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Abstract

We use ab inifio Molecular Dynamics to study the structural and electronic prop-

erties of cleaved and annealed Ge(lll) surfaces. New features emerge for both struc-

tures. For the (2 x 1) it is found that even though the stable state has a 7r-bonded

chain structure, there ate two isomers with the tilt angle of the chain in opposite di-

rections. For the c(2 x 8) we find an asymmetry in the surface unit cell, in agreement

with LEED experiments that show weak quarter-order spots. This inequivalence also

produces a splitting of the rest atom and adatom dangling bond, which explains

recent STM experiments.
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1. INTRODUCTION

The (111) surface of Ge is created by cutting the diamond structure perpendicularly

to the Ge-Ge bonds, leaving each surface atom with a singly occupied dangling bond.

These dangling bonds are very unfavorable energetically, making the ideally bulk

terminated surface unstable and inducing a reconstruction. The Ultra High Vacuum

cleaved surface exhibits a (2 x 1) reconstruction. This surface is metastable and upon

annealing at as low as 100 C transforms irreversibly to a c(2 X 8) structure. The

physical mechanisms that stabilize these two surfaces are completely different. In

the (2 x 1) structure, the surface atoms rearrange themselves in such a way that the

dangling bonds become localized in nearest neighbor atoms, allowing for Tr-bonding

along the resulting chain of atoras[lj. On the other hand the c(2 x 8) reconstruction

involves the saturation of dangling bonds by extra atoms called the "adatoms"[2].

In this paper we review first principles calculations of refs [3,4] for the Ge(lll)

surface, having either a (2 x 1) or a c(2 x 8) symmetry. For the (2 x 1) surface it

is found that the ground state has a Tr-bonded chainlike structuie[l]. Two different

isomers (with the tilt angle of the chain oriented in opposite directions, and with

energies very close) are found[3]. The buckling of the chains in both cases is very

large. For the c(2 x 8) we find significant differences in the structure of the (2x2)

and c(2 x 4} subunits of the c(2 x 8) unit cell[4]. These asymmetries produce the

splitting of the occupied and empty dangling bond states, explaining a recent STM

experiment that shows voltage dependent images for this surface [5]. In complete

agreement with experiments we find that the c(2 x 8) surface is more stable than the

(2x1) .

2. COMPUTATIONAL ASPECTS

Our calculations are performed within the afa initio molecular-dynamics scheme[6],

using a repeated slab geometry. Each slab consists of six (111) layers of Ge atoms.

The dangling bonds in the lowest surface are saturated by H atoms. When needed the

adatoms are added on the top surface. Consecutive slabs are separated by an empty

space 7.6 A wide. The five topmost layers of Ge (and the adatoms for the c(2 x 8)

surface) are allowed to move; the sixth layer and the H atoms are frozen in order to

simulate a bulk-like environment. Norm conserving nonlocal pseudopotontials in a

separable form are used to describe the interaction of the valence electrons with the

nuclei and the core electrons. The wavefunctions are expanded in plane waves with

energy up to a cut off of 8 Ry. Because of the large size of our unit cells only the V

point of the Brillouin zone was used. Convergence with respect to k-point sampling

and number of plane waves is checked by calculations using different supercells and/or

different energy cutoffs. To optimize the structures, we use a combined electronic and

ionic steepest descent algorithm. Several starting geometries are tried to avoid getting

trapped in a local minimum. The stability of the final structures is further checked

by performing finite temperature MD runs.

3. STRUCTURE AND ELECTRONIC PROPERTIES OF Ge(lll)2 x 1

The (111)2 X 1 surface of Ge is believed to have a ir-bonded chain structure similar to

that of Si. However there are a number of experimental results suggesting some differ-

ence between the two of them. LEED pictures taken from samples of Ge(lll) cleaved

at low temperatures show the spots corresponding to the x2 periodicity sometimes

anisotropically broadened, or altogether missing[7]. To complicate further the situa-

tion, there are two sets of angle-resolved photoemission (ARPES) data: one shows a

very large band dispersion for the dangling bond surface state{8, 9] (consistent with

a previous first-principles calculation assuming a Tr-bonded chain model[10]), while

the other shows almost no dispersion[ll]. The Car-Parrinello method is ideal for



the study of this surface because it does not require a choice of a given mode! for

the surface structure. We simply start from the clean unreconstructed (111) surface

and let the atoms relax. It is found that the ideal ( 1 x 1 ) surface is indeed unsta-

ble and the atoms rearrange their bonding to form ir-bonded chains. The path of

the reconstruction is as following: One of the surface atoms in the (2 x 1) surface

cell (atom 1 in fig. 1) starts moving down along the [111] direction until its vertical

position is almost at the same height of the second layer atoms (atoms 3 and 4).

