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ABSTRACT: Using low temperature scanning tunneling microscopy (STM), we discovered 

locally ordered patches of O adatoms and single Zn vacancies on the Zn-terminated ZnO(0001) 

polar surface. Such patches are determined to be metastable ordered structures on the surface. 

Density functional theory (DFT) calculations show that Zn atoms bonded to an O adatom 

encounter a larger reaction barrier for leaving lattice sites, explaining the observed general 

disordered nature of the Zn-terminated surface that is populated by cavities of different shapes 

and sizes and disordered distribution of adatoms. The interplay among different driving 

mechanisms provides valuable insight as to how a polar surface of an ionic crystal achieves its 

lowest energy reconstructed surface structure. Comparisons between the charge on surface vs 

bulk layers for a relaxed (1x1) slab and a slab bounded on two ends by reconstructed surfaces 

with stoichiometric changes reveal that in a neutral environment, the polar surface of an ionic 

crystal tends to go through reconstructions that allow cations to donate electrons to anions in 

amounts very similar to that in the bulk.  
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1. INTRODUCTION 

The mechanisms with which polar surfaces of ionic metal oxides react to minimize the 

cumulative dipole field set up by parallel planes of alternating charges are of great scientific 

interest and in many cases, of significant practical value.1-14 The polar surfaces are created by 

cleaving ionic bonds between a layer of cation (metal) atoms and a layer of anion (oxygen) 

atoms.3 Before cleaving, each metal ion in the bulk donates a net charge of +Ze* to its oxygen 

neighbors. Here, Z is the nominal valence charge (i.e., 2 for ZnO), e* = γe where γ is the 

fractional ionicity and e is the absolute value of the charge of an electron. For ZnO, the 

calculated value of γ is 0.604 in the bulk. If one assumes that after cleaving single bonds to form 

a slab bounded by polar surfaces, each Zn on the Zn-face still carries a net charge of +2e* while 

each O on the O-face still carries a net charge of -2e*, then a Tasker type III ionic slab5 is created. 

The electrostatic potential energy of a Tasker type III ionic slab diverges as the slab’s thickness 

increases. The situation for point ions is shown schematically in Figure 1a. Obviously, a Tasker 

type III ionic slab does not exist because its electrostatic energy is too high. One way to avoid the 

divergence of the electrostatic potential energy is for a charge transfer to occur at the moment of 

cleaving a bond between an anion and cation. Assuming a charge transfer per bond of -0.5e* 

from an anion to cation, it reduces the charge on each surface Zn to +1.5e* and each surface O to 

-1.5e*.4 Such an ionic slab is said to be auto-compensated. In the point ion model, the 

electrostatic potential of an auto-compensated slab rises and falls between zero and a finite value, 

as shown schematically in Figure 1b. Although the auto-compensated model has a lower energy 

than that of the Tasker type III model, it still has a very high electrostatic energy because of the 

extra charge buildup at each surface. Distributing the extra charge among deeper layers causes 

elastic strain spread over a few layers of the surface. 

There are, however, other ways to compensate the bulk dipole moment. Surface 

reconstructions with stoichiometric change can achieve dipole moment compensation by 

differentially adding or subtracting Zn or O atoms in surface layers. If done optimally, there is 

little or no deviation of electronic charge on surface atoms compared to bulk atoms and without 

surface charge buildup, there is little elastic strain at the surface. As a result, reconstructed 

structures that involve optimal stoichiometric changes generally have lower total energies than 

unreconstructed but relaxed (1x1) surfaces. Recent work4 has calculated cleavage energies of 
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ZnO polar surfaces having the (1x1) unreconstructed but relaxed structure as well as different 

reconstructed structures with stoichiometric changes. It concludes that the relaxed (1x1) structure 

has very high cleavage energy (i.e., 3.45 J/m2). On the Zn-face, four reconstructed structures 

with different stoichiometric changes, namely ‒ (2x2) Zn-vacancies, (2x2) O-adatoms, the cavity 

model and the adatom-cavity (ADC) model ‒ all have lower energies than the relaxed (1x1) 

structure. Among the four reconstructed structures, the ADC model has the lowest energy.4 In the 

ADC model, the reconstructed surface comprises of cavities of various sizes and O adatoms 

bonded to three Zn surface atoms.4 By cavity, we mean a pit or void in the surface bilayer (or 

deeper layers) wherein O or Zn or both types of atoms are missing. There are, however, still 

several important issues concerning this surface that need to be addressed. The first issue is that 

cavities are formed because the electrostatic (Madelung) repulsion force among O ions 

decorating a Zn vacancy is strong8,9 and this force drives the formation of larger cavities. 

