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Abstract 

This work reports on the electron-induced modification of NaCl thin film grown on Ag(110). 

We show using low energy electron diffraction (LEED) that electron beam bombardment leads 

to desorption and formation of Cl vacancy defects on NaCl surface. The topographic structure 

of these defects is studied using scanning tunneling microscopy (STM) showing the Cl defects 

as depressions on the NaCl surface. Most of the observed defects are mono-atomic vacancies 

and are located on flat NaCl terraces. Auger electron spectroscopy confirms the effect of 

electron exposure on NaCl thin films showing Cl atoms desorption from the surface.  Using 

density functional theory (DFT) taken into account the van der Waals dispersion interactions, 

we confirm the observed experimental STM measurements with STM simulation. Furthermore, 

Comparing the adsorption of defect free NaCl and defective NaCl monolayer on Ag(110) 

surfaces, we found  an increase of the adhesion energy and the charge transfer between the 

NaCl film and the substrate due to the Cl vacancy. In details, the adhesion energy increases 

between the NaCl film and the metallic Ag substrate from 30.4 𝑚𝑒𝑉Å−2 for the NaCl film 

without Cl vacancy and from 39.5 𝑚𝑒𝑉Å−2 for NaCl film with a single Cl vacancy. The charge 

transfer from the NaCl film to the Ag substrate is enhanced when the vacancy is created, from 

0.63e- to 1.25e-. 

 

Keywords: two-dimensional materials, atomic vacancies, insulating surfaces, low temperature 

scanning tunneling microscopy, DFT calculation. 
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1. Introduction 

Insulating films supported by metal surfaces are very important in numerous nanoscience 

applications. They have been used successfully as atomically controlled spacers to decouple the 

electronic structure of adsorbates from those of the metal substrate. This allows the study and 

enhancement of the intrinsic electronic properties of these adsorbates, which is an important 

step towards nanotechnology applications. Recent research confirms the decoupling effect of 

these films as they have been used in numerous experiments: to image individual molecular 

orbitals [1, 2], to manipulate single adatoms [3-4] and to isolate 2D nano-structures [5, 6]. 

Sodium chloride (NaCl) is an alkali-halide insulator with wideband gap (8.5 eV) and it is 

considered an excellent model system to conduct such experiments. Previous studies reported 

that NaCl ultra-thin insulating films can grow by epitaxy as flat islands on different metal 

surfaces such as Ag [7, 8], Cu [9, 10] and Au [11, 12]. Further benefits of using NaCl thin films 

as substrates is the ability to use electron excitation surface analysis techniques as the charging 

effect on these films is weak. This allows following and controlling the growth of these films 

during the experiment, which leads to a better surface characterization. As side effect, these 

techniques usually affect the ionic surface under investigation by probe-induced damage. 

Electron-stimulated desorption has been observed on NaCl bulk and surfaces when using low-

energy electron diffraction (LEED), Auger electron spectroscopy (AES) and reflection high-

energy electron diffraction (RHEED) methods [13-17]. This electron-simulated desorption has 

been attributed to the ejection of Cl ions, a process that is also used to form color centers in 

NaCl films [18]. The ejection of halogen ions results in the formation of Cl atomic vacancy 

defects on the NaCl surface. Finally, prolonged exposure of NaCl films to electron irradiation 

leads to layer dissociation and formation of a new sodium-based 2D structure [13, 14].  

Atomic vacancies play a key role in electronic properties and chemical reactivity of materials 

[19-23]. For insulating surfaces, vacancies have been exploited to trap molecules [24] and nano-

clusters [25]. Previous work shows that Cl vacancies in a NaCl layer on the Cu surface can be 

an interesting example to study the electron-phonon coupling between optical phonons and the 

localized vacancy state [26]. Recently, it has been shown that measuring the lifetime of the 

vacancy state of Cl vacancies can be used to determine the local thickness of the insulating 

NaCl layer [27].  

In this work, we show the effect of electron irradiation on a monolayer (1 ML) NaCl thin film 

grown on the Ag(110) surface and we confirm the formation of chlorine vacancies due to 

electron exposure. STM and AES have been used to study the structural and chemical 
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modifications upon electron exposure of the NaCl film. AES spectra indicate Cl atoms 

desorption from the surface and STM images show the Cl defects as depressions on the NaCl 

layer.  Using DFT calculations, we confirm the observed experimental STM measurements with 

STM simulation. In addition, Comparing the adsorption of defect free NaCl and defective NaCl 

monolayer on Ag(110) surfaces, we found  an increase of the adhesion energy and the charge 

transfer between the NaCl film and the Ag substrate due to the Cl vacancy. 

