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I 

Surface reconstructions of covalent semiconductors always involve orbital rehybridization. In 

accordance with the well known Jahn-Teller theorem, the ideal bulk truncation of a covalent 

semiconductor should be unstable with respect to a lattice distortion that lowers the symmetry and 

thereby removes the degeneracy of the half-filled sp3-type dangling bond wavefunctions near the 

Fermi level. The distorted ground state is usually semiconducting. The simplest scenario is a buckled 

surface as originally proposed by Haneman for Si( 1 1 1)2x1 where atoms alternatively rise above and 

sink below the surface plane [ 11. In the chemical bond picture, the Si surface atoms rehybridize into 

their original 3s and 3p components: the dangling bond on the “up atom” acquires more s-character 

whereas the dangling bond on the “down atom” acquires more p-character. Since the energy Es<Ep, 

charge transfer from the down atom to the up atom is implied. More complicated reconstructions such 

as the n;-bonded chains on Si( 1 1 1)2x1 or the Ge( 11 l)c(2x8) adatom-restatom reconstruction are 

stabilized through the same mechanism, i.e. orbital rehybridization and charge transfer [2]. 

In the delocalized Bloch picture, the situation is less clear. Despite the fact that the sp3 hybrids 

are highly directional and direct overlap between them is very small, the surface state band 

dispersions are still on the order of 0.5 eV, i.e. the surface states are delocalized parallel to the surface 

[2]. Theoretical calculations of the charge transfer rely heavily on the choice of the Wigner Seitz cells 

or integration volume surrounding each atom. Experimentalists have had some success in relating 

surface core level shifts (SCLS) in photoemission with the Pauling electronegativity scale [3] but 

quantitative estimates of charge transfer are nebulous, especially since these empirical rules assume 

that the final state screening on these semiconductor surfaces is nearly complete, like in a metal, due 

to the high dielectric constant of the semi-infinite substrate [3]. 

In this paper, we present a model interface which allows us to unambiguously calculate the 

charge transfer between neighboring adatoms and to explore the fine line between localized and 

delocalized behavior. The Pb(Sn)/Ge( 1 1 1) and iso-electronic Pb(Sn)/Si( 11 1) mosaic phases show all 

the usual features of a large charge transfer, Le. large SCLS [4-61 and complementary contrasts in 

filled and empty state Scanning Tunneling Microscopy (STM) images [7-lo], all consistent with the 

local bond picture. However, our calculations show that the dangling bond wavefunctions have a 
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major amplitude on third and fourth layer atoms ( i e .  delocalized) and that the actual charge transfer 

between the Pb and Ge adatoms is zero. Notwithstanding, the calculations accurately reproduce the 

surface buckling, SCLS and imaging contrasts in STM data. The expected charge transfer resulting 

from the Jahn-Teller instability appears fully compensated through additional backbonding. It is very 

likely that such negligible charge transfer is characteristic for other semiconductor surfaces as well, 

which has important implications for the theory of electromigration on semiconductor surfaces where 

the direct force is determined by the charge state of the diffusing adatom [ 1 11. 

The GexPb(l-x)/Ge( 1 1 1>-(./3x./3)R3O0 interface or a-phase consists of 1/3 monolayer (ML) 

of adatoms on the short terminated Ge( 1 1 1) surface [ 101. The adatoms, either Pb or Ge, occupy T4 

sites 7.1 A apart (Fig.1). This arrangement saturates all substrate dangling bonds but leaves the 

adatom dangling bonds nominally half filled. Heterogeneous overlayers with a Ge concentration 

ranging from 0% to 50% can be prepared readily by annealing the Pb covered Ge( 1 1 1) surface [ lo]. 

Near x=1/2, the adatoms order preferentially into kinked lines, hence the name “mosaic phase” [7]. 

A similar ordering has been found for isoelectronic analogs, namely Sn or Pb adsorbed on either 

Si(ll1) or Ge(ll1) [7-lo]. In both STM [7-101 and SCLS [4-61 studies of this “mosaic phase,” 

significant charge transfer from the Si or Ge adatoms to the Sn or Pb adatoms has been postulated. 

