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Abstract: 

 

Nano Ag5 cluster tip probing the vertical transfer of CO(ads) adsorbed on the Ag(110) surface 

has been investigated with simulated inelastic electron tunneling spectroscopy (IETS) generated by 

combining DFT-based molecular dynamic simulations with a Fourier transform of auto-correlation 

function of the derivative of local density of states (FT-ACF-δLDOS). It is found that tunneling 

conductance generated based on the trajectories of LDOS is significantly increased as a nano Ag5 

cluster tip is introduced and their vibrational amplitudes of low-frequency modes are enhanced in 

IETS. In addition, the IETS shows the doublet feature in the regions of low-frequency mode, i.e. 

frustrated-rotation, and high-frequency mode, i.e. C-O stretching, respectively, due to the change of 

geometry of CO(ads) leading to the transfer of CO(ads) adsorbed on the Ag(110) surface to a nano Ag5 

cluster tip. Furthermore, an anharmonic coupling between frustrated-rotation and C-O stretching 

mode is investigated by using a time-resolved IETS analysis. Finally, the key issue regarding to the 

activation of low-frequency modes by a nano Ag5 cluster tip to cause the transfer of CO(ads) 

adsorbed on Ag(110) surface is addressed. 
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Introduction: 

 

For more than two decades, scanning tunneling microscopy (STM) tip [1-2] have been used to 

position molecules on metal surfaces and to probe their electronic properties with atomic scale. In 

addition, the tunneling electrons from an STM tip can be used as a non-thermal energy source to 

induce electronic vibrational excitation of adsorbates that cause various controllable surface 

chemical reactions, such as vertical manipulation,[3-4] rotation,[5-6] dehydrogenation,[7-8] or lateral 

hopping process.[9-10] The corresponding inelastic electron tunneling spectroscopy (IETS)[11] can 

measure the change in tunneling conductance as electrons excite vibrations and is a powerful 

technique for the identification of vibrational signatures of single chemisorbed species on metal 

surfaces to predict and understand both bond-weakening and bond-breaking processes. In 2001, Ho 

et al.[12] successfully demonstrated a tip-induced vertical transfer of CO(ads) adsorbed on the Ag(110) 

surface by combining both STM topological image and IETS measurement, that is, the CO(ads) is 

vertically transferred from the Ag(110) surface to the tip by dosing the electrons into molecule. In 

2002, Persson[13] followed the same strategy to investigate the lateral hopping process for CO(ads) 

adsorbed on the Pd(110) surface and it was found that its hopping rate is strongly related to 

intramolecular high-frequency stretching mode in IETS. Additionally, they believed that both 

vertical and lateral translations for the CO(ads) adsorbed on surface are induced by an anharmonic 

coupling between low-frequency modes (frustrated-translation and frustrated-rotation) and 

high-frequency vibrational mode (approximately 240 meV, C-O stretching mode).   

 

Over past few years, theoretical research works have been devoted to developing the new 

methodology to simulate STM images and vibrational inelastic electron tunneling for providing 

more insights into the nature of the electron-vibration coupling in tunneling-current-induced 

reaction process[14-18]. Luo and co-workers [19] successfully generated IETS for CO(ads) adsorbed on 

Cu(100) based on Tersoff-Hamann (TH) approximation, [20-21] in which the tunneling conductance 
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is only proportional to local density of states (LDOS) at near Fermi level. In addition, G. 

Kirzenow’s research group have generated the simulated IETS for identifying vibrational 

signatures of the propanedithiolate (PDT) molecule in Gold-thiol molecular junction and provide a 

good comparison with the experiment IETS results[22-24]. More recently, an approach beyond TH 

approximation, which includes electron-phonon coupling effect, has been successful to calculate 

the IETS for atomic-gold wires, molecular junction and single molecule adsorbed on metal surfaces 

by using nonequilibrium Green’s functions (NEGF)[25-28]. In addition, Flipse and co-workers 

simulated CO(ads) on Cu(100) including tip effect to demonstrate how chemically functionalized 

STM tips modify the IETS intensity with respect to their vibrational modes[29-30]. Although these 

simulated IETS successfully provide a better understanding of electron tunneling process for CO(ads) 

adsorbed on the Cu(100) surface, the detailed reaction mechanism of tunneling-current-induced 

vertical transfer of CO(ads) adsorbed on the Ag(110) surface is still lacking due to the fact that these 

calculated IETS are generated based on static approach with harmonic approximation. 