 

2. Experimental and computational details 

All experiments were performed in ultra-high vacuum. The system, operating at a base pressure 

< 10−10 mbar, is equipped with the standard tools for surface preparation and characterization, 

including an Auger electron spectroscopy (AES), a low-energy electron diffraction (LEED) and 

a scanning tunneling microscope (STM). The thin NaCl film is grown on a single crystal of 

Ag(110). Prior to NaCl deposition, the Ag(110) substrate was cleaned by several cycles of Ar+ 

ion sputtering followed by annealing up to 500°C. NaCl was deposited by sublimation from a 

solid source Knudsen cell at 520°C. During the deposition, the Ag substrate was kept at 140°C. 

Annealing the substrate increases the NaCl molecule diffusion, which allows larger NaCl 

islands to be obtained [8]. Calibration was achieved by monitoring the quantity of the NaCl 

deposited using a quartz microbalance. The AES/LEED experiments presented here were 

performed at room temperature, while STM topographies were taken at low temperature (~ 77 

K).  Electron irradiation was carried out using LEED on a 1 ML NaCl film just after sample 

preparation and prior to probing the surface with STM. The typical LEED characterization was 

performed at an energy of 48 eV for less than one minute to check the surface structure. Given 

that the reaction kinetics of the NaCl layer upon electron irradiation has a characteristic time 

constant of 100s [14], keeping the exposure time to <1 minute enables us to investigate the 

initial Cl vacancy formation before the onset of the larger scale surface evolution at longer times 

scales. To confirm the effect of LEED electron irradiation on the NaCl film, we performed a 

prolonged electron exposure with LEED at 63 eV for 10 min. Furthermore, we analyzed the 

sample with AES method to check the surface chemical composition before and after electron 

exposure.  

Calculations were performed within Density Functional Theory using the VASP [28, 29] code 

(version 5.4.4) with the GGA-PBE functional [30], where the interaction between the valence 

electrons and ionic cores is described by the projector augmented wave (PAW) method [31, 
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32]. We have also performed calculations using the optB88 [33] functional which is a van der 

Walls implementation into VASP. Several investigations have shown that the OptB88 provides 

an overall good agreement with experimental results [34-38]. The energy cut-off is set to 350 

eV. For all calculations, Monkhorst-Pack sampling [39] is used. For bulk calculations, a 

14x14x14 grid is used while for surface calculations a 4x4x1 is used. The charge transfer 

following the adsorption has been computed using Bader method analysis [40] as implemented 

by Henkelman et al. [41] and the simulated STM images are obtained using the Tersoff-

Hamann approach [42].  Our model system for NaCl/Ag(110) is built by placing one Cl atom 

on a top site of the Ag(110) surface,  since it is known that this structure presents the most stable 

configuration with the highest adsorption energy and the largest distortion of the Ag surface top 

layers [8].  

3. Results and discussion 

3.1. Cl vacancy formation and its topographic signature  

Figure 1.a shows the LEED pattern of clean Ag(110) surface with its rectangular symmetry 

(white rectangle). After deposition of 1 ML of NaCl at 140°C, the LEED pattern in Figure 1.b 

reveals a new (4×1) superstructure (yellow rectangle). This superstructure is due to the small 

mismatch between the Ag(110) and NaCl(100) surfaces, in which, along the Ag[1–10] direction 

4×aAg[1–10] = 1.155 nm equals approximately 3×aNaCl[011] = 1.196 nm. In the Ag[001] 

direction, the lattice parameter aAg[001] = 0.408 nm is close to aNaCl[01–1] = 0.400 nm. In both 

directions, we found a lattice mismatch of 3.55% and 2.00% for Ag[1-10] and Ag[001], 

respectively. We observe that the NaCl ¾ diffraction spot along the Ag[1-10] is more intense 

in the LEED pattern which reflects the (1x1) structure of the NaCl(100) layer. 
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Figure 1. LEED patterns of (a) clean Ag(110) surface measured at 67 eV and (b) after a deposit 

of 1ML of NaCl measured at 48 eV. The white rectangle shows the (1x1) unit of Ag(110) while 

the yellow rectangle shows the (4x1) superstructure of NaCl/Ag(110). 