Before presenting the first principles calculations, we briefly discuss recently published 

experimental results. For a more detailed discussion, see Ref. 10. Figure 2a shows an STM image 

that was acquired from a sample region that is 81% Pb and 18% Ge (x =0.18 with 1% vacancies) 

[lo]. Each protrusion in either the empty or filled state data derives from a Pb or Ge dangling bond. 

Pb atoms were identified as the features that appeared with increased Pb deposition. Vacancies appear 

“black” in both the filled and empty state image (see arrow 1). Ge adatoms appear black in the filled 

state and dark gray in the empty state (see arrow 2) .  All other sites in this hexagonal lattice are 

occupied by Pb adatoms [lo]. That Ge adatoms appear black in the filled state indicates their dangling 

orbital are no longer half-filled, and are in fact depleted of charge. Interestingly, the six Pb atoms 

surrounding the Ge atom (arrow 2 )  appear brighter than the other non-Ge-neighboring Pb atoms in 

the filled state image indicating that they acquired some excess charge. Evidently, the Ge dangling 
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bond electron has been transferred to the 6 nearest neighbors Pb atoms. As pointed out by Carpinelli 

et al.[10], the imaging contrast of the Pb atoms depends on the number of Ge nearest neighbors as 

illustrated by the data near arrow 3. In this local region, sandwiched Pb adatoms each have between 

two and four Ge nearest neighbors and appear to have a higher filled state density than the Pb atoms 

of arrow 2. Consequently, these Pb adatoms have a diminished empty state character (appear darker 

in the empty-state image). Empty state gray scales of Pb adatoms, categorized according to their 

number of Ge neighbors, are compared in Figure 2b. Interestingly there is no corresponding effect 

for Ge adatom imaging - all Ge adatoms appear the same regardless of the coordination number, 

suggesting that the dangling bond orbitals of Ge adatoms in a Pb matrix are always depleted of charge 

[IO]. 

We use first principles calculations to analyze the electronic and geometric structure of the 

heterogeneous overlayer phase. Our calculations are based on the local density approximation (LDA) 

to Density Functional Theory [12]. To investigate the effects of various coordination numbers and 

geometries, we chose a rectangular (3x363) supercell with respect to the ideal Ge( 11 1)  truncated 

surface (fig. 3a). In this arrangement, there are two Ge and four Pb adatoms per unit cell; the Pb 

atoms have either four or two Ge nearest neighbors (Pb4 and Pb2, respectively) similar to the situation 

in the experimental STM images. We use a plane wave basis, special k-points, and pseudopotentials 

[13,14]. The Ge(ll1) surface is modeled by an eight layer slab which is H-terminated on one side. 

Our theoretical results readily verify the experimental assignment of Ge and Pb adatoms in the STM 

images of figure 2.  Figure 3a shows a top-view of the slab's overlayer used in the calculaton; the Pb 

coverage is 2/9 ML and the Ge coverage is 1/9ML (the total adatom density in the a-phase is always 

1/3 ML). Figure 3b shows the calculated contours of constant integrated local density of states 

(LDOS) above the surface, which mimic the general characteristics of constant current filled and 

empty state STM images [ 151. 

Let us first focus on the Ge adatoms. Note that just as in the data of figure 2, Ge adatoms 

appear severly depressed (Ah = -1SA) in the filled state. There are both geometric and electronic 

contributions to this effect, as can be most clearly distinguished in the cross-sectional view (along the 
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gray line of figure 3a) of density of states near the Fermi energy shown in figure 3c. First, the Ge 

adatom cores are relaxed 0.63 A closer to the bulk than the average Pb adatom cores; their covalent 

radius is also 0.3 A smaller than that of Pb. Second, the Pb adatom “dangling bond” state is at least 

partially filled, while the Ge centered dangling bond states are empty. The projected density of states, 

decomposed according to their angular momentum character, is shown in Fig. 3d. The adatom 

dangling bond states are mainly p, like. The Pb 6p, state is located just below the Fermi energy 

whereas the Ge 4p, state is centered at about 0.8 eV above E,. The s contribution to the dangling 

bond states is small. 

