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Scanning tunneling microscopy (STM) experiments combined with density functional theory 

(DFT) calculations reveal that deposited Cr atoms replace either Na or Cl ions, forming 

substituting dopants in ultrathin NaCl/Au(111) films. The Cr dopants exchange electrons with 

the support thus changing the electronic properties of the film and in particular the work 

function. The Cr atoms spontaneously aggregate near the edges of the bilayer (2L) NaCl 

islands, forming a new phase in the insulator with a remarkably dense population of Cr 

dopants. Spectra of the differential conductance yield evidence that, compared to the undoped 

or Cr-poor 2L NaCl films on Au(111), the Cr-rich region shows different interface states, 

shifted image-potential states, and a reduced work function. This demonstrates the potential of 

doping ultrathin films to modify in a desired manner their adsorption properties. 

 

 

1. Introduction 

    Introducing magnetic metal atoms and their aggregates into 

non-magnetic surfaces allows one to synthesize novel materials 

for magneto-optical, spintronic, and data-storage devices.1-3 

Thin insulating films provide the possibility to control the 

electronic coupling between magnetic metal nanostructures and 

the conducting substrate. The magnetic atoms can be either 

adsorbed on top of the surfaces or, more rarely, can be 

incorporated into the insulating films, which may lead to novel 

functionalities, such as the formation of a new doping-induced 

phase,4 modification of adsorption and surface chemical 

properties,5 or ferromagnetic insulators.6, 7 

    The electronic and magnetic properties of the deposited 

magnetic metal atoms are very sensitive to their local 

environment that determines system symmetry and state 

hybridizations.8-11 Scanning tunneling microscopy (STM) and 

scanning tunneling spectroscopy (STS) have been used to 

investigate at the atomic scale the main mechanisms that are at 

the origin of their unique properties, such as charge transfer,5 

magnetic stability, and coupling.3 For example, Rau et al. 

recently demonstrated that the magnetic anisotropy energy of a 

3d transition metal atom can reach its maximum value on MgO 

thin films,12 while the anisotropy is typically much smaller on 

other surfaces.8 So far, magnetic atoms have been mainly 

investigated on Cu2N and MgO films.8,12 Ultrathin NaCl films 

represent an alternative and appealing insulating material due to 

the large band gap of NaCl and because the thickness of the 

films can be controlled with monolayer precision, giving rise to 

truly two-dimensional (2D) systems. To date, mainly non-

magnetic atoms13, 14 and molecules15-19 have been investigated 

on ultrathin NaCl insulating films. It has been found that the Au 

and Ag atoms are weakly bound on top of the NaCl surface. 

Very recently we reported an uncommon example of 

spontaneous doping of NaCl films by magnetic Co atoms.20 

In this paper, we investigate the behavior of Cr atoms 

deposited on bilayer (2L) NaCl/Au(111) films. While the 

tendency of the Cr atoms to spontaneously enter in the film is 

similar to what we found for Co,20 the electronic structure of 

the Cr-doped NaCl films and the distribution of these transition 

metal impurities are very different from the Co case. By 

comparison between the results for our experimental STM/STS 

data and our density functional calculations, we find that there 

is an electron exchange of the Cr dopants with the Au support, 

which changes the electronic properties of the film. A 

remarkable spontaneous aggregation of Cr dopants occurs near 

the edges of the 2L NaCl islands, forming an amorphous 

structure that exhibits different interface states and image-

potential states (IPSs) compared to the undoped and Cr-poor 

NaCl films. The observed shift of the IPSs is related to a 

modified work function, resulting from the surface dipole 

created by the electron transfer from a dense population of Cr 

dopants towards the Au support. These effects, which were not 

observed for Co adsorption, show that there is great potential in 

the deposition of transition metal atoms on NaCl ultrathin films 

as this can result in new materials with distinct and interesting 

properties. These properties can be tuned by a proper choice of 

the self-doping element. 