The STM topographies were taken after performing a typical surface analysis with electron 

irradiation by LEED at 48 eV for less than 1 min. Figure 2.a presents STM topography of an 

ultra-thin NaCl film grown on Ag(110) at 140°C. The NaCl film consists in islands with an 

atomically flat surface and straight nonpolar edges, as well as a relatively important number of 

surface defects (mean density higher than 3 x 1018 𝑐𝑚−2). A selection of point defects appearing 

on the NaCl film is shown with higher atomic resolution in Figure 2.b. Most of these defects 

were observed on flat NaCl terraces and not along step edges or dislocation lines. This is in 

contrast with defect locations reported for MgO insulating film where defects form 

preferentially at sites like steps, corners, and kinks [43]. Also, we note that most of the observed 

defects are single atom vacancies. A few cases of di-atomic or tri-atomic vacancies can be 

found.  

 

Figure 2. (a) STM topography (28.9 x 28.9 nm², U = -1 V , I = 0,4 nA) of 1ML NaCl film 

imaged after LEED surface analysis (electron exposure) which exhibits dark holes with high 

defect density; (b) Well-resolved STM image (11.6 x 11.6 nm², U = -0,6 V, I = 0,4 nA) showing 

𝐶𝑙− ions and 𝐶𝑙− vacancies (black dashed circle) presented by protrusions and depressions, 

respectively. The superstructure periodicity (4x1) is presented by the rectangular unit cell with 

black line; b.1) Atomically resolved STM image of Ag(110) surface (17.5 x 17.5 Å², U = -0.04 

V, I = 2.5 nA), the unit cell is indicated by black rectangle; b.2) Atomically resolved STM 

image of NaCl island (17.5 x 17.5 Å², U = -0.2 V, I = 0.7 nA), the unit cell is indicated by black 

square. 
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Figure 3 shows STM images taken prior to LEED surface analysis. Here, no NaCl surface 

defects were observed. This reveals that the high defect density observed in Figure 2.a is due 

to defect vacancies created by LEED electron irradiation. Similar NaCl defects have been found 

when using different experimental techniques such as electron energy loss spectroscopy (EELS) 

[18] or by bringing an STM tip into contact with the surface [44]. Since only the chlorine ions 

are imaged as bright spots in STM when using a metallic STM tip [45], the defects shown in 

Figure 2.b can be attributed to empty Cl vacancies. These defects appear as a simple hole in 

the NaCl surface, because they are simple cavities in the topmost NaCl(100) plane from a 

structural point of view.  

 

Figure 3. (a) STM topography (60 x 60 nm², U = -0.9 V , I = 1.2 nA) of 1ML NaCl film imaged 

prior to LEED surface analysis (electron exposure) showing a flat defect free NaCl island; (b) 

Atomically resolved STM image (10 x 10 nm², U = -0.6 V, I = 0.4 nA) recorded from the NaCl 

island of (a). 

Figure 4 shows a detailed atomic resolution topography of a NaCl surface with a defect, 

presented in a standard 2D (Figure 4.a) and a pseudo 3D (Figure 4.b) representation for better 

visibility. The line profile in Figure 4.c corresponds to black line depicted in the STM image 

(Figure 4.a). The line profile clearly shows that the NaCl layer incomplete, i.e., a Cl ion is 

missing, which leads to the appearance of a dark hole. The line scan also shows that the lattice 

defect has the form of a depression 70 pm deep and 0.4 nm diameter. The distance between the 

first neighbor protrusions of 0.4 nm corresponds to the distance between Cl ions in the NaCl 

(100) film. The depth of the dark depression is 70 pm, which is close to the measured apparent 

height of 1ML NaCl thin film [8]. This suggests that single-atom vacancy defects on NaCl can 

form even on the first layer. 
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Figure 4. a) Atomically resolved STM topography (26.5 x 26.5 Å², U = -0.6 V, I = 0.6 nA) 

showing square symmetry of NaCl film with dark single Cl vacancy; b) Pseudo 3D 

representation of the NaCl surface defect for better visibility; c) line profile (A) taken across 

the vacancy showing an example of the defect dimensions.   