In figure 3b, like in figure 2a, we have distinct types of Pb adatoms. The Pb4 type has four 

Ge adatom neighbors, the Pb2 and Pb’ types have only two. Pb4 adatoms appear higher 

(AhDos = 0.3 A) in the fiiled state and lower (AhDos = -0.5 A) in the empty state compared to their 

Pb2 neighbors. Geometrically, the Pb4 species is higher by Ah,,,=0.08 A. The corrugation in the 

DOS image (and also in the STM image) is thus caused mainly by the completely filled dangling bond 

states of the Pb4 adatoms and the partially filled 6p, orbitals of the Pb2 adatoms. However, the 

occupation of the dangling bond states and the adatom’s height above the surface are correlated. The 

higher Pb adatoms overlap more favorably with the three underlying substrate Ge 4pz orbitals, and 

this lowers the Pb 6pz-like surface state’s energy further into the fiiled state continuum (see figure 

3d). Note that these theoretical findings all are in excellent agreement with the STM data of figure 2b. 

The creation of filled and empty dangling bond states reduces the density of states near the 

Fermi level and lowers the total energy of the system. It does not, however, lead to an appreciable 

charge transfer from the Ge to the Pb adatoms. One reason is that the dangling bond states are not 

pure adatom states as is often assumed. By calculating the overlap of the dangling bond states with 

adatom centered atomic wavefunctions, we estimate that only 15% of the dangling bond states’ 

charge density is localized at the adatoms. Figure 3c shows that the dangling bond states decays very 

slowly into the Ge substrate with a major contribution to the bond between the third and fourth Ge 

layer. The small overlap between dangling bond states and adatom suggests that the charge transfer 

from Ge to Pb adatoms is not very large, contrary to the popular simplified picture for this and similar 
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materials. In fact, this small transfer appears to be compensated by an increase of projected 4sp Ge 

adatom charge density at about 3 eV below the Fermi energy (figure 3d), which is connected to the 

close proximity between the Ge adatom and its (second layer) Ge neighbor directly below. The 

distance between these two Ge atoms (2.60A) is slighly larger than in the bulk diamond lattice 

(2.44A) but smaller than in the 12-fold coordinated f.c.c. phase (2.97A). This extra interaction or 

"weak bond" between these two atoms pushes the dangling bond state of the Ge adatom above the 

Fermi energy. A similar "bond" between the Pb adatom and the second layer does not exist because 

of the Pb adatom's larger size and large outward relaxation. 

To establish more quantitatively that charge transfer is small in the mosaic line structure, 

despite the appearance of the STM and LDOS images, we calculated the electronic rearrangement 

between adatoms explicitly. Because the adatoms are very far apart (i.e. do not overlap), it is 

meaningful to compare the charge in columnar Wigner-Seitz cells around each adatom. These 

Wignert-Seitz cells are hexagons in the surface plane which extend through the slab perpendicular to 

the surface. We find a total transfer about 0.004 e- from Ge- to Pb-centered cells [16]. This 

procedure is a generalization of the method used by Kandel and Kaxiras [ 111 to study surface 

electromigration. Kandel and Kaxiras determine the net electron transfer from a Si adatom to a 

neighboring rest atom on Si( 1 1 1) to be 0.05 e'. Using our columnar Wigner-Seitz method we find a 

transfer of 0.05 e' between adatom and restatom for a (2~2)-reconstructed Ge( 11 1) surface. 