However, if Madelung force is the only driving mechanism, then one would expect the Zn-face 

to be populated by large cavities of similar sizes, the existence of so-called a “magic” size. 

Examination of STM data on this surface4 fails to confirm any preference for large, uniformly-

sized cavities; the surface is actually decorated by mostly small cavities of different shapes and 

sizes. The data strongly suggests the presence of at least another driving mechanism and the 

competition among different mechanisms result in the observed general disordered nature of the 

surface. A second issue concerning the Zn-face is that the (2x2) O-adatom model and the (2x2) 

single Zn-vacancy model are, respectively, 0.90 eV and 1.23 eV higher in energy than that of the 

ADC model per (6x6) unit cell.4 Interestingly, Chang and Mark6 have reported observing locally 

ordered (2x2) LEED patterns on the Zn-face. In addition, Valtiner et al. have observed (2x2) O-

adatoms using LEED in an oxygen rich environment.7 The observation of locally ordered LEED 

patterns suggest the existence of patches of ordered (2x2) Zn-vacancies or O-adatoms (or both 

structures) on the Zn-face. Such ordered structures have never been reported by real-space 

imaging. In this work, we present low temperature STM data that confirm the presence of such 

ordered metastable structures on the Zn-face. 

The paper is organized as follows: In Section 2, we present the theoretical method and 

experimental procedure. Section 3 presents the charge distribution vs layer for a relaxed (1x1) 

slab. We show that the charge on surface atoms is substantially different from that in bulk layers. 
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This is contrasted with that of a slab bounded by optimal reconstructed surfaces with 

stoichiometric changes (i.e., the ADC model4 at the Zn-face and the distordered-Y (DY) model4 

at the O-face). The latter slab is found to have charge on surface atoms essentially similar to that 

in the bulk. In Section 4, we present calculated diffusion pathways and barriers for Zn atoms 

leaving lattice sites on the surface. In an earlier paper4, we have shown that at a proper annealing 

temperature, Zn atoms will leave lattice sites and migrate smoothly to step edges or simply leave 

the surface. Here, we show that the energy barrier for a Zn atom leaving a lattice site varies 

greatly, depending on whether the Zn atom is bonded to an O adatom or not. As later discussions 

will show, this variation in the energy barrier explains why cavities with a variety of shapes and 

sizes are formed on the surface. In Section 5, we show that there are patches of (2x2) ordered O 

adatoms and Zn vacancies on the surface. This is the first observation of such ordered structures 

by STM. Finally, Section 6 contains discussions and conclusion. 

 

Figure 1. Schematic diagram of point ion model of the electrostatic potential energy experienced by a unit 

negative test charge for (a) a Tasker type III ionic slab with three bilayers and (b) an auto-compensated ionic 

slab with three bilayers. The atomic plane with negative charge is on the left of the bilayer and the atomic 

plane with positive charge is on the right. The yellow band indicates the width of the three bilayers. 

 

2. EXPERIMENTAL CONDITIONS AND THEORETICAL METHODS 
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The variable-temperature STM experiments are performed in an ultra-high vacuum (UHV) 

chamber with a base pressure of 1.0×10-10 mbar. The ZnO(0001) single crystal samples, from 

Tokyo Denpa and Cermet, are cleaned in-situ by repeated cycles of Ar-ion sputtering and 

annealing, and Auger electron spectroscopy (AES) is used to determine the chemical 

composition. AES records only O and Zn peaks, which indicate that no detectable impurities are 

present on the surface. Different annealing temperatures between 900 K and 1300 K are used to 

treat the Zn-face. All STM measurements are carried out at 77 K with an etched W tip in 

constant-current mode, and the bias voltage is referenced to the sample.  

Density functional theory (DFT) calculations are carried out using the Vienna ab initio 

simulation package (VASP).16,17 The interaction between ions and electrons is described by 

projected augmented wave (PAW) method18 and the PW91 functional19 is used for all 

calculations. The cutoff energy is 450 eV, and the force convergence criterion on each atom is 

0.02 eV/Å. The climbing image nudged elastic band (CI-NEB) method20 is used to calculate 

diffusion pathways and barriers of Zn or O atoms on the surface. 

