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The rotational and vibrational transitions of a hydrogen molecule weakly adsorbed on the Au(110)
surface at 10 K were detected by inelastic electron tunneling spectroscopy with a scanning tunneling
microscope. The energies of the j = 0 to j = 2 rotational transition for para-H, and HD indicate that the
molecule behaves as a three-dimensional rigid rotor trapped within the tunnel junction. An increase in the
bond length of H, was precisely measured from the downshift in the rotational energy as the tip-substrate

distance decreases.
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Rotational and vibrational transitions can reveal struc-
tural and energetic properties of molecules [1,2]. Even
small changes in the distance between atoms or the masses
from isotopic substitution alter the rotational and vibra-
tional transition energies of the molecule. The power of
vibrational and rotational spectroscopies has been demon-
strated in the frequency [3—-5] and time [6,7] domains in the
infrared and microwave. The sensitivity of vibrational
spectroscopy has reached the single bond level by the
detection of the vibrationally inelastic electron tunneling
process using the scanning tunneling microscope (STM)
[8]. However, the detection of rotational transitions in
single molecules remains to be demonstrated.

Hydrogen, the lightest element in the universe, plays a
particularly important role in the development of quantum
mechanics. Exact solutions to the Schrodinger equation
can be obtained for atomic and molecular hydrogen. The
rotational states of the hydrogen molecule can be analyzed
within the rigid rotor model. The smallest mass of hydro-
gen (H) and the large percent difference in mass from its
isotope deuterium (D) yield high and large shifts in ener-
gies for the rotational transitions that facilitate detection.

The detection of the rotational transitions of molecular
hydrogen using the STM requires that the bonding between
molecule and substrate should be sufficiently weak so the
adsorbed molecule behaves like a gas phase molecule, but
the molecule needs to be sufficiently stable for I-V, dI/dV,
and d*I/dV? scanning tunneling spectroscopy (STS). On
noble metal surfaces such as Au(110), molecular hydrogen
is weakly adsorbed at low temperature via van der Waals
(vdW) forces [9,10]. The adsorbed molecules are mobile
and can rapidly migrate one by one in and out of the tip-
surface tunnel junction, on a time scale much shorter than
the imaging time [10,11]. In the tunneling range, the tip-
substrate separation is 6.5 to 7.5 A in our measurement.
At the same time, tunneling occurs just below the tip apex,
and the tunneling current is confined laterally within the
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sub-angstrom range. In such a junction, only a single
hydrogen molecule can be trapped at any given time
[12,13]. Although the spectroscopic signals are the average
over many molecules from the diffusion and trapping
processes, each trapped hydrogen molecule is experiencing
the same environmental coupling given by the tip-subtract
junction, and variations in the configurations and proper-
ties of different molecules are expected to be insignificant.
The trapped hydrogen molecule dramatically increases the
contrast of the STM topographic images, providing new
details of complex surface structures [11,12]. In addition,
as each trapped molecule is separated from other surround-
ing molecules, it maintains the essential properties as an
isolated molecule that exhibits the rotational and vibra-
tional properties of a nearly free molecule trapped within a
nanocavity of tunable dimension.

Here, we demonstrate rotational spectroscopy with the
STM. In the inelastic electron tunneling spectroscopy
(IETS) with the STM, excitations are characterized as
step changes in the dI/dV spectrum at the threshold voltage
corresponding to these excitations. The STM inelastic elec-
tron tunneling spectroscopy of H,, D,, and HD molecules
weakly adsorbed on the Au(110) surface shows a series of
step changes in the dI/dV spectra, which correspond to
rotational and vibrational excitations. In these dI/dV
spectra, j = 0 — 2 rotational excitations of H, and HD
are recorded as an increase in conductance while the v =
0 — 1 vibrational excitations in the adsorption well of
H,, D,, and HD show a decrease in conductance. The
coupling of the rotational motions of the hydrogen molecule
to its environment given by the metallic tip and substrate is
determined by squeezing the tip-substrate separation.

The experiments were performed using a home-built
STM operating at 10 K and a base pressure of 3 X
10~" Torr [14]. The Au(110) surface was cleaned by
cycles of Ne*t sputtering and annealing at 680 K. The
silver tip was electrochemically etched. The clean surface
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at 10 K was dosed either with H,, HD, or D, at 1 X
107! Torr for 5 min. The adsorb molecule can be com-
pletely desorbed by laser illumination at 10 K or raising the
sample temperature to 27 K, allowing repeated measure-
ments without the need for tip and sample preparations.

The diffusion and trapping of a molecule in the tunnel
junction is illustrated in Fig. 1(a). The topographic STM
image [Fig. 1(b)] taken on a hydrogen-free Au(110) sur-
face shows a clear 2 X 1 reconstruction structure. After
dosing H,, D,, or HD, the high resolution image in
Fig. 1(c) reveals single Au atoms on atop sites; the Au
atoms in the troughs remain unresolved. The dI/dV image
[Fig. 1(d)] and the d*I/dV? image [Fig. 1(e)] also reveal
atomic resolution for atop sites. The increased spatial
resolution obtained after dosing H,, D,, or HD indicates
that a single hydrogen molecule can be trapped between
the tip and an atop Au atom. In this Letter, all the STS
spectra were recorded above atop Au atoms.

