations a
structure with two hydrogen atoms adsorbed on the side of a
Pt-Pt atomic contact becomes the preferred geometry, as also
found by Garcíaet al.16 However, we find that the latter
structure has a conductance of 1.5G0, well above 1G0. More-
over, this structure has at least three conduction channels
with significant transmission, which excludes it as a candi-
date structure based on the analysis of conductance fluctua-
tions in Refs. 14 and 29, which find a single channel only. In
view of the activity of the Pt surface towards catalyzing hy-
drogen dissociation one would have anticipated a preference
for junctions of hydrogen in atomic form. However, we find
that the bonding energy of H compared to that of H2 strongly
depends on the metal coordination number of the Pt atom.
For metal coordination numbers smaller than 7, bonding to
molecular hydrogen is favored, the bond being strongest for
fivefold-coordinated Pt.

The calculations identify the six vibrational modes of the
hydrogen molecule. For moderate stretching, two pairwise-
degenerate modes are lowest in frequency. The lowest one
corresponds to translation of the molecule transverse to the
transport direction while the other one is a hindered rotation

mode. The two modes are characterized by increasing fre-
quencies as a function of stretch of the contact. At higher
energies we find the two longitudinal modes: first the CM
mode and then the internal vibration of the molecule. These
two modes become softer during stretching up to Pt-H bond
lengths of about 1.9 Å. Beyond this point the Pt-H bond
begins to break and the internal vibration mode approaches
the one of the free molecule.

The variation of the frequencies of the lowest-lying hy-
drogen modes with stretching is thus in qualitative agree-
ment with the experiments, a strong indication that the sug-
gested structure is indeed correct. The agreement is even
semiquantitative: If we focus on displacements in the range
1.7–2.0 Å ssee Fig. 4d the calculated conductance does not
deviate significantly from the experimentally determined
value close to 1G0. In this regime the three lowest calculated
frequencies are in the range 30–42, 64–92, and 123–
169 meV. The two lowest modes can be directly compared
with the experimentally determined peaks at 54 and 72 meV
observed for H2, while a mass rescaling of the D2 result for
the highest mode gives approximately 126 meV.

The second peak in the HD distribution in Fig. 2 is some-
what above the position obtained by scaling the H2 peak by
Î3/2. The transverse translation mode and the hindered ro-
tation mode are decoupled when the two atoms of the mol-
ecule have the same mass. In the case of HD they couple and
the simple factor does not hold. Having identified the char-
acter of these modes a proper rescaling of the experimentally
determined H2 frequenciess54 and 72 meVd to the case of
HD leads to the frequencies 42 and 66 meV, in very good
agreement with the peaks observed for HD.

Even though there is good agreement with the calculated
signs of the frequency shifts with stretching for the various
modes, there is a clear discrepancy in magnitudes. Consider-
ing, e.g., the high-lying mode for D2, the measured shift of
the mode is of the order 15 meV/Å, which is almost an order
of magnitude smaller than the calculated variation of around
130 meV/Å. However, experimentally the distances are con-
trolled quite far from the molecular junction and the elastic
response of the electrode regions have to be taken into ac-
count. Simulations of atomic chain formation in gold30 dur-

FIG. 4. Calculated vibrational frequencies for the hydrogen at-
oms in the contact as a function of elongation of the supercell. The
inset shows the atomic arrangement in the supercell. The lower
panel shows the calculated conductance.

FIG. 3. dI /dV spectrumstopd for Pt-D2 junctions and their nu-
merical derivativesd2I /dV2 sbottomd. The spectrumsbd was ob-
tained on the same contact assad after stretching the junction by
0.04 nm. They are two spectra out of a series of six and the com-
plete evolution of the two modes is shown in the inset.
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ing contact breaking show that most of the deformation hap-
pens not in the atomic chains but in the nearby electrodes. A
similar effect for the Pt-H2-Pt system will significantly re-
duce the stretch of the molecular bridge compared to the
displacement of the macroscopic electrodes.

The observation of the three vibration modes and their
stretching dependence provides a solid basis for the interpre-
tation. The fourth mode, the internal vibration, could possi-
bly be observed using the isotope tritium. The hydrogen mol-
ecule junction can serve as a benchmark system for
molecular electronics calculations. The experiments should

be gradually expanded towards more complicated systems
and we have already obtained preliminary results for CO and
C2H2 between Pt leads.

We thank M. Suty for assistance in the experiments and
M. van Hemert for many informative discussions. This work
was supported by the Dutch “Stichting FOM,” the Danish
Center for Scientific Computing through Grant No. HDW-
1101-05, the Spanish MCyT under Contract No. MAT-2003-
08109-C02-01 and the Ramón y Cajal program, and the ESF
through the EUROCORES SONS programme.

*Present address: Dpto. de Física Aplicada, Universidad de Ali-
cante, E-03690 Alicante, Spain.

†Present address: Dpto. de Física de la Materia Condensada—C3,
Universidad Autónoma de Madrid, 28049 Madrid, Spain.

‡Email address: ruitenbeek@physics.leidenuniv.nl
1A. Aviram and M. A. Ratner, Chem. Phys. Lett.29, 277 s1974d.
2M. A. Reed, C. Zhou, C. J. Muller, T. P. Burgin, and J. M. Tour,

Science278, 252 s1997d.
3C. Kergueris, J. P. Bourgoin, S. Palacin, D. Esteve, C. Urbina, M.