 

3. THE ELECTROSTATIC CHARGE AT DIFFERENT LAYERS OF A ZNO SLAB 

In this Section, we present DFT results of the charge at each layer of a ZnO slab bounded by 

relaxed (1x1) surfaces and compare it with that of a slab bounded respectively by ADC4 and DY4 

surfaces at the Zn- and O- faces. We first consider the relaxed (1x1) case. A 16 bilayer slab is 

considered and a 10 Å vacuum region separates neighboring slabs. There is a problem in the 

DFT model. It assumes that in the direction normal to atomic planes, there is a periodic array of 

16 bilayer slabs separated by 10 Å. The DFT model requires that the electrostatic potential in the 

direction normal to atomic planes to repeat itself at equivalent points of each slab. On the other 

hand, what we really would like is to calculate the electrostatic potential and charge distribution 

for a 16 bilayer slab isolated in space. For an isolated slab, considering a negative test charge, the 

electrostatic potential at the O face is be different (e.g., higher) than that at the Zn face (see, e.g., 

Fig. 1 (b)). If we assume that each slab is truly isolated in space, then the vacuum region between 

slabs must be field free because the slab is charge neutral. In this field free region, the 

electrostatic potential must be constant. Stringing an infinite number of such slabs together will 
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present an infinity because the electrostatic potential continuously steps down from slab to slab 

going from the O-face to the Zn-face and remaining constant across each vacuum region. The 

DFT model avoids this infinity by requiring the electrostatic potential to be periodic in the 

direction normal to atomic planes. This requirement puts extra charge at the outside surface at 

each end, making the vacuum region no longer field free. In the DFT model, the electrostatic 

potential rises from the Zn face to the O face across the vacuum region by exactly the same 

amount as the potential drop from the O-face to the Zn-face across the slab. This exact 

compensation ensures the periodicity of the electrostatic potential normal to atomic planes. The 

price paid is that the DFT-calculated charge for each layer is not the true charge of an isolated 

slab. The situation for a relaxed (1x1) slab is shown in Fig. 2. The vacuum region is 10 Å. The 

O-face is at the left end of the slab and the Zn-face is at the right end of the slab.  

 

Figure 2. The electrostatic potential curve for two relaxed (1x1) 16 bilayer ZnO slab for a negative test charge. 

The vacuum region between neighboring slabs is 10 Å. The small red and silver gray spheres represent oxygen 

and zinc atoms, respectively. The vertical red lines are the boundaries of a period normal to atomic planes 

while the yellow area is the (1x1) unit cell parallel to atomic planes.  

TABLE 1. Charge of O layers for slabs with different vacuum regions. The charges of L=+∞ are estimated 

for an isolated slab obtained from Fig. 3. The sum of O charges of all sixteen layers is also listed. Layer 1 is 

the O-face. 
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layer 
Charge Value (e) for O 

L=+∞ L=80 Å  L=50 Å  L=40 Å  L=30 Å  L=20 Å  L=10 Å  

1 -1.0998 -1.1009 -1.1029 -1.1032 -1.1046  -1.1079 -1.1135 

2 -1.1798 -1.1763 -1.1933 -1.1852 -1.1789 -1.1904 -1.1974  
3 -1.2105 -1.2037 -1.2128 -1.2223 -1.2118 -1.2151 -1.2178 

4 -1.2288 -1.2273 -1.225 -1.2319 -1.2314 -1.2317 -1.2285 

5 -1.2238 -1.2203 -1.2343 -1.2257 -1.225 -1.2199 -1.2322 

6 -1.2233 -1.2338 -1.2174 -1.2316 -1.2114 -1.2306 -1.2316 

7 -1.2218 -1.225 -1.2235 -1.2182 -1.2275 -1.2157 -1.2268 

8 -1.2257 -1.2134 -1.2299 -1.2348 -1.2244 -1.2188 -1.2203 

9 -1.2279 -1.23 -1.235 -1.231 -1.2191 -1.2258 -1.2341 

10 -1.2219 -1.2183 -1.2172 -1.2256 -1.2321 -1.2305 -1.2257 

11 -1.2264 -1.2336 -1.2233 -1.2224 -1.2131 -1.2351 -1.2213 

12 -1.2212 -1.2195 -1.2264 -1.2186 -1.2282 -1.2197 -1.227 

13 -1.2287 -1.2355 -1.2307 -1.2362 -1.2132 -1.2291 -1.2355 

14 -1.2314 -1.2254 -1.2348 -1.2348 -1.2353 -1.239 -1.2358 

15 -1.2328 -1.2449 -1.2344 -1.2288 -1.2286 -1.2292 -1.2419 

16 -1.225 -1.2237 -1.2277 -1.2249 -1.2353  -1.2305 -1.2354 

Sum -19.4288 -19.4316 -19.4686 -19.4752 -19.4199 -19.469 -19.5248 

 

