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We report pump-probe measurements of a hydrogen molecule (H,) in the tunnel junction of a scanning
tunneling microscope coupled to ultrashort terahertz (THz) pulses. The coherent oscillation of the THz-
induced dc tunneling current at a frequency of ~0.5 THz fingerprints the absorption by H, as a two-level
system (TLS). Two components of the oscillatory signal are observed and point to both photon and field
aspects of the THz pulses. A few loosely bound states with similar energies for the upper state of the TLS
are evidenced by the coherent revival of oscillatory signal. Furthermore, the comparison of spectroscopic
features of H, with different tips provides an understanding of the TLS for H,.
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The trapping modes for H, weakly adsorbed on noble
metal surfaces or within cavities have energies comparable
to the weak Van der Waals interaction [1,2]. The diffusive
nature of adsorbed H, on surfaces adds to the challenge of
reaching a definitive determination of the properties of
these modes. Nevertheless, previous studies have implied
the connections of these low-energy modes to several
fundamental phenomena, including negative differential
resistance (NDR) [3-6], stochastic resonance [7], zero-bias
anomaly [8], enhanced imaging ability [8—11] and charge
transfer as an electron donor [12]. A double-well two-level
system (TLS) consisting of the ground state and one other
low-energy trapping state could explain these phenomena
of H, in the tunnel junction [4,7]. The potential use of H, as
an atomic-scale sensor demands a comprehensive under-
standing of the energy profile and response of the TLS to
the local environment within the tunnel junction.

Extreme spatial and temporal resolutions have been
achieved by pump-probe measurements combining ultra-
short THz pulses with the scanning tunneling microscope
(STM) [13-16]. Behaving as an ultrafast yet quasistatic
alternating bias, THz pulses not only coherently control the
electron tunneling across the junction and affect the
associated dynamics [17], but also have tolerable thermal
effects on the junction stability, which enables the study of
action spectroscopy of single molecules [13—15].

In this Letter, we report the direct observation of Ramsey
fringes arising from transitions between two close-lying
states of H, with a THz-STM setup of the quantum
superposition microscope (QSM) [18]. The polarization
of THz pulses is parallel to the tip axis, and the calibrated
THz-induced voltage in the STM junction is ~10 mV [18].
A topographic image of the single layer island of Cu,N
is shown in Fig. 1(a). The H, behaved as a 3D rotor,
exhibiting a rotational excitation spectrum that could
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be used to fingerprint and indicate the concentration of
H, [10,36-38]. We performed both inelastic electron
tunneling spectroscopy (IETS) and single beam THz-
induced dc current spectroscopy (TIDCS) over the same
position of Cu,N [Fig. 1(b)]. The two measurements
should, in principle, exhibit similar spectra related to the
d?1/dV? of the junction. The IETS showed a broad boun-
cing vibration mode from 10 to 30 mV, with j =0 — 2
rotational excitation from 40 to 60 mV [10,11,25,36-38],
and one low-energy excitation from 0 to 10 mV whose
origin is still under debate [8]. However, the TIDCS
differed in having a feature of opposite curvature spanning
from 10 to 40 mV and in the line shape for the rotational
excitation. Although the change from peak dip to Gaussian
line shape of the rotational mode agrees with the theory of
the frequency response of a driven double-well system [39],
the experimental observation combined with the simula-
tion detailed in Ref. [18] indicated that the additional
light-matter interaction was not associated with the
nonsinusoidal bias modulation induced by the THz
pulses in the junction, unlike previous THz rectification
spectroscopy [13,40-42].

To analyze the effect of THz irradiation on the dynamics
of H, on Cu,N in the STM junction, we measured the dc
current induced by pump-probe THz pulses. The coherent
oscillations in the dc current as a function of the time delay =
are shown in Fig. 1(c), and Fast Fourier Transform (FFT)
reveals frequencies below 1 THz (4.14 meV) [Fig. 1(d)]. The
phonon excitation energies of an H, cluster are in the range
of 5 to 10 meV [38,43]. The energy splitting of degenerate
excited rotational levels due to perturbation from the local
environment can be below 4 meV [25]. However, occupation
of the lowest excited rotational state is negligible to allow
transitions between split levels. Low-lying trapping states
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FIG. 1.

Spectroscopic fingerprints of H, (a) Constant current topographic image of a Cu,N surface with setpoint —20 mV /40 pA.