Magoga, and C. Joachim, Phys. Rev. B59, 12 505s1999d.
4J. Reichert, R. Ochs, D. Beckmann, H. B. Weber, M. Mayor, and

H. von Löhneysen, Phys. Rev. Lett.88, 176804s2002d.
5J. Park, A. N. Pasupathy, J. I. Goldsmith, C. Chang, Y. Yaish, J.

R. Petta, M. Rinkoski, J. P. Sethna, H. D. Abruña, P. L. McEuen,
and D. C. Ralph, NaturesLondond 417, 722 s2002d.

6X. D. Cui, A. Primak, X. Zarate, J. Tomfohr, O. F. Sankey, A. L.
Moore, T. A. Moore, D. Gust, L. A. Nagahara, and S. M. Lind-
say, J. Phys. Chem. B106, 8609s2002d.

7L. A. Bumm, J. J. Arnold, M. T. Cygan, T. D. Dunbar, T. P.
Burgin, L. Jones, II, D. L. Allara, J. M. Tour, and P. S. Weiss,
Science271, 1705s1996d.

8Wenjie Liang, Matthew P. Shores, Marc Bockrath, Jeffrey R.
Long, and Hongkun Park, NaturesLondond 417, 725 s2002d.

9S. Kubatkin, A. Danilov, M. Hjort, J. Cornil, J. L. Brédas, N.
Stuhr-Hansen, P. Hedegård, and T. Bjørnholm, NaturesLondond
425, 698 s2003d.

10B. Xu and N. J. Tao, Science301, 1221s2003d.
11Y. V. Kervennic, J. M. Thijssen, D. Vanmaekelbergh, C. A. van

Walree, L. W. Jenneskens, and H. S. J. van der Zantsunpub-
lishedd.

12Y. Luo, C. P. Collier, J. O. Jeppesen, K. A. Nielsen, E. DeIonno,
G. Ho, J. Perkins, H.-R. Tseng, T. Yamamoto, J. F. Stoddart, and
J. R. Heath, ChemPhysChem3, 519 s2002d.

13C. P. Collier, E. W. Wong, M. Belohradsky, F. M. Raymo, J. F.
Stoddart, P. J. Kuekes, R. S. Williams, and J. R. Heath, Science
285, 391 s1999d.

14R. H. M. Smit, Y. Noat, C. Untiedt, N. D. Lang, M. C. van
Hemert, and J. M. van Ruitenbeek, NaturesLondond 419, 906

s2002d.
15J. C. Cuevas, J. Heurich, F. Pauly, W. Wenzel, and Gerd Schön,

Nanotechnology14, R29 s2003d.
16Y. Garca, J. J. Palacios, E. SanFabián, J. A. Vergés, A. J. Pérez-

Jiménez, and E. Louis, Phys. Rev. B69, 041402sRd s2004d.
17C. J. Muller, J. M. van Ruitenbeek, and L. J. de Jongh, Physica C

191, 485 s1992d.
18N. Agraït, A. L. Yeyati, and Jan M. van Ruitenbeek, Phys. Rep.

377, 81 s2003d.
19V. I. Kozub and I. O. Kulik, Sov. Phys. JETP64, 1332 s1986d

fZh. Eksp. Teor. Fiz.91, 2243s1986dg.
20A. V. Khotkevich and I. K. Yanson,Atlas of Point Contact Spec-

tra of Electron-Phonon Interactions in MetalssKluwer, Dor-
drecht, 1995d.

21N. Agraït, C. Untiedt, G. Rubio-Bollinger, and S. Vieira, Phys.
Rev. Lett. 88, 216803s2002d.

22S. R. Bahn and K. W. Jacobsen, Comput. Sci. Eng.4, 56 s2002d;
theDACAPO code can be downloaded at http://www.fysik.dtu.dk/
campos

23B. Hammer, L. B. Hansen, and J. K. Nørskov, Phys. Rev. B59,
7413 s1999d.

24The plane wave expansion is cut off at 25 Ry. We use ultrasoft
pseudopotentialssRef. 25d and the exchange correlation func-
tional PW91sRef. 26d. A s1,4,4d Monkhorst pack grid has been
used to sample the Brillouin zone.

25D. Vanderbilt, Phys. Rev. B41, R7892s1990d.
26J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R.

Pederson, D. J. Singh, and C. Fiolhais, Phys. Rev. B46, 6671
s1992d.

27Y. Meir and N. S. Wingreen, Phys. Rev. Lett.68, 2512s1992d.
28K. S. Thygesen and K. W. Jacobsen, Phys. Rev. Lett.94, 026405

s2005d.
29Sz. Csonka, A. Halbritter, G. Mihály, O. I. Shklyarevskii, S.

Speller, and H. van Kempen, Phys. Rev. Lett.93, 016802
s2004d.

30G. Rubio-Bollinger, S. R. Bahn, N. Agraït, K. W. Jacobsen, and
S. Vieira, Phys. Rev. Lett.87, 026101s2001d.

DJUKIC et al. PHYSICAL REVIEW B 71, 161402sRd s2005d

RAPID COMMUNICATIONS

161402-4