The rotational motion of adsorbed molecules can
either be free or hindered, depending on the depth of the
adsorption well. Previous STM studies have investi-
gated the rotational motion of molecules stably adsorbed
on the surface and can be imaged [15-17]. In these
studies, the molecules are highly constrained to be within
the adsorption well and the rotations are described as
hindered vibrational modes. However, if the adsorption
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FIG. 1 (color online). (a) Schematic diagram of the diffusion
and trapping of a hydrogen molecule in the tunnel junction. The
average lifetime of each trapped molecule in the junction is
estimated to be far shorter than the response time of STM
electronics. The spectroscopic signals arise from the average
of many such diffusion and trapping processes. (b) STM topo-
graphic image of a bare Au(110) 2 X 1 reconstructed surface
obtained at constant current mode prior to dosing with hydrogen.
Imaging conditions: tunneling gap set with sample bias Vp =
13.5 mV and tunneling current /7 = 2 nA. (c¢) STM topographic
image obtained under the same conditions as (b) but after dosing
with H, molecules. (d) dI/dV image at 0 mV bias and
(e) d’I/dV? image at 10 mV bias for surface adsorbed with
H,. Tunneling gap setting conditions: Vyz = 50 mV and I; =
2 nA for (d), Vg = 100 mV and 77 = 10 nA for (e).

potential well is shallow, the rotational motion of the
molecule is ‘“‘unhindered” [18] and is characteristic
of a rigid three-dimensional (3D) free rotor. The rotati-
onal energy is given by j(j + 1)h*/2ur,?, where j =
0,1,2,..., p is the reduced mass of the molecule, and r,
is the distance between the two atoms in the molecule (the
bond length for H,). In the STS spectra taken on H,, a step
change in the dI/dV spectrum is observed [Fig. 2(a)], with
a corresponding peak in the d*I/dV? spectrum [Fig. 2(b)]
at 42.0 mV. This energy agrees with the j = 0 — 2 rota-
tional excitation of a para H, as a 3D rigid rotor, indicating
that the H, molecules on Au(110) behave like they do in
the gaseous phase. For the HD, this inelastic rotational
signal shifts down to 31.5 mV, which is 0.75 times the
measured transition energy of H,, in agreement with the
value of 3/4 according to the 3D rigid rotor model. Since
the two atoms in HD are distinguishable, the j = 0 — 1
excitation is allowed. However, this excitation is difficult
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FIG. 2 (color online). Tunneling spectra taken before and after
dosing molecular hydrogen or its isotopes. The tunneling gap is
set with Vz = 50 mV and I; = 2 nA for all the spectra. The bias
for the x axis in the spectra has been shifted up by 1 mV to
compensate for instrumental offset. (a) From the top to the
bottom: dI/dV spectra of H,, HD, D,, and a clean gold surface
(background). (b) From the top to bottom: d*I/dV? spectra of
H,, HD, D,, and a clean gold surface (background). The magni-
fied line shapes for the rotational excitation are also presented.
The excitation energies are marked by arrows. The signal at
*42.0 mV in H, spectra and the signal at =31.5 mV in HD
spectra are assigned to the j = 0 — 2 rotational excitation. The
small structure around =42 mV in the HD and D, spectra is
attributed to contamination from co-adsorption of the back-
ground H, in the vacuum chamber. The strong signals at
*11.4, £8.9, and £8.2 mV in the spectra for H,, HD, and D,
are assigned to the v = 0 — 1 vibrational excitation within the
physisorption potential well.
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to resolve since its energy is expected to be at 10.5 mV,
where the signal is dominated by the v = 0 — 1 vibra-
tional transition. For the same reason, the j = 0 — 2 ex-
citation energy of ortho-D, at 21 mV is similarly difficult
to resolve. On the other hand, the j = 1 — 3 rotational
excitation at 70 mV for ortho-H, and 35 mV for para-D, is
not visible in the STS spectra. These results are in agree-
ment with prior measurements by electron energy loss
spectroscopy (EELS), showing that hydrogen molecules
are weakly adsorbed on noble metal surfaces at low
temperature and rapidly convert into the j = O state (the
para-H, or ortho-D,) [9,16,19]. Thus the presence of
ortho-H, or para-D, is unlikely on Au(110) at 10 K.
Nevertheless, our data for H, and HD are sufficient to
indicate that molecular hydrogen on Au(110) behaves as
a 3D rigid rotor.