TABLE 2. Charge of Zn layers for slabs with different vacuum regions. The charges of L=+∞ are estimated 

for an isolated slab obtained from Fig. 4. The sum of Zn charges of all sixteen layers is also listed. Layer 16 is 

the Zn-face. 

layer 
Charge Value (e) for Zn 

L=+∞ L=80 Å  L=50 Å  L=40 Å  L=30 Å  L=20 Å  L=10 Å  

1 1.2893 1.2845 1.2997 1.2909 1.2837 1.295 1.2934  

2 1.2428 1.2355 1.2443 1.2538 1.2437 1.2473 1.2477  

3 1.2371 1.2343 1.2332 1.2402 1.2392 1.2395 1.2347 

4 1.2242 1.2201 1.2349 1.2261 1.2264 1.22 1.2327 

5 1.2241 1.2354 1.2183 1.2312 1.2113 1.2305 1.2315 

6 1.2218 1.2247 1.2244 1.217 1.2272 1.2172 1.2262 

7 1.2215 1.2137 1.2167 1.2345 1.2233 1.2183 1.2191 

8 1.2278 1.2298 1.2343 1.2309 1.2199 1.2243 1.2336 

9 1.2211 1.2173 1.218 1.226 1.2297 1.2296 1.2263 

10 1.2242 1.2307 1.22 1.2209 1.2124 1.2343 1.2193 

11 1.2188 1.2176 1.224 1.2168 1.2258 1.2165 1.2255 

12 1.224 1.2302 1.2261 1.2307 1.2099 1.2247 1.2305 

13 1.2236 1.2169 1.2274 1.2267 1.2261 1.2307 1.2261 

14 1.2156 1.2282 1.2167 1.2104 1.2112 1.2127 1.2238 

15 1.1854 1.184 1.187 1.1856 1.1954 1.1891 1.1939 

16 1.0233 1.0286 1.0304 1.0336 1.0347 1.0393 1.0604 

Sum 19.4246 19.4315 19.4554 19.4753 19.4199 19.469 19.5247 

 

It is possible to estimate the charge of each layer for an isolated slab by varying the vacuum 

distance L. Tables 1 and 2 list the respective charges of O and Zn layers as L is varied from 10 Å 

to 80 Å. A schematic picture shown at the top of Table 1 indicates that O1 represents the O-face 
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and Zn16 represents the Zn-face of the slab. As the Coulomb force is long-ranged, the 

convergence to the case of an isolated slab (L = infinity) is slow. The charge of each layer for an 

isolated slab may be estimated by linear fits of the layer charge as a function of 1/L. Such fits, 

for the charge of O layers and Zn layers, are shown respectively in Figs. 3 and 4 and their 

intercepts at 1/L = 0 are listed as a column in Tables 1 and 2. Comparing the DFT-calculated 

layer charge using a vacuum region of 10 Å with that of the estimated isolated slab, the DFT 

model puts an extra 1.3% negative charge on O1 (i.e., the O-face) and 3.6% extra positive charge 

on Zn16 (i.e., the Zn-face). Tables 1 and 2 also list the sum of positive and negative charges for 

all the sixteen Zn and O layers in the slab as a function of the vacuum distance. The numbers 

show that the DFT model overestimates the total charge transfer from Zn to O by 0.51% for the 

case of 10 Å vacuum compared to the L = infinity case. Another interesting result is that, using 

the figures of the L=+∞ slab, the charge on the O-face differs by 10.3 % from that of an interior 

layer (i.e., layer O8). Similarly, the charge on the Zn-face differs by 16.7% from that of Zn8. 

