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We report the manipulation of ultrafast quantum coherence of a two-level single 

hydrogen molecular system by employing static electric field from the sample bias in a 

femtosecond terahertz scanning tunneling microscope. A H2 molecule adsorbed on the polar 

Cu2N surface develops an electric dipole and exhibits a giant Stark effect. An avoided crossing 

of the quantum state energy levels is derived from the resonant frequency of the single H2 two 

levels in a double-well potential. The dephasing time of the initial wave packet can also be 

changed by applying the electric field. The electrical manipulation for different tunneling gaps in 

three-dimensions allows quantification of the surface electrostatic fields at the atomic scale. Our 

work demonstrated the potential application of molecules as controllable two-level molecular 

systems. 

  



2 

 

Quantum coherence at the ultrafast time scale is invaluable to quantum information 

processing [1–4]. The femtosecond (fs) to picosecond coherent oscillations of superposition 

states in a two-level system (TLS) enable ultrafast operations to store and process information 

that outperforms the most powerful classical systems. It is thus paramount to be able to locally 

manipulate the resonant frequency and decoherence time of the ultrafast quantum coherence of 

an individual TLS [1,3,5]. The facile method of electrical manipulation of ultrafast coherence at 

the atomic scale with known environment of the TLS has yet to be demonstrated. 

Scanning tunneling microscope (STM) combined with time-domain techniques [6–22] 

provides an effective platform to study the quantum coherence with unprecedented spatial 

resolution. With a magnetic atom functionalized tip, pulsed electron spin resonance has been 

performed on single atoms and molecules to measure and manipulate the spin coherence at the 

nanosecond time scale [11,15]. The free coherent evolution of a coupled spin-1/2 system was 

also demonstrated by direct current (DC) pump-probe spectroscopy in the STM [16]. On the 

other hand, laser combined STM [6,7,12] has been employed to probe the ultrafast 

electron [17,18], spin [8], or polaron [20] dynamics with nanoscale spatial resolution. The 

successful detection of ultrafast quantum coherence in single molecules proclaimed the 

remarkable accomplishments by terahertz (THz) [9,21,23] and optical-STM [10,13,19,22]. 

In this Letter, we demonstrate the electrical manipulation of the ultrafast quantum 

coherence in a single H2 molecule trapped inside the STM junction. Our femtosecond THz-STM 

enabled us to monitor variations of the coherent oscillations while changing the applied sample 

bias to impose the DC electric field on the molecule. The oscillation frequency varied along an 

asymmetric parabola as a function of the sample bias. The dephasing time T2
* was greatly 

extended by increasing the total electric field experienced by the H2. An avoided crossing 
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between the ground and excited state energy levels of H2 can be determined from the close 

agreement between the experimental results and the fittings. By operating the STM tip in three-

dimensional space, we systematically investigated the influence of the tip-substrate separation 

and the underlying surface atomic composition on our electrical manipulation method. This is a 

major step forward from previous efforts, in which the coherence measurement over a TLS was 

demonstrated [21]. In this work, a complete manipulation of the quantum coherence is realized 

by changing the DC electric field. 

Our fs THz-STM scheme employed pairs of delayed fs THz pulses focused into the STM 

junction (see Supplemental Material [24] for additional details). The H2 molecules were 

adsorbed on the monolayer Cu2N islands grown on the Cu(001) surface. A charge transfer took 

place between the polar Cu2N surface [31] and H2 molecule, giving rise to a non-zero charge 

displacement, as deduced from the electric dipole moment difference in the H2 [32–34]. The total 

electric field Ftot experienced by the H2 molecule was a combination of the underlying surface 

electrostatic field Fsurface and the DC field FDC from the externally applied sample bias [35]. By 

exclusively tuning the sample bias, the magnitude and direction of Ftot could be controlled 

precisely with a fixed Fsurface. Three situations are shown in Figs. 1(a)-1(c) where Ftot was set to 

be negative, zero, and positive, respectively. 