(b) IETS spectrum (3 mV modulation at 263.03 Hz) and chopped single beam TIDCS taken at the same spot marked by the white arrow
in (a), with the same setpoint —20 mV /40 pA. (c) The pump-probe delay scan of the THz-induced dc current with tip bias ramped to
+20 mV after turning off the feedback at setpoint —20 mV /40 pA. (d) FFT spectrum of (c). (e) I-V spectra taken over Cu,N surface
with and without THz irradiation with setpoint 100 mV /500 pA for low and high concentrations of H,. The dashed purple (red) line
corresponds to the I-V curve for the high (low) conductance state. (f) Schematic diagram of the tilted double-well potential and two
possible H, configurations. The tip used here belongs to type II mentioned in Fig. 3.

have been used to describe a single hydrogen molecule in a
nanocavity [4,7]. The existence of these modes was indicated
by the switching in the I-V spectra in Fig. 1(e). The distinct
conductance levels corresponded to different adsorption
states in a double-well potential as illustrated in Fig. 1(f).
The switching events near zero bias suggested a small
separation in energy between the two states. The effect of
THz pulses on the TLS of H, could be further examined by
varying the exposure time of background H, in the chamber.
The THz pulses were seen to suppress the switching by
restraining the H, to a low conductance state at a low
concentration of H,, while the high conductance state
became the ground state in the bias range from —30 to
30 mVata high concentration of H,. The I-V spectrum under
THz irradiation indicated a shift of H, to the low conductance
state as evidenced by a decrease in the magnitude of current,
like the trend observed in the low concentration case.

Given the resonant absorption of THz photons by H,
molecules, we show in Fig. 2(a) that the induced dc current
Inc(Vpe,7) from the THz pump-probe pulses should
contain two parts [18], which is like the signal decom-
position in [44],

Inc(Vpe,7) = I(Vpe. 7) + 14(Vpe. 7). (1)

I,(Vpe, 7) is the rectified current of the STM junction with
nonlinear [-V characteristics, modulated by ac voltage
from two interfering postabsorption THz pulses, while

I3(Vpe, 7) is the elastic tunneling current driven by the dc
sample bias, measuring the conductance oscillations 6, (7)
due to the population change in the TLS of H, induced by
THz photons. Elaborated by a model based on the Ramsey
fringe of the TLS for H,, we show in Ref. [18] that

(0] 1= 622)Sin2a677’7 Coswt

Id(VDC’T) X Opsc (T) = ) ) (2)

where o(37) represents the conductance of the two states
of H,, a for simplicity of analysis the assumed rotational
angle induced by each THz pulse in the Bloch sphere, y the
transverse decay rate, and Ao = &, — & the energy differ-
ence of the two levels. The variation of /; and /4 during the
pump-probe cycles is also shown in Fig. 2(b). In Fig. 2(c),
the FFT spectrum of I,(Vpc, 7) features a sharp absorption
dip on the broadband background from THz-induced near
field in the junction. The resonant photons are absorbed
while the other frequency components from THz field
still contribute to the rectification current. In comparison,
14(Vpe, 7) exhibits a Lorentzian peak in the frequency
domain. As shown in Ref. [18], the existence of both
components is necessary to reconstruct the oscillatory
signal as their contributions to the signal vary at different
delays. I(Vpc, 7) dominates in the zero-delay-peak region
where the two pulses overlap and the oscillation at longer
delay time for its larger decay constant, while I4(Vpc, 7)
prevails in the other range.
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FIG. 2. Absorption and excitation. (a) A schematic diagram showing the two components, (Vpc, 7) and I4(Vpc, 7), that contribute to
an oscillatory delay-scan signal of THz-induced dc current. The resonance frequency of H, is set as 0.3 THz with 20 GHz intrinsic
broadening. (b) The variation of I((Vpc, 7) and 14(V p¢, 7) in each pump-probe cycle. (¢) The FFT spectra of I(Vpc, ) and I4(Vpc, 7).
(d) The delay-scan spectra of H, for another tip at different sample biases. The tip located at the same lattice site as Fig. 1(a) and tip height
was set by the same setpoint —20 mV /40 pA. (e) The corresponding FFT spectra of (d); the gap below 0.1 THz is the result of a 0.1 THz
high-pass filter used in data processing (Sec. I of the Supplemental Material). The tip used here belongs to type I mentioned in Fig. 3.

The competition of the two components was even
observed at a certain range of sample bias for a different
tip in Figs. 2(d) and 2(e), where the transition from
I,(Vpe, 7) to 14(Vpe, 7) is accompanied by the dip-to-peak
transition at the resonance frequency of H, [Fig. 2(e)]. The
oscillation feature of I(Vpc,7) highlighted by the blue
shaded area vanished with the increasing sample bias,
accompanied by the emerging feature of I4(Vpc, ) high-
lighted by the pink shaded rectangle [Fig. 2(d)]. The

broadband background from I (Vpe,7) in Fig. 2(e)
differs from the FFT of calculated I (Vpc, ) [top panel
of Fig. 2(c)] owing to the low-pass filter effect of the
junction [22,45-47], which we did not include in our fitting
form. It should be noted that the pure rectified current part,
I(Vpe, 7), is sufficient to include all the physics for most
systems studied by THz-STM [13,40-42], while the elastic
tunneling current part, I;(Vpc, 7), covers a recent work by
S. Sheng et al. where THz pulses act as force shaking the
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thin Au film [48]. To observe both components simulta-
neously, a resonant absorption of THz pulses is required,
and the lifetime of the excited level should be long enough
for the dynamics to be observed in I4(Vpc, 7).