Consequently, the effects of both temperature and tip on adsorption dynamics should be taken into 

account in the calculation to realize an anharmonic coupling for the adsorbate-surface system. 

Therefore, in this theoretical study, we will present a novel computational scheme to simulate IETS 

of CO(ads) adsorbed on the Ag(110) surface at finite temperature by using DFT-based molecular 

dynamic simulations in combination with a Fourier transform of auto-correlation function of the 

derivative of local density of states (FT-ACF-δLDOS). Furthermore, a nano Ag5 cluster tip is 

introduced to accurately describe the interaction between a tip and the sample. In addition, the 

effect of a tip on adsorption dynamics of CO(ads) adsorbed on the Ag(110) surface is investigated to 

understand the correlation between the orientation of CO(ads) molecule axis and its tunneling 

conductance during dynamic simulation at finite temperature. Finally, we will explore the 

corresponding anharmonic coupling between low-frequency and high-frequency modes of CO(ads) 

by using a short-time Fourier transform (STFT) approach to provide an insight into the reaction 

dynamics for the vertical transfer of CO(ads) adsorbed on the Ag(110) surface.   
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The ground state properties for CO(ads)-Ag(110) and Ag5(tip)-CO(ads)-Ag(110) 

 

To calculate both electronic properties and STM images, we employed the fully ab-initio 

density functional theory (DFT) code SIESTA [31]. The exchange-correlation energy has been 

considered within the van-der Waal’s density functional (vdW-DF)[32] to take into account the weak 

interaction between the CO and Ag(110) surface. The double zeta polarized (DZP) basis set is 

chosen for all atoms (Ag, C, and O). The localization radii of basis functions are determined from 

an energy cutoff of 0.01 Ry. The Kohn-Sham orbitals are expanded in a localized basis with a mesh 

cutoff of 150 Ry. For all adsorbed systems, a periodic 4-atom-layer slab with 15 Å of vacuum and a 

2 x 2 x 1 Monkhorst-Pack k-point mesh are used [33]. Our calculations of tunneling conductance to 

generate the STM images are based on the Bardeen approximation as following: 

 

��
�� (�, �, �) = ��

ℏ ∑ ��(��) − �(��)�|���|��(�� − �� + ��)�  (1) 

 

Here �(�)	is the Fermi-Dirac function, the energies �� and ��	are referred to the Fermi levels of a 

tip and sample, respectively, and V is the applied bias voltage. The Bardeen’s tunneling matrix 

element (Mts), which couples between sample wavefunction (��) and tip wavefunction (��) can be 

represented by a flux through a separation surface (S) as following: 

 

��� = �
��  (��∇��∗ − ��∗∇��)#$�  (2) 

 

A simple model to evaluate the Bardeen’s tunneling matrix is based on the TH approximation in 

which the wavefunction of a tip (��) is approximated as a symmetric s-wave orbital. To include the 

effect of a tip on adsorption dynamics of adsorbed systems during tunneling-current-induced 

process, we introduce a nano Ag5 cluster tip in connection with remaining original sample 
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wavefunction (��) in our calculations. As a result the Bardeen’s tunneling matrix can be derived to 

be only proportional to LDOS of sample at near Fermi energy as following: 

 

|���|� ∝ ∑|Ψ�(�, �, ')|��(( − ()) = *+,$(�, �, ', ()) (3) 

 