In order to further investigate the effect of LEED electron irradiation on the NaCl thin film, we 

show in Figure 5 a typical (AES) spectra of Ag(110) surface before and after deposition of 1 

ML of NaCl. We used AES mainly to check the cleanliness of the substrate and investigate the 

surface chemical composition. The first spectrum (black line) presents the characteristic 

spectrum of Ag (MNN) collected from the clean Ag(110) surface. It shows peaks at 365 eV, 

351 eV and secondary peaks at 302 eV, 260 eV [46]. After NaCl deposition (blue line), the Cl 

(LVV) peak appears at 181 eV. We can also observe that the silver Auger peak is attenuated 

after NaCl deposition. This attenuation is due to the loss of electrons travelling through the 

NaCl layer. Now, after electron irradiation of the NaCl film using the LEED during 10 min at 

an electron energy of 63 eV, we observe that the Ag signal slightly increases, while the Cl signal 

decreases. We should note that we were not able to detect the Na Auger peak in the spectrum 

in Figure 5. This is because the Na Auger peak is located at higher energy (KLL transition 

around 990 eV) and the peak intensity of Na is four times smaller than the peak intensity of Cl 

[46]. Note that the electron mean free path depends on the incident electron energy which is 

quite different for LEED (48 & 63 eV) compared to AES (3 keV). Low energy electrons (50 

eV) can induce quite efficiently chemical transformations of thin self-assembled molecular 

layers [47]. 
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Figure 5. Differential AES spectra collected for: clean Ag(110) surface (black line), After 

deposition of 1ML NaCl (blue line) followed by electron bombardment (red line) during 10 

min at 63 eV electron energy.  

 

3.2.  DFT Calculations 

In this section we present the DFT results obtained for a defect-free and a defective NaCl layer 

adsorbed on the metallic Ag(110) surface. To model the Ag(110) surface, we created a 5-layer 

slab. We used 22 Å of vacuum between slabs in the z direction (perpendicular to the surface). 

Each Ag layer is composed of 12 atoms in a 4 x 3 surface unit cell giving a total of 60 atoms 

for the whole Ag(110) surface. The bulk lattice constant for Ag was found to be 4.154 Å and 

4.147 Å, when using PBE and optB88, respectively. Once the slab was built, we optimized the 

Ag substrate and the NaCl film separately before depositing the adsorbate (NaCl) on the 

substrate (Ag). We keep the bottom two layers of the Ag surface fixed at their bulk-truncated 

positions and allowed the rest of the NaCl/substrate system to relax. The adhesion energy of 

the insulating NaCl film to the Ag metal surface is defined as: 

                        Eadhesion =  −(ENaCl/Ag(110) − ENaCl −  EAg(110))/S    (1)                                                    

where S is the surface area of the substrate in Å². A positive adhesion energy implies a bound 

interface. 

For the free standing NaCl(100) monolayer, the lattice parameter given by the Cl-Cl (Na-Na) 

nearest neighbors is 3.995 Å and 3.943 Å for PBE and OptB88, respectively, with the Cl anions 

and Na cations in a flat configuration. Upon NaCl adsorption, a lattice matching between the 
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NaCl ad-layer and the Ag(110) surface is obtained with a compression of 2.0% for PBE and 

0.8% for OptB88 in the Ag[1-10] direction. However, along the Ag[001] direction, there is an 

expansion in the NaCl layer corresponding to 4.0% for PBE and 5.0% for OptB88. This 

compression and expansion corresponds to a NaCl:Ag matching of 3:4 and 1:1 along the [1-10] 

and [001] Ag directions, respectively, as shown in Figure 6. Therefore, when NaCl over-layer 

is placed on the Ag surface, the unit cell contains 3 NaCl pairs in agreement with the 

experimental LEED observation.  

 

Figure 6. Computed structures and adhesion energies of defect-free and defective 1ML 

NaCl/Ag(110) as calculated using PBE and OptB88 functionals. Grey, blue and green spheres 

represent the Ag, Cl and Na atoms, respectively. The red dashed circle indicates the Cl vacancy. 

The Ag crystallographic directions correspond to the top view model.  The superstructure 

periodicity (4x1) is presented by the highlighted rectangular unit cell which corresponds to a 

NaCl:Ag matching of 3:4 and 1:1 along the [1-10] and [001] directions. 