Two types of the tips showing Ramsey fringes of H, but
with distinct spectral features were commonly observed in
the experiments. At the same setpoint, I;(Vpc, 7) plays the
major role in the delay-scan signal for one type (type II), as
for the case of Fig. 1(c), while the other one (type I) is
dominated by I,(Vpc, 7), featured by the pronounced zero-
delay peak [16]. Through the IETS at different tip-sample
distances in Figs. S12(a) and S12(c), we can determine that
the type II tip corresponds to a smaller junction since the
IETS at the setpoint —20 mV /40 pA for the type II tip is
like the one at the setpoint —20 mV /100 pA for the type I
tip. Considering the asymmetrical geometry of the junction,
H,, being an electron blockade, is probably closer to tip in
the case of type II, and the resulting functionalized tip is
normally accompanied by higher-resolution topography
images (results from multiple other tips are provided in
Fig. S13). Therefore, a smaller junction for the type II tip,
which is more sensitive to conductance fluctuations of H,,
should imply a larger contribution to the delay-scan
spectrum from I4(Vpc,7) than that of the type I tip.
TIDCS relies on the modulation of the evanescent field
in the junction induced by THz pulses [20,49]. Compared
to electrical modulation used in IETS, the evanescent field
is more localized near the tip apex and therefore more
sensitive to the relative position of H,, which could explain
the striking discrepancy of TIDCS between the two types of
the tip [Figs. S12(b) and S12(d)]. The THz-induced H,
dynamics should also be more pronounced for the type II
tip, as seen in TIDCS where the signal in the NDR region of
the vibration mode (15-30 meV) totally changed its sign
compared to its IETS. Another substantial observation was
that TIDCS for both types of the tip closely resembled its
corresponding IETS at a smaller junction, indicating
weaker THz-induced dynamics. Moreover, the Ramsey
fringes faded away faster at a smaller junction [Fig. S14].
We can thus exclude the possibility that the tunneling
electrons assisted by THz radiation are triggering the
dynamics. The THz radiation is absorbed by the TLS as
photon, and the superposition of ground and excited states
are monitored through delay varying elastic tunneling
current. These results contrast with single-molecule dy-
namics excited by THz assisted tunneling electrons which
transiently charge the molecule [13-15].

Furthermore, we measured the delay-scan spectrum at
different biases to check how the energy spacing of the
two levels responds to the external electrical field.
Surprisingly, for the type I tip, the resonance frequency
always showed a positive slope with respect to the sample
bias [Fig. 3(a)], while it showed a negative slope for
the type II tip [Fig. 3(b)]. It is known that the Van der
Waals force acting on the H, induces its dipole moment,
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FIG. 3. Bias dependence of single H, coherence. (a),(b) The
FFT results of the delay scan spectra (—100 ps to 100 ps) for all
the biases, acquired at the same tip height set with
—20 mV/40 pA and on the same lattice site, with the two types
of the tips. (c¢) The schematic diagram of the TLS for H, in a STM
junction; the potential landscape is formed by Van der Waals
interaction from both tip and sample surface. (d) The schematic
diagram shows the double-well potential for the two types of the
tip. The bottom panel indicates the linear Stark shift of the two
conformational states with respect to sample bias, and the
difference between the two lines is the resonance frequency of
H,, observed in delay-scan spectra.

which varies with separation between the H, and sample
surface [26,50]. The resonance frequency of H, shifts
since its two states with individual dipole moments
respond differently to the electric field. We could thus
predict the TLS of H, as schematically shown in Fig. 3(c).
Owing to Van der Waals interaction, the double-well
potential is expected in the geometry of the tunneling
junction, where the two minimum occur at the vicinity of
the sample surface and tip. Depending on which state is
more energetically favorable, we have two types of tips
[Fig. 3(d)]. Without including the higher order polarization
terms, the energy of the two states linearly depend on the
sample bias, and the resonance frequency of the TLS can
be schematically represented by the yellow shaded area in
Fig. 3(d), which agrees with the bias-dependence data in
Figs. 3(a) and 3(b). It should be mentioned that there exists
tunneling coupling A between the two states of H,, and
therefore the actual eigenstates (|4-) and |—)) of this system
are the superposition of the two conformational states (|1)
and |2)). Nevertheless, away from the cross region where
the energy of |1) and |2) are close, the eigenstates are
mostly either |1) or |2), which is the regime that this paper
considers. A recent work [51] has demonstrated that, by
tuning the sample bias, the ground state of H, can be
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adiabatically changed from one to another, showing the
combined spectral features from the two types of the tip.
An additional discussion on the nature of TLS for H, can
be found in Ref. [18].

In summary, a sub-THz TLS has been discovered for the
H, molecule within the STM tunnel junction. The origin of
the THz-induced dc current in the delay scan has been
theoretically analyzed, and the Ramsey fringe of the TLS
elucidates the power of the THz-STM based QSM to
evaluate potential nanoscale qubits based on molecules.
The absorption of THz radiation points to its behavior as
photons, while simultaneously its field leads to the rec-
tification current which reflects absorption at the resonance
frequency. In addition, the analysis on the spectroscopic
fingerprints of H, sheds light on the nature of the TLS of
H, in the junction.
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