 

2. Methods 

2.1. Experimental details.  

    Monolayer (1L) and 2L NaCl(100) islands on Au(111) are 

obtained by deposition of NaCl (99.999% purity, Alfa Aesar), which 

is heated up to 800 K, on a cold [well below room temperature (RT)] 

Au(111) surface as described in Ref. 21. Trilayer (3L) NaCl is 

obtained by mild post-annealing to about 470 K.22 The Cr atoms are 

thermally evaporated onto the NaCl/Au(111) substrate that is kept at 
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Figure 1. (a) 53×44 nm2 STM topography image (V = 1 V, I = 0.05 nA) of Cr atoms on 2L NaCl/Au(111). (b) 15×15 nm2 STM topography image (V = 1 

V, I = 0.05 nA) taken in the center of the NaCl island in (a). (c) 15×15 nm2 atomic-resolution STM topography image (V = 1 V, I = 0.05 nA) taken near 

the edge of another 2L NaCl island. The obviously brighter protrusions indicated by white arrows are CrCl atoms, while the weaker protrusions indicated 

by black arrows are CrNa atoms. (d)-(f) 2.8×4.8 nm2 STM topography images of a CrCl atom and a CrNa atom taken at +2.0 V, +2.4 V, and +3.1 V, 

respectively. (g) dI/dV spectra recorded at CrCl , CrNa and the surrounding NaCl. 

RT. (dI/dV)(V) curves and maps of the local density of states (LDOS) 

are acquired with open and closed feedback loop, respectively, by 

lock-in detection using amplitudes of 50 mV and frequencies around 

880 Hz. All STM measurements are performed at 4.5 K using a 

tungsten tip in an ultra-high vacuum system that includes a low-

temperature STM (Oxford Instruments − Omicron NanoScience). 

Image processing is performed by Nanotec WSxM.23  

2.2. Computational details.  

    Spin-polarized DFT calculations were performed using the 

generalized gradient approximation (PBE functional24) and the plane 

waves code VASP.25, 26 The interaction between the ions and the 

valence electrons is described by the projector augmented wave 

(PAW) method.27 The NaCl(100) films on the Au(111) substrate 

have been modelled by a coincidence structure, obtained by 

superposing a (2 × 2) NaCl(100) unit cell on a 
1 3

3 1

 
 
 

 

superstructure of the Au(111) surface.28 This coincidence structure 

presents a residual strain of about 5%, which is accommodated in the 

Au substrate; the angle of the substrate unit cell is adjusted from 82° 

to 90° to match the square symmetry of the NaCl film. The metal 

support is modelled by a five layer slab. A (6 × 6 × 1) Monkhorst-

Pack grid is used for the reciprocal space sampling.  

    For the electronic properties and the STM image simulations of 

substitutional Cr impurities, (2 × 2) and (4 × 4) NaCl(100) supercells 

were used, corresponding to 12.5% and 3.1% atomic concentration 

doping of the top layer. For (2 × 2) supercells, the atomic 

coordinates of the top three layers of the Au slab and all coordinates 

of the NaCl films and Cr are fully relaxed. For the larger (4 × 4) unit 

cell all the coordinates of the Au support were fixed, a procedure 

that does not affect the properties.  

    Dispersion interactions were included by means of the pair-wise 

force field as implemented by Grimme (DFT-D2).29 STM images 

were simulated using the Tersoff-Hamann approximation.30 The 

reported magnetic moments are the total magnetic moments per unit 

cell. 

3. Results and discussion 

3.1 Charge transfer between individual Cr dopants in 2L 

NaCl and the Au(111) support.  

     Upon deposition of Cr atoms onto 2L [Fig. 1(a)], the Cr 

atoms are found to be located either on Cl sites, which are 

hereafter referred to as CrCl [brighter protrusions indicated by 

white arrows in Figs. 1(b) and (c)], or on Na sites, hereafter 

referred to as CrNa [less brighter protrusions indicated by black 

arrows in Figs. 1(b) and (c)]. Note that with a bare (i.e., non-

functionalized) metallic tip, only the Cl ions of the NaCl lattice 

can be revealed as protrusions.31 The corrugation stemming 

from the Cl ions is about 2.5 pm in the STM topography image 

in Fig. 1(b). Within the tunneling voltage range from –1 to +1 V, 

the CrCl atoms have an apparent height around 30 pm, while the 

CrNa atoms have an apparent height around 10 pm. We will 

show below that the Cr atoms enter into the NaCl film as 

substitutional dopants, replacing Cl and Na ions.  