These large deviations from bulk values carry a high energy cost, in both electronic and strain 

energy terms and are the main causes of the very high cleavage energy of relaxed (1x1) surfaces.  
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Figure 3. Linear fits of the layer charge for O layers of relaxed (1x1) slabs as a function of 1/L, where L is a 

distance of the vacuum region between neighboring slabs. The layer numbers are shown on the right. The O-

face is No. 1. 
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As a comparison, it is interesting to examine the charge distribution among layers for a slab 

bounded on the right by the ADC model4 (Zn-face) and on the left by the DY model4 (O-face). 

With stoichiometric change, atoms can leave the surface to reduce the dipole moment, instead of 

relying solely on charge deviation from the bulk. Therefore, we need less bilayers in a slab 

calculation to achieve numerical convergence. A plot of the electrostatic potential for a 7 bilayer 

slab, bounded ADC and DY models4, is shown in Fig. 5. The vacuum region separating 

consecutive slabs is again 10 Å. Most striking is the fact that the variation of the electrostatic 

potential across the vacuum region is almost zero, indicating that the cumulative dipole moment 

of the interior planes has been effectively compensated by the stoichiometric reconstructions. 

The electrostatic potentials at the O-face and Zn-face are almost the same, much like that of a 

non-polar surface. The layer charges are very close to those of an isolated slab.  
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Figure 4. Linear fits of the layer charge for Zn layers of relaxed (1x1) slabs as a function of 1/L, where L is a 

distance of the vacuum region between neighboring slabs. The layer numbers are shown on the right. The Zn-

face is No. 16. 

Comparing the charge on surface vs bulk atoms, on the O-face4,21, there are two types of 

surface atoms, Os1 and Os2, shown in Fig. 6. These two surface oxygen atoms have very similar 

charges, listed in Table 3, and they both deviate from the bulk charge (that of O-bulk) by only 

4%. On the Zn-face, there are also two types of surface atoms: Zn atoms that are bonded to an O 
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adatom (Zns1) and Zn atoms that are not bonded to an O adatom (Zns2). Their charges, listed 

also in Table 3, deviate from the bulk charge (that of Zn-bulk) by only 5.0% and 0.8% 

respectively. The charge of the O adatom on the Zn-face (Os3) deviates only by 6.7% from the 

O-bulk value. A major conclusion that could be drawn from these results is that in a neutral 

environment, a polar surface of an ionic crystal tends to go through stoichiometric changes that 

allow its cations to donate electrons to anions in amounts very close to that in the bulk. This is 

just another way to express the electron counting rule. For the necessary stoichiometric changes 

to occur, the sample preparation temperature of course must be high enough for surface atoms to 

overcome diffusion barriers. 

 

Figure 5. Electrostatic potential curve for a ADC-DY bounded slab. One period normal to atomic planes is 

shown and the yellow area is the (4x4) unit cell parallel to atomic planes used in the calculations. 

TABLE 3. Charges of atoms on O- and Zn- faces of the ADC-DY bounded slab. Symbols of surface and bulk 

atoms correspond to atoms shown in Fig. 6. 

 Os1 Os1 Os3 O-bulk Zns1 Zns2 Zn-bulk 

Charge (e) -1.1398 -1.1433 -1.1128 -1.1910 1.1974 1.1547 1.2084 

    Because the charge on layer depends on the vacuum separation distance L. It is necessary to 

determine the value of L that provides numerical convergence of the total energy of the slab. 

Table 4 shows the dependence of total energy on L while Fig. 7 compares the energy per Zn-O 

pair as a function of L. The results show that for slabs bounded by ADC-DY surfaces, where the 

Coulomb force across the vacuum region is close to zero, an L value of 8 Å or higher is 
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numerically accurate. On the other hand, for relaxed (1x1) slabs, where long range Coulomb 

forces are present, an L value of 20 Å can ensure good numerical convergence. 

 

Figure 6. Top (side panels) and side views (middle panel) of the geometric structures of (4x4) ADC (Zn-face) 

and DY(O-face)  ZnO slab. 
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Figure 7.  Energy difference ΔE in eV on a pair ZnO with respect to L=30 Å systems for (1x1) slabs (black) 

and ADC-DY bounded slabs (red), respectively. 

TABLE 4. Total energy of relaxed (1x1) 16 bilayer slab and (4x4) 7 bilayer ADC-DY bounded slab as 

function of vacuum region L. 