As temperature is lowered under room temperature, the Fermi-Dirac distribution can be 

approximated as a step function. Therefore, the equation (1) used to generate the tunneling 

conductance can be simply rewritten as following: 

 

��
�� (�, �, �)-./0 ∝ *+,$(�, �, ', ()) =  *+,$123456(�, �, ', ()#(789:;78 -./0    (4) 

 

Consequently, the tunneling conductance at a specific position (x,y) can be generated to produce 

the STM contour maps in a constant-height mode (the height of STM-tip: r0) by integrating the 

LDOS in 3-dimension spatial grids over a small energy range (δε) at Fermi level (EF). The final 

form of the total tunneling conductance from a tip into the sample can be derived from the equation 

(4) to represent approximately as the LDOS in an x-y plane (Nx and Ny are the total number of grids 

in the a and b lattice direction).  

 

��
�� (�) ∝ *+,$(>?, ()) =    *+,$123456(�, �, ', ()#�#�#(789:;78

@A?@B? -./0(5) 

 

In this study we introduce two kinds of nano Ag5 cluster tips, which is a compressed 

trigonal-bipyramid tip (Ag5(trigonal-tip)) and a w-shaped planar tip (Ag5(planar-tip)), respectively (as 

suggested by previous theoretical studies[34-35]) to investigate the effect of a tip on the adsorption 

geometries and their tunneling currents for CO(ads) adsorbed on Ag(110) surface. A nano Ag5 cluster 

tip is placed above the CO(ads)-Ag(110) (the tip-O distance is approximately 3.0 Å). The optimized 

structures for each adsorbed systems and their corresponding STM images are shown in Figure 1. 
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Based on the calculated results the average distance between the CO(ads) and Ag(110) become 

slightly longer (from 2.311 Å to 2.361 Å) as a nano Ag5 cluster tip is introduced and different 

electronic structure can be observed on the basis of the local density distribution around the Fermi 

energy, resulting in different STM topographic images. The experimental STM imaging map is also 

shown in Figure 1(e) for comparison. To realize the structural effect of the tip on their STM images, 

we further examine how the frontier molecular electronic states couple to the metallic electronic 

states with and without the effect of a tip. By analyzing the projected density of states (PDOS) for 

the CO(ads) molecule and their neighboring Ag surface atom and nano Ag5 cluster tip atoms as 

shown in Figure 2, there is a higher intensity of a nano Ag5 cluster tip state around the Fermi 

energy for the Ag5(planar-tip)-CO(ads)-Ag(110). It is proposed that there is a significantly orbital 

overlap between a nano Ag5 cluster tip and the surface leading to their strong coupling when the 

tunneling process occurs. Obviously, the calculated STM image for Ag5(planar-tip)-CO(ads)-Ag(110) 

can be divided into two groups, the larger bright spot corresponding to the contribution of a nano 

Ag5 cluster tip state and the central small bright spot as shown in Figure 1(d) corresponding to that 

of CO(ads) which are in a good agreement with the experimental STM results. 

 

Temperature effects on adsorption dynamics for both CO(ads)-Ag(110) and Ag5(tip)-CO(ads)-Ag(110) 

 

To further investigate the thermal effect as the electron tunneling from a tip into the adsorbed 

system, we employed the density functional theory-based molecular dynamic (DFT-based MD) 

simulation, to calculate the CO(ads) adsorbed on the Ag(110) surface with and without a nano Ag5 

cluster tip at finite temperature. The DFT-based MD simulations are performed by using the same 

program SIESTA. All of the model systems are calculated at constant temperature (NVT) using 

Nosé–Hoover thermostat [36-37] for 7.0 ps with a time step of 0.5 fs at 50 K. Based on the 

experimental conditions, the STM is located above the substrate around the 3.0Å. Therefore, the 

distance between the bottom most Ag atom and O atom of CO adsorbed molecule is set to 3.0Å. 