    Figures 1(d)-(g) present a series of STM topography images 

and dI/dV spectra of CrNa and CrCl atoms. Within the measured 

energy range indicated in Fig. 1(g), CrNa atoms exhibit four 

unoccupied states around 2.0, 2.4, 3.1, and 4.0 eV, while CrCl 

atoms exhibit only one pronounced resonance state around 3.9 

eV. Note that for the undoped 2L NaCl film there are two 

resonances at 3.75 eV (shoulder peak) and 4.25 eV (main peak), 

which are related to the Au bulk band gap edge 32 and the first 

image potential state of the 2L NaCl film,33 respectively. The 

conduction band may be mixed in the IPSs.34 At voltages near 

the Cr resonance states, CrNa atoms appear as sphere-shaped 

protrusions around 2.0 eV [Fig. 1(d)] and 2.4 eV [Fig. 1(e)] and 

as a four-lobe structure around 3.1 eV [Fig. 1(f)] in the STM 

topography images, while CrCl atoms simply appear more 

pronounced with increasing voltage within the entire 

investigated voltage range up to 3.1 eV [Figs. 1(d)-(f)]. The 

extended four-lobe structure is indicative of the hybridization 
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Table 1 Properties of CrNa and CrCl in 2L NaCl/Au(111) films: magnetic moment (Nα – Nβ) in units of µB, Bader charge q in units 

of |e|, and work function Φ in units of eV.  

 doping Nα-Nβ (µB) q |e| Φ, calc (eV) Φ, exp (eV) 

CrNa/NaCl/Au(111)  12.5% 4.06 +1.19 3.56  

CrCl/NaCl/Au(111)  12.5% 5.64 −0.23 3.42  

Cr/NaCl/Au(111) ≈ 6%        3.8 a 

CrNa/NaCl/Au(111) 3.1% 3.87 +1.27 4.03  

CrCl/NaCl/Au(111) 3.1% 5.98 −0.09 3.43  

Cr/NaCl/Au(111)  ≈ 1%        4.3 b 

NaCl/Au(111) - - - 4.40     4.3 

Au(111) - - - 5.13     5.36 c  

a Cr-rich regions, containing maily CrCl, but also a fraction of CrNa. 
b Cr-poor regions, containing maily CrNa, but also a fraction of CrCl.  
c Taken from Ref. 44. 

between the orbitals of the Cr atom and its neighboring Cl ions, 

as follows from our DFT-based calculations discussed below. 

Note that we did not observe any Kondo signature near the 

Fermi level. Since there is one layer of NaCl between the Cr 

dopant and the Au surface, the Kondo effect is expected to be 

very weak and the Kondo temperature may be below our 

experimental temperature (4.5 K).  

    DFT calculations were performed for a Cr atom replacing 

either a Na or a Cl ion in the top layer of a 2L NaCl film. 2×2 

and 4×4 supercells were used, representing 12.5% and 3.1% Cr 

doping concentrations of the top layer of the NaCl film, 

respectively. The replaced Na or Cl atoms are not considered in 

the models because it is assumed that they are either displaced 

to the borders of the islands or to the NaCl/Au interface.35  

    When Cr replaces one Na+ ion in a free-standing, 

unsupported 2L NaCl film, it assumes a +1 formal charge 

(Bader charge = +0.81 |e|). The electronic configuration 

becomes 4s03d5 (4s13d5 for the free Cr atom) and the 

magnetization is 5 µB (five 3dα electrons) [see Fig. S3 in 

Supplementary Information (SI)]. In a symmetric way, when Cr 

replaces one Cl− ion in the unsupported NaCl 2L film it 

assumes a −1 formal charge (Bader charge = −0.60 |e|) and the 

electronic configuration becomes 4s23d5 (magnetization 5 µB, 

as for CrNa). 