L (Å) Total Energy (eV) 
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(1x1) ADC-DY 

4 -144.39 -955.00 

6 -142.87 -954.92 

8 -142.82 -954.93 

10 -142.80 -954.94 

20 -142.77 -954.96 

30 -142.77 -954.96 

 

4. EFFECT OF O ADATOMS ON THE DIFFUSION BARRIER OF ZN SURFACE 

ATOMS         

In the ADC model for the Zn-face, cavities are formed as both surface Zn and O atoms leave 

lattice sites, driven by the need to reduce the electrostatic dipole set up by parallel planes of 

oppositely charged ions. Madelung forces among ions decorating the edge of a cavity drive the 

formation of larger cavities, which are more stable than smaller cavities.4,9 While Zn atoms either 

migrate to step edges or leave the surface at the annealing temperature, migrating O atoms find 

adsorption fcc-like sites on the surface.4 We show here that the adsorption of an O adatom 

stabilizes the surface Zn atoms bonded to it, thus preventing further spread of the cavity in that 

direction. Figure 8a shows a calculated potential energy profile for the surface migration of a 

surface Zn (black arrow) bonded to an O adatom (yellow arrow) in a cavity that already has a 

missing Zn and a missing O atom. A (6x6) unit cell is used and the slab contains five bilayers. 

The O-face assumes a relaxed (1x1) structure that is stabilized by bonding a pseudo-hydrogen 

with valence of 0.5 to each surface O. The missing Zn atom is assumed to have left the surface 

while the missing O forms the adatom. The potential energy profile shows a reaction barrier of 

1.70 eV for a “bonded” Zn to leave the lattice site. By comparison, if the O adatom (yellow 

arrow) is formed further away from the initial cavity, the reaction barrier for an “unbonded” Zn 

(black arrow in Figure 8b) to leave its lattice site is only 1.12 eV, approximately 66% smaller. 

According to Madelung forces, the surface should be populated by large cavities of similar sizes 

until minimization of the slab’s dipole moment is achieved. However, because O adatoms are 

adsorbed at random sites on the terrace, and the formation of an adatom impedes the growth of a 

cavity in the vicinity of the adatom, the appearance of “magic sized” cavities is unlikely. As the 

formation of adatoms is a random process, and with stabilization of Zn atoms bonded to adatoms, 

the resulting surface would be populated by cavities with different sizes and shapes, reflecting 
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the general disordered nature of adatoms. As may be seen in the STM image (Figure 9), such is 

the state of the Zn-face.   

 

Figure 8. (a) Potential energy profile for surface migration of a surface Zn bonded to an O adatom in a cavity 

with a missing Zn and O using a p(6x6) slab. (b) Reaction barrier for an “unbonded” surface Zn to leave its 

lattice site in a p(6x6) slab. The O adatom is marked by an orange arrow and the migrating Zn is marked by a 

black arrow. 

 

5. METASTABLE ORDERED (2x2) O ADATOMS AND ZN VACANCIES ON THE 

SURFACE 

STM images are obtained on the Zn-polar surface, cleaned and annealed at 900K and 1300K. 

The bias voltage is +2.0V. Atomic sized spots (“eyes” with a bright center surrounded by a dark 

ring) are observed populating this surface. The population of the “eyes” is much higher on the 

1300K annealed surface than on the 900K annealed surface. This is explained as due to the fact 

that the 900K surface is rougher and is populated by triangular islands with small terrace areas in 

between. In this environment, there is a higher chance for O atoms to migrate to step edges and 

form bonds there and not be captured as adatoms on terraces.4 When the surface is annealed to 

1300 K, the higher temperature annealing causes the dissolution of the islands to form broad 

terraces and many more O atoms are trapped as adatoms on the broad terraces. 
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Figure 9. STM image of the Zn-face after annealing at 1300K. The surface shows randomly distributed 

cavities of various sizes (dark holes) and a large population of small “eyes” (O adatoms) decorating areas 

between cavities. The green arrow shows a patch of ordered (2x2) “eyes” (adatoms), merging continuously 

into disordered “eyes”, as best seen at the edges of this patch in Fig. 10(a). The measurement temperature is 

77K. 