This induces atoms 3 and 4 to move laterally in the [112] direction (Fig- lb). Bonds

between atoms 4 and 6 start to bteak, and finally bonds between atoms 1 and 6 are

formed. Even though the fivefold and sevenfold rings typical of the TT bonded chain

structure are now completed (fig.lc), the direction of the tilt angle of the i-bonded

chain is reversed relative to the standard T-bonded structure of Si(lll)2 x 1 (we call

this the chain left structure). Instead if we start from a standard x-bonded structure

(with the tilt angle in the other direction) the "chain right" of figure Id. is obtained.

Within the accuracy of our calculations, the two chain structures have essentially the

same energy. The buckling of the chain is very large in both cases: 0.8 — 0.9A and

0.7 — O.SA for the chains left and right respectively. The chain left structure was found

to be stable during a thermal Car-Parrinello run of 0-55 ps, where the temperature

was raised from 100 to 200 K. The fact that the two structures appear locally stable

indicates the existence of an energy barrier between them.

Domains of these two degenerate chain structures, separated by defects, may

explain the lack of (2 x 1) long range order in the low-temperature cleavage experi-

ments of Crazulius. To estimate approximately the energy of such defects, we created

a structure where adjacent chains had the tilt angle in opposite directions. After re-

laxation, this configuration is only 0.008 eV/sutface atom higher in energy than any

of the ^--bonded chain structures.

Using the geometry of the chain structures obtained with the Car-Parrinello

method, we performed standard first-principles pseudopotential calculations to in-

vestigate the electronic structure of the (2 x 1) surface of Ge. For both structures the

dispersions of the occupied and empty surface states are very similar, and they agree

well with the angle-resolved photoemission experiments of Nicholls et ai[3].

4. STRUCTURE AND ELECTRONIC PROPERTIES OF Ge(lll)c(2 x 8)

A large amount of experimental and theoretical work has helped in the understanding

of the Ge(lll)c(2 x 8) surface. It is now established that this surface is structurally

different from the Si(lll)7 x 7 (which involves, besides the adatoms, stacking faults

and dimers), and can be explained by a simple adatom model wheie the adatoms are

located on top of second layer atoms (T4 sites)[12].

The adatom model for the c(2 x 8) surface of Ge(lll) involves the saturation of

3/4 of the ideal surface dangling bonds by an adatom, whose extra electron is mainly

captured by the remaining "restatom". STM experiments have shown that there are

two adatoms per surface unit cell arranged such that each c(2 x 8) unit cell consists of

one (2 x 2) and one c(2 x 4) subunits[13]. More recent STM experiments have found

differences in the charge distributions of the two adatoms and the two restatoms

within the c(2 x 8) unit cell[5]. These differences, which are voltage dependent, suggest

the occurrence of structural and/or electronic asymmetries in the c(2 X 8) cell, also

qualitatively indicated by Low Energy Electron Diffraction (LEED)[14j. The nature

of these secondary distortions has not been described so far.

We study the c(2 x 8) reconstruction considering the full periodicity of the surface.

The fully relaxed surface structure at T = 0 is shown in Fig. 2. The overall agreement

between X-ray experiment and our results is quite good. Recently Silfhout has Bhown

that the structure factor intensity along the (10) rod calculated using our atomic



positions fits the x-ray data as well as his best fit coordinates. Since we do not

impose a (2 x 2) unit cell, our surface structure does not have three-fold symmetry.