    The electronic structure becomes, however, very different for 

the supported 2L NaCl films on Au(111). Here in fact, electron 

exchange between the transition metal impurity and the Au 

support is possible, giving rise to different oxidation states. 

Similar phenomena have been described recently for the case of 

Cr and Mo impurities in MgO and CaO surfaces.5, 20, 35-37 Our 

calculations for CrNa/NaCl(2L)/Au(111) show that the ground 

state corresponds to a Cr ion with four 3d electrons, i.e., 4s03d4 

configuration [see Fig. S4 in SI]. The Cr is thus formally in a 

+2 oxidation state and has donated one electron to the 

supporting Au metal. The net magnetization is 3.87 µB and the 

Bader charge is +1.27 |e| (see Table 1).  

We now consider the CrCl case. From a structural point of 

view, when Cr replaces Cl it is calculated to protrude by about 

0.19 pm from the surface [Fig. 2(b)]. This Cr protrusion is 

found on unsupported as well as on supported NaCl 2L films. 

The fact that CrCl atoms are more protrusive than CrNa is 

consistent with the experimental observations. This may 

indicate the existence of a residual strain in the NaCl film, a 

fact consistent with the experimental observation that CrCl 

atoms are preferentially found at the edges of NaCl islands, 

where the strain can be partially released. We performed a set 

of calculations where Cr is forced to stay in the topmost NaCl 

layer (no protrusion, Fig. S5 in SI) but the main electronic 

features do not change. As for CrNa, also for CrCl there occurs 

an electron exchange between the Cr dopant and the Au. The 

electronic configuration of CrCl is 4s13d5 (the same as for a free 

Cr atom). Compared to the unsupported NaCl film (where Cr 

adopts a Cr− 4s23d5 configuration), the Cr 4sβ orbital in 2L 

NaCl/Au(111) films is pushed above the Au Fermi level and is 

empty [see Fig. S5 in SI]. The net magnetization is 5.98 µB and 

the Bader charge is close to 0 |e| (see Table 1), indicating that 

one electron has been transferred to the supporting Au metal, 

and that the Cr atom is almost neutral (instead of being Cr− as 

in the unsupported 2L NaCl).  

    We now discuss the positions of the empty states for the CrNa 

and CrCl dopant atoms. The analysis of the density of states 

indicates that the CrNa empty 3d states give rise to four separate 

peaks [around 1.8, 2.2, 2.4, and 2.7 eV, see Fig. 2(a)], which is 

in good agreement with the experimental STS spectra [Fig. 

1(g)]. We note that in DFT the calculated energy levels appear 

at lower energies when compared to the experiment. This is 

because at the DFT-GGA level the band gap of NaCl is 

underestimated, also affecting the position of the defect states 

in the gap. 

    Direct evidence for the unoccupied 3d orbitals for CrNa 

comes from the simulated STM topography images, as 
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Figure 2. Projected density of states (PDOS) of 2L NaCl/Au(111) films 

with Cr substituting Na (a) and Cl (b), respectively. See Fig. S4 and S5 in 

SI for the decomposition of Cr 3d and 4sp orbitals. Structures and 

simulated STM images are presented in the insets. 

presented in Fig. 2. A four lobes structure is clearly visible and 

can be attributed to the hybridization of the Cr 3dxy (1.8 eV), 

3dxz+3dyz (2.2 eV), and 3dx2-y2 (2.4 eV) empty states with the Cl 

3p orbitals [also see the projected density of states (PDOS) 

curves in Fig. S4 (b) in SI]. 

    The empty states for CrCl lie in the region from 2.4 to 3.4 eV 

[see Fig. 2(b)]. Most relevantly, the main peaks for CrCl are at 

higher energies compared to CrNa. The CrCl lowest feature, at 

2.5 eV, is slightly below the CrNa highest peak at 2.7 eV. This is 

consistent with what is found experimentally in the dI/dV 

spectra for CrCl, showing the first peak at 3.9 eV while the 

highest CrNa feature is at 4.0 eV [see Fig. 1 (g)].  