A H2 molecule trapped in the STM junction can be described as a TLS in a double-well 

potential [21,36], similar to the well-known TLS of gaseous ammonia molecule. The tunnel-

coupling between the original basis states leads to two eigenstates delocalized in the double-well 

potential, as shown schematically in Figs. 1(d)-1(f). In accordance with the setting of Ftot in Figs. 

1(a)-1(c), the asymmetry of the double-well potential and the two eigenstate energy levels can be 

tuned [Figs. 1(d)-1(f)] [37]. The tunnel-coupled ground and excited state wavefunctions are also 
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redistributed. The highly localized wavefunctions in Fig. 1(d) become delocalized and 

distributed equally in the two wells when the Ftot is zero and the double well potential becomes 

symmetric in Fig. 1(e). 

The energy separation of the H2 TLS falls in the THz range, thus making it possible to 

prepare a superposition of the eigenstates by THz photon absorption and monitor its ultrafast 

coherent evolution through pump-probe measurements in our fs THz-STM [21]. The THz light 

behaves simultaneously as photon (particle) and field (wave) in our measurement of the 

rectification current [21,38]. The rectification current is due entirely to the AC voltage 

oscillations developed across the nonlinear H2 molecular junction by the THz field, which is 

altered with the absorption of the THz photon by the H2 molecular system. As a result, the 

rectification current is a convoluted signal from both particle and wave nature of the THz pulses. 

The ultrafast coherence varied with the sample bias while maintaining the same tip-substrate 

separation and tip position marked in Fig. 2(a). In Fig. 2(b), the oscillation period gradually 

changed with sample bias, showing the largest period near 45 mV. In the corresponding fast 

Fourier transform (FFT) spectra to extract the oscillation frequency, an asymmetric parabola 

with the minimum at 0.28 THz was revealed at 45 mV in Fig. 2(c). 

For a TLS in the double-well potential, the observed energy separation 2Ω  has 

contributions from the energy splitting 2Δ of the two basis states under Stark effect and the 

tunnel-coupling A between them [Fig. 2(d)]. By applying the second-order Stark effect on the 

basis states and including A, we obtain the Hamiltonian of the system:  

𝐇 = (
E0 − (𝛍𝐚 ⋅ 𝐅𝐭𝐨𝐭 +

1

2
𝛂𝐚 ⋅ 𝐅𝐭𝐨𝐭

2) −A

−A E0 − (𝛍𝐛 ⋅ 𝐅𝐭𝐨𝐭 +
1

2
𝛂𝐛 ⋅ 𝐅𝐭𝐨𝐭

2)

) 
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The energy separation between the two eigenstates of this Hamiltonian is given by: 

ΔE = 2Ω = √(𝚫𝛍 ⋅ 𝐅𝐭𝐨𝐭 +
1

2
𝚫𝛂 ⋅ 𝐅𝐭𝐨𝐭

2)2 + 4A2 

where 𝐅𝐭𝐨𝐭 = 𝐅𝐬𝐮𝐫𝐟𝐚𝐜𝐞 + 𝐅𝐃𝐂, 𝚫𝛍 = 𝛍𝐛 − 𝛍𝐚 , and 𝚫𝛂 = 𝛂𝐛 − 𝛂𝐚  are the total electric field, the 

dipole moment and polarizability differences between the two basis states, respectively. 

A comparison in Fig. 2(e) shows the energy level shift calculated from the model 

Hamiltonian for the basis states and eigenstates as a function of the sample bias. Under the Stark 

effect, the energy levels of the basis states cross. An avoided level crossing emerges by 

incorporating the tunnel-coupling in calculating the eigenstates. The ground and excited 

eigenstates are linear combinations of the basis states, |g⟩ = cos (
θ

2
) |a⟩ + sin (

θ

2
) |b⟩ and |e⟩ =

−sin (
θ

2
) |a⟩ + cos (

θ

2
) |b⟩, with the mixing angle θ defined by the ratio of the tunnel-coupling to 

half of the energy splitting of the two basis states, tanθ =
A

∆
. At a negative sample bias far away 

from the avoided crossing region, θ approaches a minimum value of zero and the eigenstate 

|g⟩(|e⟩) is mostly composed of the basis state |a⟩(|b⟩). The maximum value of π/2 for θ is 

obtained at the tuning point in the avoided crossing region where the eigenfunctions are 

delocalized equally in the two potential wells [Fig. 1(e)]. As illustrated by the color palette in 