After the geometries are optimized, the local minimum structures are used as the initial structural 

Page 6 of 20RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



7 

 

models to run the MD simulation as shown in Figure 1. During the MD simulation, only the bottom 

2 layers of Ag slab and top most Ag atom of a nano Ag5 cluster tip are constrained. The first part of 

DFT-based MD simulation is to reach an equilibration phase for at least 1.0ps. Then, the second 

part of the simulation, which lasts for 6 ps, is followed by collecting data over the 

temperature-controlled dynamic trajectories to generate a time-dependent autocorrelation function 

of the derivative of local density of states (ACF − δ*+,$(>?, ())). 
 

The temperature-controlled dynamic trajectories of CO(ads) during 6ps simulations for each 

adsorbed-surface systems are examined in Figure 3(a). First, the adsorbed CO(ads) was found to be 

stably located on the top site without a tip. Then, as a nano Ag5(trigonal-tip) cluster tip is introduced, 

the CO(ads) is slightly diffuse above the top site and the flipping rate for CO(ads) is significantly 

increased. It suggested that the interaction between the CO(ads) and surface is weakening. Finally, 

when a nano Ag5(planar-tip) cluster tip is introduced, the CO(ads) firstly adsorbed on the top site and 

then a 180o rotation of CO(ads) occurs at approximately 3ps to move from the surface to a nano 

Ag5(planer-tip) cluster tip. To further investigate the electronic properties during the reaction, we 

collected the trajectories of LDOS at the tip position for the adsorbed systems with and without a 

tip for each MD simulations. As shown in Figure 3(b) the tunneling conductance is strongly 

dependent on the effect of a nano Ag5 cluster tip. The average tunneling conductance of 

Ag5(planar-tip)-CO(ads)-Ag(110) is found to be more conductive, which is 1.74 and 13.97 times of 

Ag5(trigonal-tip)-CO(ads)-Ag(110) and CO(ads)-Ag(110), respectively. This tip-enhanced tunneling 

conductance might increase the coupling between the surface and adsorbate leading to a higher 

possibility for the transfer process. 

 

Simulated IETS for CO(ads)-Ag(110) and Ag5(tip)-CO(ads)-Ag(110) 

 

According to Fermi Golden’s rule [38], the adsorption line shape of underlying perturbation is 

generated by considering light-matter cross section interaction and it can be calculated as a Fourier 
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transform of the autocorrelation function by using molecular dynamic simulation. For example, the 

Infrared adsorption spectrum F�G(H) and Raman spectrum FGI�IJ(H) can be simulated by a 

Fourier transform of the dipole moment (K) autocorrelation function 〈K(M)K(0)〉 and polarizability 

(P) autocorrelation function		〈P(M)P(0)〉, respectively (as discussed by our previous theoretical 

studies [39-42]). Following the same strategy, by considering that (1) the IETS is related to the 

second derivatives of I (tunneling current) with respect to V and (2) the IETS intensity is 

proportional to the change in LDOS at specific molecular vibration, Qi, (
QR2ST(/0,78)QUV )2, the IETS 

can be generated by using a Fourier transform of the autocorrelation of the derivative of LDOS 

(�*+,$) as following:   

 

F�7WT(H) ∝  〈�*+,$(>?, () , M)�*+,$(>?, (), 0)〉XYX �VZ�#M   (6) 

 

The calculated IETS for CO(ads) adsorbed on the Ag(110) surface for each adsorbed systems are 

shown in Figure 4(a). Table 1 lists all the calculated vibrational modes and corresponding 

experimental IETS results. In the low-frequency region, the IETS active peak at 48 cm-1 (6 meV) 

can be assigned to the frustrated translation, the active peak at 144 cm-1 and 166 cm-1 (17 meV and 

20 meV) can be assigned to doublet frustrated rotation and the active peak at 266 cm-1 (33 meV) is 

the Ag-C stretching. .In the high-frequency region, the IETS active peak at 1991 cm-1 and 2033 

cm-1 (246 meV and 252 meV) can be assigned to the C-O stretching. Due to all IETS active 

vibrational modes are under the low-energy region (< 0.5eV), the Bardeen formalism are still valid. 