    For CrCl two sets of simulated STM images were obtained, 

corresponding to a Cr protruding from the surface and to a Cr 

ion within the NaCl top layer. In both cases a round bright 

featureless image is observed [see Fig. S5 in SI]. Note that only 

one of the four empty states for CrCl [see Fig. 2(b)] can be 

revealed in the experimental dI/dV spectra [see Fig. 1(g)], while 

the other states are above the experimentally accessible energy 

range for stable STM/STS measurements. At higher voltages, 

either the Cr atoms may be removed, or the STS may be 

dominated by the conduction band and image states of the NaCl 

film. 

    The good agreement between experimental dI/dV spectra and 

calculated PDOS, as well as between measured and simulated 

STM images, provides solid proof that the Cr atoms substitute 

either Na or Cl ions in the top layer of the NaCl film, and that 

there occurs a charge transfer from the Cr dopants to the Au 

substrate. 

In earlier work we demonstrated that also Co atoms can 

substitute both Na and Cl ions in the top layer of a NaCl film.20 

Despite this similarity, the electronic properties of Cr dopants 

are very different from those of Co dopants. In particular, the 

Cr dopants give rise to an electron transfer towards the metal 

substrate, which is a typical example of change in charge state 

of a dopant in insulating films due to the presence of the 

support. No such charge transfer was found for Co dopants. The 

Co dopants simply take the charge of the Na and Cl atoms they 

replace.20 The occurrence of a charge transfer from the Cr 

dopant to the Au(111) support is also evidenced by the 

observed work function change of the NaCl/Au(111) film for 

high concentrations of Cr dopants, as described in the next 

section. 

3.2 Spontaneous aggregation of Cr dopants in 2L NaCl 

films 

When Co atoms are deposited onto 2L NaCl, the two types of 

substitutional doping (CoNa and CoCl) are randomly distributed 

across the surface.20 In the present work, the Cr dopant atoms 

show a very different and more interesting behavior: many Cr 

atoms are retrieved near the edge of the 2L NaCl islands, as 

illustrated in Fig. 1(a). One possible reason may be that the 

NaCl film reorganizes after Cr deposition and thereby the Cr 

atoms move towards the edges. Atomic-resolution images 

reveal that in the middle of the NaCl islands there are almost no 

CrCl atoms, while there are many CrNa atoms [Fig. 1(b)]. Near 

the edges of the NaCl islands there are clearly many more CrCl 

atoms [Fig. 1(c)]. The undoped (i.e., before the Cr deposition) 

2L NaCl islands typically are nearly perfect squares on metal 

surfaces33 [also see Fig. S1(a) in SI]. Remarkably, upon Cr 

deposition, the corners of the square become truncated [Fig. 

1(a)]. This implies significant reorganization of the NaCl film 

and is indicative of the Cr-induced formation of a new phase.  

After deposition of more Cr atoms, the Cr-rich edge regions 

of the 2L NaCl film become larger, while the center of the 

islands contain almost no CrCl atoms, yet plenty of CrNa atoms 

(Fig. 3). It can be clearly seen from the LDOS maps [Figs. 3(b) 

and (c)] that the edges of the NaCl islands exhibit an LDOS 

pattern similar to that of Au(111), while the center region of the 

NaCl islands has an LDOS that is obviously different from the 

surrounding. As can be observed in Figs. 3 (b)-(d), there is a 

marked boundary between the two regions. In Fig. 3 (d), the 

upper region is Cr-poor (mainly CrNa) doped NaCl with a 

doping concentration (atomic percentage of Cr atoms 

incorporated in the top layer of the NaCl film) of about 1.4%, 

while the lower region is the Cr-rich (mainly CrCl) doped NaCl 

with a higher doping concentration of about 6%. We emphasize 

that the Cr rich regions always have a more or less constant Cr 

concentration, regardless of the deposited amount of Cr atoms. 