We have argued that the imaging contrasts in STM can be fully explained without invoking 

charge transfer. But what about the core level data? In previous core level studies of the Pb/Si( 1 11) 

[5] and Sn/Si( 11 1) [6]  mosaic phases, large surface core level shifts were found and attributed to a 

large charge transfer from the Si to the Pb (Sn) adatoms. We examined the core-level single-particle 

binding energies of the various surface atoms in the 1: 1 mosaic phase using density functional theory 

and pseudo potentials as described in Refs. 17 and 18. The initial state shift includes the electrostatic 

and exchange-correlation contribution to the SCLS [17]. The full SCLS, including the effects of final 

state screening, are calculated using a Ge pseudo-potential with a screened 3d hole [ 181. This gives 

slightly different but in principle more accurate results than the well-known Z+ 1 approximation used 
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traditionally [ 191. The computational results are tabulated in Table 1, together with the experimental 

findings by Carlisle et al. for Pb/Ge( 11 1) [4] and Karlsson et al. for Pb/Si( 11 1) [5 ] .  Considering the 

fact that there is no actual charge transfer, it is surprising that our results for the initial state shifts 

follows the same trend as the previous assignments based on the charge transfer argument, that is, the 

core levels of the Ge adatom and its nearest neighbors appear at higher binding energy than the core 

levels of the Ge atoms bonded to the Pb [20]. Note, however, that final state screening significantly 

shifts the core levels of the Ge adatom and its nearest neighbors to lower binding energies but hardly 

alters the core level energies of the Ge atoms bonded to the Pb atoms. This site-dependent screening 

is consistent with the fact that the empty dangling bond orbital on the Ge adatom acts as a very 

efficient screening channel, similar to what has been proposed by Pehlke and Scheffler for Si( 100) 

[18]. However, as pointed out in Ref. 18, screening effects are likely overestimated in these 

calculations. 

. 

The large buckling or charge rearrangement between the Pb and Ge atoms is the reason why 

the 1: 1 mosaic phase does not phase separate into pure Ge and pure Pb a-phases. We calculate that 

the intermixed phase is lower in energy by 0.14 eV per Pb/Ge pair. The intermixed or mosaic phase 

is more stable because of a more pronounced energy separation of bonding and antibonding dangling 

bond surface states. To illustrate this point, we calculated the band structure around the Fermi energy 

for a (3x43) rectangular unit cell containing 2 adatoms (Figure 4). A pure Pb adlayer (figure 4b) has 

two narrow bands with Pb 6p, character crossing the Fermi energy. Both Pb adatoms are equivalent, 

and the two dangling bond states have equal weight at each Pb adatom. Note that the small cell size 

here prevents the formation of the true (3x3) charge density wave ground state of the purely Pb 

overlayer [14,21]. For a (non-existent) pure Ge adlayer (figure 4d), we predict that the surface 

undergoes a two-dimensional Peierls or band Jahn-Teller distortion which generates two types of Ge 

adatoms. The “up” Ge has an almost filled dangling bond state and sits 0.41 A higher above the 

surface than the “d0w1-1” Ge which has a mostly empty dangling bond state (see figure 4d inset). The 

two dangling bond states bands are now clearly separated in energy, although they both still cross the 

Fermi energy. Note that, evidently, this buckling distortion is too costly for the pure Pb adlayer. 
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Only in the 1 : 1 mixture of Pb and Ge adatoms (line structure) are the bands totally above or below the 

Fermi energy (figure 4c). This heterogeneous overlayer is semiconducting, which accounts for its 

lower energy/atom compared with phase separated Pb and Ge structures. The calculated indirect 

band gap is about 0.1 eV. As expected for LDA, it underestimates the measured gap which is about 

0.35eV [lo]. 

Of course the Ge-a phase is not the lowest energy phase for the purely Ge terminated 

Ge( 11 1) surface. The ~(2x8)  reconstruction, which is the known stable structure of Ge( 11 1) [2], is 

0.26eV per (d3xd3)R3Oo cell lower in energy according to our calculations. This makes it favorable 

by -0.14eV + 0.26eV = 0.12eV per Pb/Ge pair for a 1 : 1 PbGe mixed overlayer to separate into a pure 

Pb a-phase and a pure Ge( 11 l)c(2x8) phase at zero temperature. However, this is contrary to the 

growth characteristics reported on earlier [ 101. We speculate this discrepancy is caused mainly by the 

configurational entropy that favors the mixed phase at elevated temperatures. 