 

Figure 9 shows a STM image on a single terrace of the 1300K annealed surface. The surface 

shows randomly distributed cavities of various sizes and a large population of “eyes” (O adatoms) 

decorating areas between cavities. Regions of brightness with odd shapes are tentatively 

attributed to variations in the local electric field set up by the disordered distribution of Zn and O 

ions on the surface. The white arrows indicate the three crystallographic directions: [1010] , 

[1100] , and [0110] , respectively. The green arrow shows a patch of ordered (2x2) adatoms. In 

Figure 10a, a zoomed image of the (2x2) patch is shown, overlaid with a (2x2) lattice grid 

(green), while a square (red, top right) encloses a few disordered “eyes” (O adatoms). Figure 

10(b) zooms in on the ordered adatoms overlaid with a green (2x2) lattice grid, while Figure 10(c) 

zooms in on the red box to show the disordered adatoms and a few cavities overlaid with a (1x1) 
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lattice grid. The data in Figure 10 shows that the adatoms, whether ordered or disordered, all 

occupy the same type of lattice site. The DFT calculations identify the most stable O site to be 

the fcc hollow position on top of three surface Zn. 

 

Figure 10. (a) Zoom into the (2x2) patch in FIG. 9, overlaid with a (2x2) lattice grid (green) also shown 

magnified in (b); the square (top right) encloses a few disordered adatoms also shown in (c). A (1x1) lattice 

grid is added in (c) to show the sites of adatoms.  

Elsewhere on the surface, a patch of ordered (2x2) single vacancies (blue arrow, Figure 11a) 

can be seen. This patch is shown more clearly with enhanced contrast in Figure 11b, partly 

overlaid with a (2x2) lattice grid. The insert at upper right of Figure 11b further enlarges a part of 

this patch and is overlaid with an atomic model and one (2x2) unit cell (blue). The (2x2) lattice 

grid in Figure 10b is shifted by / 3a  along [1010]  from the (2x2) lattice grid in Figure 11b, 

where a is the length of the surface basis vector on the Zn-face. Thus, if the adatoms are at fcc 

sites, the single vacancies are at hcp sites, exactly corresponding to the positions of surface Zn. 
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The discovery by STM of ordered (2x2) patches of adatoms and single Zn vacancies resolves a 

longstanding puzzle – as early as 1974, Chang and Mark6 reported observing locally ordered 

(2x2) LEED patterns on the Zn-face. The low temperature STM images presented here show that, 

indeed, such metastable locally ordered states do exist and are observed in real space. It is 

estimated that such ordered patches of adatoms and vacancies amount to less than 8% of the 

surface area.  

 

Figure 11. (a) The blue arrow shows a patch of ordered (2x2) single Zn vacancies, which can be seen more 

clearly with enhanced contrast in (b) partly overlaid with a (2x2) lattice grid. The insert at upper right of (b) 

further enlarges a part of this patch and is overlaid with an atomic model and one (2x2) unit cell. 

 

6. DISCUSSIONS AND CONCLUSION 

In summary, all stable polar surfaces must be auto-compensated. If auto-compensation is done by 

electronic charge deviation without stoichiometric change, then such unreconstructed but relaxed 

(1x1) surfaces carry extra charge that can lead to band bending and surface metallization. 

Distribution of the extra charge among surface layers produces high strain energy in the lattice. 

As a consequence, unreconstructed (1x1) surfaces, even with relaxation, are unlikely to exist, 

except maybe in very thin slabs. On the other hand, auto-compensation achieved by 

stoichiometric change in the surface region can achieve substantially lower surface energies. In 

this work, we find the estimated layer charge for a relaxed (1x1) slab. We find substantial 
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deviation of surface charge from bulk values. This explains the high cleavage energy of the 

relaxed (1x1) slab. A second finding is that on a slab bounded by reconstructed surfaces that 

undergo stoichiometric changes, surface cations donate electrons to anions in amounts similar to 

that in the bulk. In other words, the charge on surface atoms are quite close to that of bulk atoms. 

In this respect, the reconstructed polar surface behaves quite similar to a non-polar surface. A 

third finding is that Zn atoms bonded to an O adatom are more stable than their counterparts that 

are not bonded to adatoms. This explains the lack of “magic sized” cavities on the Zn-face and 

the appearance of this surface populated by cavities of different sizes and shapes. A forth finding 

is the observation of patches of locally ordered O adatoms and Zn vacancies on the Zn-face by 

low temperature STM. These structures are metastable, locally ordered states on the Zn polar 

surface. The respective registries of the adatoms and vacancies are directly determined in real 

space by coordinating with the underlying 1x1 lattice.    
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