Only the size of that area can be changed by depositing less or 

more Cr atoms. Even with a very low coverage of Cr atoms, at 

the edge of the island there is still a high density of Cr dopants 

[See Figs. 1(a) and (c)]. In the Cr-rich region, the Cr atoms 

retain their individual character, i.e., they do not form metal-

metal bonds leading to larger Cr particles. Instead they seem to 

remain at certain minimal distance from each other, as if they 

repel each other (Fig. S2 in the SI and the corresponding 

discussion). Within the accuracy of our experiments, the NaCl 

lattice is not affected upon Cr deposition. 
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Figure 3. (a) 80×80 nm2 STM topography image of Cr atoms on 2L NaCl/Au(111) and the corresponding LDOS maps taken at (b) V = – 0.2 V, I = 0.05 

nA and (c) V = – 0.4 V, I = 0.1 nA. (d) 21×21 nm2 STM topography image (V = 0.6 V, I = 0.1 nA) taken near the edge of another 2L NaCl island. The 

inset is a 4 nm-1×4 nm-1 fast Fourier transform (FFT) pattern of the Cr-rich region. (e) 1.3 V × 12 nm color visualization of (dI/dV)(V) spectra taken along 

the dotted white arrow indicated in (d). The horizontal black dashed line in (e) indicates the boundary between the Cr-rich and Cr poor region.  (f) and (g) 

dI/dV spectra taken on the clean Au(111) surface, the Cr-rich region [near the red cross in (d)], and the Cr-poor region [near the green cross in (d)] of the 

2L NaCl island in the –0.8 to 0.8 eV and 2 to 7 eV ranges, respectively. The arrows in (f) mark the onset of the interface state for Cr-poor and Cr-rich 

regions. The arrows in (g) mark the positions of the image-potential states (IPSs). 

Remarkably, dI/dV spectra in Fig. 3(f), which reflect the 

surface/interface states, indicate that the onset of the interface 

state of the Cr-rich region is almost identical to that of the 

Au(111) surface state. However, this onset for the Cr-rich 

region differs from that of the Cr-poor region, which is in turn 

similar to that of the undoped 2L NaCl film.22 The onset energy 

for the Cr-rich region shifts as much as 200 mV towards lower 

energy compared to the undoped/Cr-poor region. The 2D 

visualization of (dI/dV)(V) spectra [Fig. 3(e)] taken along a line 

[dashed arrow in Fig. 3(d)] that crosses the Cr-rich and Cr-poor 

region reveals an abrupt change of the interface states at the 

border, which excludes the possible effect of the boundary 

states near the edge of the NaCl islands. The different interface 

state in Cr-poor and Cr-rich regions can be explained by their 

different dielectric constants in a phase-accumulation model.38 

The reduced dielectric constant induced by a large amount of 

Cr in the Cr-rich region leads to a shift of the interface states 

towards lower energy.39  

The dI/dV spectra in Fig. 3(g) reveal several unoccupied 

states that originate from the image-potential states (IPSs). The 

IPSs for Au(111) are assigned according to previous studies 

(see, e.g., Ref. 32). For Cr-poor 2L NaCl, the positions of the 

peaks in the spectra are similar to that of the undoped 2L NaCl 

(data not shown) with respect to Au(111). The IPSs for NaCl on 

metal surfaces have been shown to appear at lower energies 

than those for the non-covered metal.32, 40 Therefore, the first 

main peak for Cr-poor 2L NaCl can be assigned as the first IPS. 

Four IPSs are identified within the measured energy range. 

Following the recent work reported in Ref. 34, the onset of the 

conduction band of the 2L NaCl is likely to be hidden in the 

IPS resonances. Turning to Cr-rich 2L NaCl, we assign the 

second peak in the spectra as the first IPS, since for two 

different surfaces the energy shift between the two series of 

IPSs should be similar for each of the peaks.32, 40-42 Assigning 

any other peak as the first IPS for the Cr-rich 2L NaCl would 

result in a significant variation of the energy difference between 

corresponding IPSs for the Cr-poor and the Cr-rich surfaces. 