The strong signals at lower energies in the tunneling
spectra are assigned to the vibrational excitations in the
physisorption potential well. In the harmonic approxima-
tion, the vibration energies are given by hvy(v + 1/2) with
v =0,1,2,....Inthe tunneling spectra of H,, the large step
down at 11.4 mV in the dI/dV spectrum [Fig. 2(a)] and the
corresponding asymmetric dip in the d?I/dV? spectrum
[Fig. 2(b)] are assigned to the v = 0 — 1 excitation of
the hydrogen vibrational motion bouncing between the tip
and substrate. In the tunneling spectra of HD and D,, the
v = 0 — 1 transition energy is shifted down to 8.9 and
8.2 mV, respectively. The ratios of these transition energies
are 1.3 between H, and HD and 1.4 between H, and D,
in agreement with the quantum harmonic oscillator.

The rotational energy is directly related to the principal
moment of inertia of the molecule and, therefore, to its
structure [20]. Rotational spectroscopy with the STM can
be used to probe changes in the structure of a single mole-
cule due to its coupling to the environment. The rotational
excitation energies in Fig. 2 are slightly smaller than the
theoretical result for a free molecule (42.0 vs 43.9 mV for H,
and 31.5 vs 33.1 mV for HD) or the experimental data
measured for an ensemble of molecules by electron energy
loss spectroscopy (44 mV for H, [9,21]). These deviations
are presumably caused by changes in the molecular struc-
ture due to coupling of the molecule to the tip. The effect of
this coupling can be systematically investigated by varying
the tip-substrate separation which is controlled by setting
the sample bias and tunneling current. As the sample bias
decreases from 120 to 5 mV while keeping the tunneling
current constant at 2 nA, the tip is moved toward the surface
by approximately 1 A (the tip-substrate separation changes
from 7.5 to 6.5 A). Both the vibrational and rotational
excitation energies change during this process. The v =
0 — 1 vibrational excitation energy of H, increases from
7.5to 18 mV [Fig. 3(d)]. The tunneling spectra for HD show
a similar trend when the tip-substrate separation is changed
[Fig. 3(b)]. The increase of vibration energy suggests a
strengthened bonding of the molecule to the substrate,
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FIG. 3 (color online). (a),(b) d?I/dV? spectra taken at differ-
ent tip-substrate separation for H, (a) and HD (b). The sample
bias Vj is changed from 5 (bottom) to 120 mV (top) in (a) and
from 5 (bottom) to 70 mV in (b). I is kept at 2 nA for all these
spectra. A z-V curve is measured to convert the change in Vj to
the corresponding change in the tip-substrate separation (Az).
The tunneling gap distance at Vz = 5 mV and I = 2 nAis used
as the reference point (Az = 0). The uncertainty in Az is around
0.095 A. The shiftings of the rotational and vibrational excitation
energies are indicated by the dashed lines. The magnified
line shapes of the rotational excitation are also presented.
(c) The j = 0— 2 excitation energy of hydrogen increases
from 41 to 43 mV as Az increases by 1 A. The horizontal dashed
line indicates for reference the excitation energy of a free
molecule. (d) The v = 0 — 1 excitation energy decreases from
18 to 7.5 mV as Az increases by 1 A for H,, and from 15 to 8 mV
as Az increases by 0.8 A for HD.

which weakens the H-H bond and increases the bond length
as predicted by theoretical calculations [22,23]. DFT cal-
culations of the adsorption energy and H-H bond length at
different tip-substrate separations have been performed
[Fig. 4(a)] using the Vienna ab initio simulation package
(vAasp) at the level of vdW-DF2. An interaction-energy
curve of the Morse potential type is revealed, which further
confirms that van der Waals interactions are important in
this weakly bonding system. According to the calculation,
the H-H bond length increases from 0.750 to 0.765 A when
the tip-substrate separation decreases from 7.5 to 6.5 A.
In agreement with the DFT calculations, the rotational
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FIG. 4 (color online). (a) DFT calculations of the interaction
energy between the trapped molecule and the tunneling junction,
and H-H bond length at different tip-substrate separation. The
blue shaded area indicates the approximate range probed by
STM. (b) The H-H bond length, derived from the measured
Jj = 0 — 2 excitation energies, decreases from 0.766 to 0.746 A
as Az increases by 1 A. The dashed line indicates for reference
the H-H bond length of a free molecule.

excitation energy of H, decreases from 43 to 41 mV
[Fig. 3(c)] as the tip-substrate separation decreases by
~1A, indicating that the H-H bond length increases from
0.746 t0 0.766 A [Fig. 4(b)]. DFT calculations also identified
the observed vibrational mode as the bouncing motion of H,
confined between the Au(110) surface and the tip [24].

In summary, the STM has been extended to the study
of the rotational excitations of weakly adsorbed molecules,
in addition to the detection of vibrational transitions.
Rotational spectroscopy at the single molecule level opens
a new avenue for chemical identification and measurement
of the bond length in a single bond. By squeezing a trapped
hydrogen molecule in the tip-substrate junction by decreas-
ing the dimension of the nanocavity, structural changes in a
single molecule can be observed by altering the potential
experienced by the molecule.
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