Fig. 2(e), the majority component of the eigenstate |g⟩(|e⟩) undergoes a transition from the basis 

state |a⟩(|b⟩) on the left side of the avoided crossing region to the basis state |b⟩(|a⟩) on the right 

side, as manipulated by the sample bias. The energy separation ΔE of the TLS can be employed 

to closely fit the observed resonant frequency, as shown in Fig. 2(c). 

We also performed numerical fitting to the time domain results in Fig. 2(b) to extract the 

coherent properties of the H2 TLS under the external 𝐅𝐃𝐂 [Figs. 2(f)-2(h)]. Interferences among 
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multiple closely related excited states in the H2 TLS lead to a fast dephasing of the initial wave 

packet (see Supplemental Material [24]), which is closely related to the decoherence time [21]. 

This dephasing time T2
* reaches a minimum of around 5 ps at the tuning point of 45 mV where 

Ftot is 0 [Fig. 2(f)]. Upon increasing the magnitude of Ftot, T2
* is extended, reaching a maximum 

of 20 ps at -150 mV. Additional discussions of the T2
*, coherent oscillation amplitude and  

frequency can be found in the Supplemental Material [24]. 

The tunnel-coupling strongly depends on the tip-substrate separation. As shown in Figs. 

3(a)-3(d) and the Supplemental Material [24], an obvious blue shift is observed on the overall 

shape of the parabola as the tip approaches the surface. For each parabola, the minimum resonant 

frequency at the tuning point represents the tunnel-coupling energy in THz unit. As the tip-

substrate separation is decreased, the central barrier of the double-well potential can be lowered, 

thus increasing the tunnel-coupling and the corresponding resonant frequency. The parabola 

shape also shows an increased asymmetry for decreasing tip-substrate separation, which 

indicates a change of the dipole moment and the polarizability of the H2 molecule. In addition, 

the corresponding sample bias of the minimum resonant frequency shows a slight increase from 

Figs. 3(a) to 3(d), which can be explained by a larger Fsurface experienced by the H2 molecule as 

it is likely pushed closer to the surface. 

The Cu2N surface is fully covered by H2 under our experimental conditions. There is 

always a single H2 trapped in the junction when the tip moves to different locations of the 

surface. Figs. 3(e)-3(h) and Figs. 3(j)-3(l) show variations of the parabola at position 2 and 

position 3 as labelled in Fig. 3(i). The sample bias differs for the minimum resonant frequency at 

each position. When the tip is placed over these three different positions with the same set point, 

the applied FDC does not exhibit consequential differences. However, the underlying Fsurface 
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varies due to the different elemental composition of the Cu2N lattice. As a result, the Ftot 

experienced by the H2 changes and is reflected in the different parabolas shown for the three 

positions. 

By fitting each parabola in Fig. 3 to the eigenstate energy separation ΔE = 2Ω, we can 

quantify the parameters in the Hamiltonian. An analysis of the tip-substrate separation (see 

Supplemental Material [24]) was performed to convert the sample bias to electric field. As 

shown in Fig. 4(a), the tunnel-coupling A  increases exponentially as the tip approaches the 

surface, in accordance with the lowering of the central barrier in the double-well potential. No 

obvious difference in the tunnel-coupling is observed over these three different positions 

indicated in Fig. 3(i), which is consistent with negligible variations of the tip-substrate separation 

in the constant current mode. The 𝐅𝐬𝐮𝐫𝐟𝐚𝐜𝐞 experienced by the H2 shows a linear increase upon 

decreasing the tip-substrate separation [Fig. 4(b)]. Unlike the tunnel-coupling, 𝐅𝐬𝐮𝐫𝐟𝐚𝐜𝐞  varies 

significantly over these three positions, consistent with the different elemental composition of 

the underlying Cu2N lattice. The dipole moment and polarizability differences for the two basis 

states can also be extracted from the fitting [Figs. 4(c) and 4(d)]. In addition to the fitted 

parabola, other parabolas in Fig. 3 could be modelled by coupling of the H2 in the STM junction 

to neighboring H2 molecules nearest the junction. 