The first small peak appearing in the spectra taken on Cr-rich 

2L NaCl can be assigned as its conduction band gap edge. The 

observed IPSs on the Cr-rich region appear about 0.5 eV lower 

than those on the Cr-poor region; the IPSs of the Cr-poor 

region, in turn, appear on average about 1.1 eV lower than 

those on the bare Au(111) surface. Since the energy difference 
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Figure 4. (a) 100×100 nm2 STM topography image (V = 1 V, I = 0.02 

nA) of Cr atoms on 3L NaCl/Au(111). Cr doping concentration is around 

1%. (b) 10×10 nm2 Fourier-filtered STM topography image (V = 1 V, I = 

0.05 nA) taken in the middle of a 3L NaCl island. 

of the IPSs between the undoped NaCl film and Au(111) is also 

about 1.1 eV (data not shown), it turns out that the IPSs of the 

Cr-poor region are practically indistinguishable from those of 

the undoped NaCl film. The energy difference of the 

corresponding IPSs between different surfaces reflects different 

work functions.33, 40, 43 Ignoring possible Stark effect related 

shifts in the STS and using the experimental Au(111) work 

function ΦAu of 5.36 eV,44 we estimate ΦCr-rich for the Cr-rich 

region to be about 3.8 eV. On the other hand, we estimate ΦNaCl 

for the undoped NaCl/Au(111) 2L film to be 4.3 eV. This then 

corresponds to a shift ∆Φ = ΦCr-rich − ΦNaCl of −0.5 eV, 

indicating that the Cr-rich NaCl film is a different phase than 

the undoped 2L NaCl. Note that the absolute values of the work 

functions are just an approximation because of the possible 

Stark shift, but they qualitatively reflect the work function 

variations between the different regions.  

To understand the physical origin of the change in work 

function, additional DFT calculations were performed. For the 

Au(111) surface the calculations give a work function of 5.13 

eV (5.36 eV in the experiment 44). Upon deposition of the NaCl 

layer there occurs a decrease of the work function, by 0.73 eV 

in the calculations and by about 1.1 eV in the experiment (see 

Table 1). This decrease has been reported in other studies as 

well,33, 45 and is due to the compressive effect of the NaCl 

insulating film on the metal electron density.46, 47 When Cr 

replaces either Na or Cl in the film, the work function decreases 

further (see Table 1). The computed Φ values for CrNa are 3.56 

eV at 12.5% doping concentration and 4.03 eV at 3.1% doping 

concentration, respectively. For higher dilutions of the CrNa 

dopants (down to the doping concentration of about 1% for Cr-

poor regions in the experiment), the computed Φ is expected to 

converge to the value of the undoped NaCl/Au(111) film. For 

CrCl dopants, essentially the same Φ ≈ 3.4 eV is computed for 

the 12.5% and the 3.1% doping concentration, which implies a 

∆Φ ≈ −1 eV with respect to NaCl/Au(111). This shift can be 

compared to the experimentally observed ∆Φ ≈ −0.50 eV found 

for CrCl-rich regions (doping concentration of about 6%) with 

respect to undoped 2L NaCl/Au(111). Notice that in the 

experiment there is always a small amount of dopant atoms of 

the other type in CrNa and CrCl regions, so that the measured 

value is averaged over the entire distribution of dopants. The 

experimentally observed reduction of work function confirms 

the picture emerging from the DFT calculations. In fact, the 

occurrence of the electron transfers from the surface Cr dopants 

(with formation of a positively charged hole, h+) to the Au(111) 

metal (with formation of a negative image charge) results in a 

surface dipole, which lowers Φ. The possibility to tune the 

work function of thin films by selective doping has been 

suggested theoretically 48 and is confirmed by the present 

experimental results. 