Table 1 summarizes the adhesion energies and the distances obtained from the geometry 

optimization of defect-free and defective NaCl/Ag(110). From this table we can conclude for 

both systems a low adhesion energy for PBE as compared to OptB88. When accounting for the 

van der Waals effects, there is an increase in the adhesion energy between NaCl film and the 

metallic Ag substrate from 12.1 𝑚𝑒𝑉Å−2 to 30.4 𝑚𝑒𝑉Å−2 for the NaCl film without Cl vacancy 

and from 22.1 𝑚𝑒𝑉Å−2 to 39.5 𝑚𝑒𝑉Å−2 for NaCl film with a single Cl vacancy. These results 

confirm the importance of considering dispersion forces for ionic/metal systems. We note also 

that for defect-free NaCl, the Cl-Na inter-layer separation is 0.26 Å for both PBE and OptB88. 
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For the large unit cell used in the present study, as opposed to the one used in our previous 

study [8], there is a corrugation of about 0.10 Å for PBE and 0.17 Å for OptB88. The Na ions 

sit at nearly the same height above the surface. The average height separation between the Na 

plane and the Cl plane is 0.28 Å and 0.32 Å, for PBE and OptB88 respectively. When a Cl 

vacancy is created, the Na ions near the vacancy move towards the Ag plane by as much as 

0.2Å for both PBE and OptB88, while the Cl ions near the vacancy move upwards away from 

the Ag plane by about 0.05-0.07 Å for both PBE and Optb88. For our unit cell we found a 

reduction in the difference in height between the average height of the Na plane and the top Ag 

plane. The height difference changed from 2.54 Å (2.42Å) to 2.45Å (2.24Å ) when the vacancy 

is created for PBE (OptB88). Again, for the present cell, the charge transfer (from the NaCl 

film to the Ag substrate) is enhanced when the vacancy is created, from 0.45e- to 1.14e- for PBE 

and from 0.63e- to 1.25e- for OptB88. 

 

Table 1. Adhesion energies calculated for 1ML NaCl/Ag(110) with and without Cl vacancy. 

Charge transfer between NaCl layer and Ag(110) surface. The interface distance 𝐷𝑁𝑎𝐶𝑙 𝐴𝑔⁄  is 

defined as the distance between the average vertical position of the Ag top layer atoms and that 

of the Na plane.  

 

 

 

 

 

 

 

Figure 7 shows a comparison between experimental and simulated STM images of clean 

Ag(110), defect free NaCl/Ag(110) and defective NaCl/Ag(110) surfaces. The simulated STM 

images showing the rectangular and square symmetries of Ag(110) and NaCl(100) surfaces, 

respectively,  are in good agreement with the experimental STM topographies. From the 

structural model used for the calculations, we confirm that the imaged bright spots present the 

Cl ions, which is consistent with previous work [14]. For the defective NaCl layer, the 

Surface 

NaCl/Ag(110) 
Functional 

Method 

Adhesion 
Energy   

(𝑚𝑒𝑉Å−2) 

Charge 
Transfer (e) to 

Substrate 
𝐷𝑁𝑎𝐶𝑙 𝐴𝑔⁄ (Å) 

Without Cl 
vacancy 

PBE 12.1 0.45 2.54 

Without Cl 
vacancy 

OptB88 30.4 1.14 2.42 

With Cl vacancy PBE 22.1 0.63 2.45 

With Cl vacancy OptB88 39.5 1.25 2.24 
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calculated STM image shows the Cl vacancy as depression which similar to the experimental 

observation. 

 

Figure 7. A comparison between simulated and experimental STM images of clean Ag(110) substrate 

(top image), defect-free NaCl monolayer deposited on Ag(110) (middle image) and NaCl monolayer 

with single Cl vacancy deposited on Ag(110) (bottom image). The related structural model for each 

system is given (left). The simulated STM images are taken at constant height mode with U = -1 V and 

an STM tip 3.0 Å above the average top layer of the scanned surface. Grey, dark blue and light blue 

corresponds to Ag, Cl and Na atoms, respectively. 

 

4. Conclusion 

In this work we present a combined experimental and computational study of Cl vacancy 

defects on NaCl thin film grown on Ag(110) metal surface. First, we show the formation of Cl 

vacancy defects due to electron-stimulated desorption with LEED beam during surface analysis 

at 48 eV. The topographic signature of these defects is imaged using STM showing the Cl 

vacancies as depressions on the NaCl surface. Furthermore, our STM simulation by DFT 

confirms the STM measurements. Comparing the adhesion of defect free NaCl and defective 

NaCl monolayers on Ag(110) surfaces, we found an increase of charge transfer between the 

NaCl layer and the Ag substrate due to the presence of Cl holes on the surface, and a decrease 

of NaCl spacing in the case of the defective layer. The increase in charge transfer may also be 

due to the Na atoms, which move closer to the Ag surface when the Cl vacancies are created. 

Overall, atomic vacancies can significantly influence the surface chemical reactivity, 
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controlling the density and nature of these defects should be beneficial for the applications of 

insulators in nano-scale devices [48, 49]. 
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