In summary, we have established an electrical method to locally manipulate the ultrafast 

quantum coherence in a single molecular TLS with atomic-scale spatial resolution. Both the 

coherent oscillation frequency and dephasing time T2
* can be precisely manipulated by varying 

the sample bias. The combination of shorter oscillation period and longer T2
* allows larger 

number of ultrafast quantum operations within the decoherence time. This paradigm of electrical 

manipulation should be readily applicable to other molecular TLS [39,40]. This work points to 
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the possibility of quantum information processing based on molecules with the advantages of 

having widely tunable properties through chemical synthesis. 
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Figure Captions 

FIG. 1.    Electrical manipulation of the quantum states showing  the schematics of the total 

electric field experienced by the H2 molecule in the STM junction. (a) The total electric field 

points toward the Cu2N surface (Ftot < 0), (b) becomes zero (Ftot = 0) and (c) points toward the tip 

(Ftot > 0). The blue and red dashed arrows represent the electrostatic field from the Cu2N surface 

and DC field from the applied sample bias, respectively. The thicker arrows in (c) represent 

stronger DC field due to the higher sample bias. (d)-(f) Schematics of the ground and excited 

eigenstate wavefunction distribution of the TLS in the double well potential corresponding to 

(a)-(c). Blue and red shaded curves represent the ground and excited state wavefunctions, 

respectively. 

 

FIG. 2.    Electrical manipulation of quantum states from the ultrafast coherence measurement. 

(a) Constant-current topography of Cu2N; image size 13.0 Å × 13.0 Å. Scanning condition: –20 

mV/0.1 nA. The Cu2N lattice structure is superimposed on the topography with lines connecting 

the Cu (black) and N (white) atoms in the two sub-lattices. (b) Color map of a series of THz 

pump-probe measurements as a function of sample bias. The sample bias is varied after turning 

the feedback off at –30 mV/40 pA. The dashed lines serve as a guide to show the change of 

oscillation period. (c) Color map of FFT results from the pump-probe measurements in (b). The 

superimposed orange curve is the fitting of the data. For clarity, the intensity of all spectra is 

normalized positively to the color palette with range (0,1). (d) Energy level diagram of the basis 

states (|a⟩, |b⟩) and eigenstates (|g⟩, |e⟩) of the TLS in a double well potential. (e) Propagation of 

the avoided level crossing under the influence of the sample bias. Colors represent the calculated 

mixing angle . (f)-(h) The bias dependent dephasing time T2
*, coherent oscillation amplitude, 

and oscillation frequency extracted from the fitting of the oscillations in the time-domain results 
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in (b). The blue and red lines in (f) and (g) are guides to the eye. The orange line in (h) is the 

same fitted curve as in (c). 

 

FIG. 3.    Panorama of the quantum state manipulation. (a)-(d), (e)-(h), and (j)-(l) Color maps of 

the sample bias-controlled oscillation frequency with various tip-substrate separations over 

position 1, 2, and 3 marked in (i). The tip-substrate separation is controlled by ramping the 

tunneling current to the value labelled in each panel before turning off the feedback. Orange 

curves are the fittings of the data. For clarity, the intensity of all the spectra is normalized 

positively to the color palette with range (0,1). (i) Constant current topography of the Cu2N 

surface; image size 7.4 Å by 7.4 Å. Scanning condition: –20 mV/0.1 nA. 

 

FIG. 4.    Quantitative description of the H2 two-level system (TLS). (a)-(d) Fitting parameters of 

the tunnel-coupling, surface electrostatic field, dipole moment difference, and polarizability 

difference of the TLS, respectively. All parameters are extracted from the corresponding fitting 

curves in Fig. 3 and the Supplemental Material [24].  
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