In summary, our combined theoretical and experimental study of the mixed Pb/Ge( 1 1 1) a- 

phase shows, for a model semiconductor surface, how STM images and the surface electronic 

structure are related. The STM contrast is caused by a convolution of the geometrical corrugation of 

the surface lattice and the dangling bonds varying degree of occupation. The Ge adatoms on the T4 

site always have empty dangling bond states and lie close to the surface, enabling the formation of an 

additional weak bond to the underlying second layer Ge substrate atom. The filling of the Pb adatom 

dangling bond states depends on the number of Ge adatom neighbors, consistent with the STM 

experiments. Surprisingly, the different filling of dangling bond states, even if it is very pronounced, 

does only lead to a very small charge transfer between surface atoms in the systems studied. The net 

transfer is about 0.004 e- from Pb to Ge adatoms in the mosaic line structure and about 0.05 e- from 

adatoms to restatoms in the Ge( 11 1) and Si( 11 1) 2x2 structures. 

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin 

Company, for the United States Department of Energy under Contract DE-AC04-94AL85000. 
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Figure Captions 

Figure 1 

Ball model of the a-phase of Pb or Sn on Ge( 1 11) or Si( 1 1 1). The adatoms located at the T4 

chemisorption sites are a mixture of Pb(Sn) and Ge. The dangling bonds associated with the Pb(Sn) 

and Ge adatoms form the STM images of Figure 2. 

Figure 2 

a) Empty- and filled-state STM images (f1.0 V) of the Pbo.81Geo.18/Ge( 11 1) overlayer [lo] 

b) Classification of adatoms from the empty state image. 

Figure 3 

a) Top view of the model slab used in calculations. b) Contours of constant integrated density of 

states (Fermi energy to f 0.3 eV) above a mixed Pb/Ge adlayer on Ge( 11 1). The contour spacing is 

1A (left - empty state; right - filled state). c) Cut through the density of empty (left) and filled (right) 

states close to the Fermi energy in the plane normal to the surface along the line indicated in panel a). 

Large dots indicate the position of the Pb adatoms, small dots those of the Ge atoms. d) Angular 

momentum resolved density of states projected onto the contracted atomic wavefunctions centered at 

two different Pb sites (Pb4 and Pb2) and the Ge adatom site. All three figures have the same 

horizontal axis energy scale. 

Figure 4 

a) Real space surface lattice and surface Brillouin zone of the (3x43) unit cell used for the band 

structure calculations of (b) Ge(l1 1>(./3x./3)R3O0-Pb(a) phase, (c) mixed Pb/Ge a-phase and (d) 

homogeneous Ge a-phase. Darker dots indicate greater dangling bond character. Larger dots indicate 

larger surface state contributions. The inset in (d) shows a diagram of the predicted atomic geometry. 
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Table 1: Theoretical and experimental surface core level shifts (relative binding energies in 

eV's) of the Ge 3d core in the Pb/Ge( 1 11) mosaic phase. The total SCLS calculation includes the 

effects of final state screening. Energies are relative to the bulk emission. The experimental data by 

Karlsson et al. [SI (*) are from the Pb/Si( 1 1 1) mosaic phase and are relative to the Si 2p bulk 

emission. 

Location Initial state 

calculation 

Total SCLS 

calculation 

Experiment (*) 

Karlsson et al. 

Ref. 5 

Experiment 

Carlisle et al. 

Ref. 4 

Number of 

atoms 

co 

1/6 ML 

1/6 ML 

1/2 ML 

1/6 ML 

1/2 ML 

2/3 ML 

Bulk 0 0 0 0 

Ge adatom +0.08 -0.43 +O .67 not observed 

Ge atom 

directly under 

Ge adatom 

-0.07 -0.37 +0.3 1 +0.18 

Ge trimer under 

Ge adatom 

-0.1 1 -0.47 +0.3 1 +O. 18 

Ge atom 

directly under 

Pb adatom 

-0.64 -0.66 -0.53 -0.48 

Trimer under 

Pb adatom 

-0.56 -0.60 -0.53 -0.48 

Rest of second 

layer 

-0.10 -0.12 0 0 
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