Indeed, the active peaks on IETS by using MD are in a good agreement with the experimental 

results and even much closer to the experimental results than that of normal mode calculations as 

shown in Table 1. Furthermore, it is found that the tunneling amplitude of the IETS peaks in 

low-frequency region is strongly dependent on the influence of a tip. Then, these tip-induced 

motions in low-frequency region will cause structural changes of CO(ads) adsorbed on the surface. 

As a result, the lateral hopping and vertical transfer of CO(ads) adsorbed on the Ag(110) surface can 
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be investigated by monitoring the atomic trajectories through molecular dynamics simulations. 

 

Anharmonic coupling for Ag5(planar-tip)-CO(ads)-Ag(110) by STFT analysis 

 

To further investigate the doublet features which appear in both of the frustrated rotation and 

C-O stretching, we implement previous Fourier transform of the autocorrelation function of the 

derivative of LDOS (�*+,$) by introducing the short-time Fourier transform (STFT)[41] approach 

to generate the time-resolved IETS as the following equation: 

 

F�7WT([, H) ∝ \ 〈�*+,$(>?, () , M)�*+,$(>?, () , 0)〉X
YX ℎ(M + [)�VZ�#M	(7) 

 

h(t + τ) = b		1,					[ ≤ M ≤ e + [
		0, fMℎ�>ghi�  

 

where h(t + τ)  is the rectangular window function, [  is the delay time, F�7WT([, H)  is a 

time-resolved power spectrum, which is called a spectrogram of IETS, and T is the window length 

whose size determines the resolution of frequency of a time-resolved power spectrum. In this study, 

2.0 ps of a window length (T) is adopted. As shown in Figure 5, the spectrogram can provide both 

of time and frequency domains to explore the evolution of all vibrational modes in IETS for 

Ag5(planar-tip)-CO(ads)-Ag(110) along the vertical transfer reaction pathway to investigate the 

correlation between the low-frequency mode and high-frequency modes.  

 

Based on the structural evolution of CO(ads) adsorbed on Ag(110) surface and corresponding 

IETS spectrogram the whole vertical transfer process can be divided into three stages. Firstly, 

before the CO(ads) is transferred to the tip, the frustrated rotation and the C-O stretching are 

assigned at 166 cm-1 (20 meV) and 1991 cm-1 (246 meV), respectively. Secondly, as the vertical 
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transfer proceeds at nearly 3ps, the nano Ag5 cluster tip will induce Ag-C bond weakening leading 

to a red-shifted of the frustrated rotation (from 166 cm-1 to 144 cm-1) and it also accompanies with a 

blue-shifted of C-O stretching (from 1991 cm-1 to 2033 cm-1). Thirdly, as the CO transfers from the 

surface to a nano Ag5 cluster tip, the frustrated rotation and C-O stretching are returned to 166 cm-1 

(20 meV) and 1991 cm-1 (246 meV), respectively. In contrast to the frustrated rotation, the 

frustrated translation still remains unchanged (6 meV) along the vertical transfer of CO(ads) on 

Ag(110) surface. These correlations between low-frequencies (frustrated rotation / frustrated 

translation) and high-frequency (C-O stretching) imply that there is higher anharmonic coupling for 

the (frustrated rotation v.s. C-O stretching) than that of (frustrated translation v.s. C-O stretching). 

Finally, by using single-frequency pass filter (SPFP)[42] analysis scheme, an anharmonic coupling 

arisen from the frustrated rotation can be further investigated. As shown in inserted figure of Figure 

5, the tip-induced frustrated rotation at 166 cm-1 can be identified to the flipping motion of CO(ads) 

and it couples to the Ag-C stretching. On the other hand, the tip-induced frustrated rotation at 144 

cm-1 can be identified to a rotation along the axis of surface normal and it shows a less dependence 

on the surface atom due to the weak interaction between the surface and CO(ads) when vertical 

transfer manipulation occurs.  