For the first layer atoms Fl, F2, and F3 (F4, F5, and F6) that are bonded to adatom

Al(A2), only a reflection plane between atoms Fl and F3 (F4 and F6) survives. In

addition, we find an inequivalence between the (2 x 2) and c(2 x 4) subunits of the

e(2 x 8) cell. The first one is more symmetric with respect to 120° rotations than the

later. In particular, there is a remarkable inequivalence between the two rest atoms

(their relative buckling is ~ 0.03 A, and in plane asymmetries are of the order of

0.1 A).

The structural asymmetries just described are accompanied by asymmetric fea-

tures in the surface states. We find two occupied rest atom dangling bond bands, one

localized mostly on R3 and the other on R2. Similarly, the empty adatom-like band

is split in two, but the charge density of both states is more evenly distributed on Al

and A2. In Fig. 3 (top-left) we show a grey scale image of the local density of states

p{r,E) in a plane at z ~ 1 A above the adatoms, and at E = —0.5 eV measured

from the Fermi energy EF. The (top-right) panel shows actual STM data[5j. The

rest itoms R2 are the brightest features, both in calculations and experiments. As

in experiment, we also have weaker features originating from the adatoms Al and

A2, thus indicating that the charge transfer from the adatoms to the rest atoms is

in reality incomplete. At a lower voltage of —0.9 eV (not shown), the situation is

changed, and now the two different rest atoms are about equally bright. Conversely

at energies above Ef our images ace entirely dominated by the adatoms (bottom-

left panel), which appear rather symmetric again in agreement with the STM results

(bottom-right panel).

5. ENERGETICS OF THE (111) SURFACES OF Ge

It is interesting to compare the energetics of the c(2 x 8) and (2x1) structures. As

stated in the introduction the cleaved (2x1) surface is metastable and upon annealing

changes to the stable c(2 X 8) surface. To compare total energy values of similar

accuracy, all the calculations in this section were performed using a 16 atoms/layer

supercell. For the (2 x 1) a rectangular supercell with (2^3) x 4) symmetry was used.

The energies of the ideal surface and the bulk were calculated using the same kind

of supercell. Meade and Vanderbilt found a strong dependance of the total energy

on the plane wave cutoff for the adatom-covered surfaces of Si [2]. They explained

it as due to the complex bonding topology of the adatom unit. We find a similar

behaviour for the Ge surfaces. However, at the energy cutoff of 8Ry, the energy gain

for the adatom structure is already converged, and it is indeed lower than the one of

the (2 x 1) surface by - 0.05 eV/(l x 1) cell.

6. SUMMARY

We have performed ab intitio Molecular Dynamics calculations to study the properties

of cleaved and annealed Ge(lll) surfaces. For the (2 x 1) structure two different

isomers for the 7r-bonded chain structure are found. Domains of these two ground-

state structures may explain the lack of (2 x 1) long-range order in low-temperature

cleavage experiments. For the c(2 x 8) differences in structure and electronic charge

distribution between the rest atoms and adatoms belonging to the (2 X 2) and c(2 X 4)

subunits of the c(2 x 8) cell are found, which explain recent LEED and STM data.
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FIGURE CAPTION

Figure 1. Schematic side view of selected atomic structures characterizing the relax-

ation starting fr m the ideal ( l x l ) surface: (a) Initial (Ideal unreconstructed);

(b) Intermediate (buckled); (c) Final ("chain left"). In (d) we show the final

("chain right") structure obtained by relaxation of the standard Pandey chain

model.

Fig. 2. Atomic structure of the reconstructed Ge(lll)c(2 x 8) surface, (a) Top view

of the surface showing the ad atoms and the first three layer of atoms, ai ,

and as are the lattice vectors of the unreconstructed surface and have a length

o = d|}/\/2 (do is the bulk lattice constant), (b) Side view of the surface in the

(110) plane passing through A2 in Fig. l(a). Bigger dots represent atoms on

this plane. Ato is not lying in this plane are shown as smaller dots, and bonds

connecting them as dashed lines.

Fig. 3. Theoretical (left panels) STM images of Ge(lll)c(2 x 8) compared with ex-

perimental results of Ref. [5] (right panels). White is more current, black less

current. Top (left) E ~ —0.5eV: note the difference in the charge distribution

around the rest atoms, and some features around the ail atoms. (Bottom left)

E ~ 4-0.5eK: here the prominent features are the adatoms. (top right) Exper-

imental STM image taken at -0.77) (Bottom right Experimental STM image

taken at +1.5F.
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(a) IDEAL

(c) CHAIN LEFT

(b) BUCKLED

(d) CHAIN RIGHT
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