We note that the dI/dV spectra for both interface states and 

IPSs on Cr-rich regions [Figs. 3(f) and (g)] are “homogeneous”, 

i.e., spectra on and in between Cr dopants are identical, while 

on Cr-poor regions spectra exhibit local variations as illustrated 

in Fig. 1(g). This again indicates that the Cr-rich region is a 

new phase. After keeping the samples for several months at RT, 

no obvious change of the NaCl islands or of the distributions of 

the Cr dopant atoms occurs, indicating that these systems have 

high thermal stability. By post-annealing the Cr doped 2L NaCl 

up to 470 K (at which 2L undoped NaCl should transform into 

3L NaCl), we find that the Cr-rich NaCl regions remain 2L, 

while some of the Cr-poor NaCl regions change into 3L (data 

not shown). This provides further evidence that the Cr-rich 

doped NaCl islands are thermally very stable. However, we do 

not observe any long-range order structure for this region, even 

after annealing up to 470K. The fast Fourier transform (FFT) 

image of the Cr-rich region [see the inset in Fig. 3(d)] reveals a 

halo pattern, indicative of an amorphous phase.49 The 

diffraction spots are related to the Au(111) reconstruction and 

the Moiré patterns formed between the square NaCl atomic 

lattice and the hexagonal Au atomic lattice.21 An analysis of the 

distance distribution between the Cr dopants using the 

Delaunay triangulation method provides a nearest-neighbour 

distance between the Cr dopants of 1.2 ± 0.2 nm, indicating a 

short-range-order structure (for more details see Fig. S2 and the 

corresponding discussion in the SI).       

3.3 Thickness dependent adsorption behavior of Cr atoms 

on ultrathin NaCl films.  

    Finally, we mention that Cr atoms were also deposited on 1L 

and 3L NaCl islands. After submonolayer deposition of Cr 

atoms onto 1L NaCl/Au(111) (well below RT), 1L NaCl islands 

cannot be retrieved anymore and all 1L NaCl islands have 

converted into 2L NaCl islands [see Fig. S1 in SI]. Since pure 

1L NaCl is already not stable and converts into 2L at RT, a 

small additional energy, such as warming-up during deposition 

and/or incorporation of deposited Cr atoms, to the sample will 

be expected to induce the conversion. 

    The Cr atoms on 3L NaCl behave differently from those on 

2L NaCl. The CrNa and CrCl atoms appear randomly distributed 

on 3L NaCl islands (Fig. 4). The observed different behavior of 

Cr atoms on 1L, 2L, and 3L islands indicates that the energy 

provided by the evaporated Cr atoms is large enough to change 

the 1L NaCl islands into 2L, and to make the 2L islands mobile, 

while this energy is not large enough to change the 3L NaCl 

islands. A study of the thermal stability of the NaCl islands of 

different thicknesses shows that 1L NaCl is not stable at RT, 

while 2L NaCl is metastable at RT, and 3L NaCl is formed 

after annealing the 2L NaCl up to 470 K. This indicates that 3L 

NaCl is energetically more stable than 1L and 2L, which may 

explain why the Cr atoms are randomly distributed on the 3L 

NaCl islands. These results demonstrate the importance of the 

control on the thickness and composition for the stability of 2D 

insulating materials.        

4. Conclusions  
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Relying on STM measurements and on DFT calculations, we 

demonstrated that upon deposition single Cr atoms incorporate 

into NaCl films and thereby substitute the NaCl surface ions as 

individual dopants with high stability. This study of the 

Cr/NaCl/Au(111) system extends that of the Co/NaCl/Au(111) 

case,20 and opens new perspectives in the context of doping of 

insulating layers. We demonstrate that the identification of 

different behaviors of transition metal dopant atoms on 

insulating films is of significant importance and find that 

individual Cr dopants in the top layer of NaCl films exchange 

electrons with the Au support.   

Remarkably, Cr-rich doping regions are formed near the 

edges of 2L NaCl islands. These regions have an amorphous-

like structure and exhibit different interface states and IPSs 

compared to Cr-free/Cr-poor NaCl, implying that a new phase 

is formed by self-aggregation of the dopant atoms in the 2D 

insulating film. The different IPSs indicate a reduced work 

function in Cr-rich doped NaCl surface, which derives from the 

intensive charge exchanges of the large amount of Cr dopants 

with the Au support. The possibility to tune the work function 

of 2D films by spontaneous doping may be of direct use for 

surface catalysis related applications.50 
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