 

Conclusion 

 

By combing DFT-based MD simulations with a Fourier transform of autocorrelation function 

of the derivative of local density of states (FT-ACF-δLDOS), the IETS spectra for CO adsorbed on 

the Ag(110) surface have been successfully calculated and analyzed to investigate the effect of the 

nano Ag5 cluster tip on adsorption dynamics and their tunneling conductance at finite temperature 

during the dynamics process. Our calculated results are summarized below. First, we found that the 

tunneling conductance generated based on the trajectories of LDOS is significantly increased as a 

nano Ag5 cluster tip is introduced and their vibrational amplitudes of low-frequency modes (ex. 
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frustrated translation, frustrated rotation and Ag-C stretching) are enhanced in IETS spectrum. 

Second, the IETS spectrum shows the doublet feature at both low-frequency and high-frequency 

regions, that is, frustrated rotation and intramolecular C-O stretching, respectively, due to the 

change of geometry of CO(ads) adsorbed on the Ag(110) surface. Third, by combining the short-time 

Fourier transform (STFT) and single-frequency pass filter (SPFP) analysis schemes, an anharmonic 

coupling between the frustrated rotation and intramolecular C-O stretching has been confirmed. 

Finally, it is our hope that this study will stimulate further experimental efforts to provide more 

insights into the nature of electron-vibration coupling for investigating the STM-tip induced 

chemical reactions. 
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Figure Captions 

 

Figure 1. (a) The optimized structure for CO(ads)-Ag(110), Ag5(trigonal-tip)-CO(ads) -Ag(110), and 

Ag5(planar-tip)-CO(ads)-Ag(110) and corresponding electronic structures of the LDOS at the Fermi 

energy. (b) The simulated STM image of CO(ads)-Ag(110), (c)Ag5(trigonal-tip)-CO(ads)-Ag(110), (d) 

Ag5(planar-tip)-CO(ads)-Ag(110), (d) and the experimental STM result. 

 

Figure 2. DOS projected onto the CO molecule (green line) and their neighboring Ag surface atom 

(blue line) and nano cluster Ag5 tip atom (red line). From the top to bottom: the PDOS of CO(ads) 

adsorbed on Ag(110), Ag5(trigonal-tip)-CO(ads) adsorbed on Ag(110) and Ag5(planar-tip)-CO(ads) adsorbed 

on Ag(110) 

 

Figure 3. (a) The dynamic trajectories of CO(ads) during 6ps DFTMD simulations and (b) 

corresponding LDOS(r0,EF) for each investigated systems, CO(ads) adsorbed on Ag(110) (red line), 

Ag5(trigonal-tip)-CO(ads) adsorbed on Ag(110) (green line) and Ag5(planar-tip)-CO(ads) adsorbed on Ag(110) 

(black line). 

 

Figure 4. The calculated IETS spectrum for each investigated systems, CO(ads) adsorbed on Ag(110) 

(red line), Ag5(trigonal-tip)-CO(ads) adsorbed on Ag(110) (green line) and Ag5(planar-tip)-CO(ads) adsorbed 

on Ag(110) (black line) during 6ps DFTMD simulations. 

 

Figure 5. The spectrogram obtained by STFT analysis for the IETS spectrum for the 

Ag5(planar-tip)-CO(ads) adsorbed on the Ag(110) surface and corresponding structural changed during 

6ps MD simulation. The two kinds of frustrated rotation motion are shown in inserted Figure by 

SFPF analysis. 

 

Tables 

 

Table 1. Calculated major IETS active peaks for Ag5(trigonal-tip)-CO(ads) and Ag5(planar-tip)-CO(ads) 

adsorbed on the Ag(111) surface at 50K. Normal mode calculation with different type of basis set 

(SZP, DZ, DZP) and experimental of IETS are also included for comparison. 
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Figure. 1 
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Figure 3. 
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Figure 4. 
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