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STRUCTURE DETERMINATION OF THE Ge(111)-(3× 1)Ag
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For the first time, during the investigation of the Ag submonolayer on the Ge(111) system, large,
independent domains of the Ge(111)-(3 × 1)Ag phase were imaged and investigated. Previous studies
have reported it only as small insets between Ge(111)-(4 × 4)Ag and Ge(111)-c(2 × 8) domains. The
transmission electron diffraction data were analyzed using a Direct Methods approach and “heavy-atom
holography,” with the result of an atomic model of the structure similar to that of Si(111)-(3× 1)Ag.

1. Introduction

The formation of metallic overlayers on elemental

semiconductor surfaces is of continuing scientific and

technological interest. The (3 × 1) reconstruction, a

low-coverage metal-induced structure, has been the

subject of extensive investigations in the last decade.

One of the reasons is its unusual chemical and elec-

tronic properties; for example, its presence induces

passivation with respect to surface oxidation,1 and

it has an unexpectedly large surface band gap.2–4 It

is induced by alkali metals and Ag on Si(111)5,6 and

Ge(111)7,8 surfaces.

Another interesting characteristic of the (3 × 1)

structure is the mounting evidence for only one com-

mon atomic structure regardless of the identity of the

adsorbate. Low-energy electron diffraction (LEED)

I–V curves have been shown to be almost identical

for all the alkali metal reconstructions on Ge(111)7

surfaces and, respectively, for alkali metal and Ag

(3× 1) reconstructions induced on Si(111)9 surfaces.

The scanning tunneling microscopy (STM) images

of the (3 × 1) structure on Si(111) and Ge(111)

are also similar; they show a cm symmetry plane

group with a slight break of the mirror plane in

the case of Ag-induced reconstruction.2,4,8,10–12 The

similarities extend to angle-resolved photoemission

spectroscopy (ARPES) measurements, surface state

bond dispersions13–15 and surface core level shift

(SCLS) spectra.13,16

While being able to account for some of the

experimental data, none of the various structure

models were consistent with all of the experimental

observations.13 The solution to the (3 × 1) atomic

geometry was determined by Collazo-Davila, Grozea

and Marks,17 by applying Direct Methods to trans-

mission electron diffraction (TED) data for Si(111)-

(3× 1)Ag; Fig. 1. Further extensive confirmation of

this model came from theoretical studies by Erwin

and Weitering18 [who appropriately named it “hon-

eycomb chain-channel” (HCC)] and Kang et al.19

which showed this model to be by far more stable

than any other models, from total-energy calcula-

tions from first principles.

Although the Ag/Si(111) interface has received

considerable attention, the Ag/Ge(111) system has

not been investigated as widely. Despite the similari-

ties between the systems, there are major differences,

especially in the lower-coverage Ag reconstructions.6

In the Ag/Ge(111) system, a (4× 4) structure forms

prior to the (
√

3 ×
√

3)R30◦. The Ag/Si(111) sys-

tem forms a (3× 1) structure which had never been

observed on the Ge(111) surface over any extended

areas. The Ge (3 × 1) has only been reported as
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Fig. 1. Honeycomb chain-channel model. The gray circles represent the two equivalent half-occupied Ag sites and all
other circles are semiconductor atoms.

narrow strips on the edge of (4 × 4) large domains

from STM images.4,8 The filled and empty states

STM images were very similar to those of Si(111)-

(3× 1)Ag.4,8

In this paper, we report the observation for the

first time of large domains of the (3× 1) Ag-induced

reconstruction in the Ag/Ge(111) system. Thermal

treatments of the Ge(111)-(4×4)Ag phase induce its

separation into a surface covered with (
√

3×
√

3)R30◦

and (3 × 1) domains. The Ag/Ge(111) system was

investigated using TED and dark field images, with

the result of an atomic model of the (3×1) structure

similar to that of Si(111)-(3×1)Ag, the HCC model.

2. Experimental Procedure

Standard transmission electron microscopy (TEM)

samples were prepared from Ge(111) wafers and in-

troduced into SPEAR, an ultrahigh vacuum (UHV)

surface preparation and analysis system attached to

a high-resolution UHV H-9000 Hitachi transmission

electron microscope.20 Surface characteristics were

monitored with X-ray photoelectron spectroscopy

(XPS) and off-zone TED.

The samples were cleaned through cycles of ion

milling and electron beam annealing until good

TED patterns with clearly visible 1/2 order spots of

the c(2 × 8) native reconstruction were obtained.

After Ag deposition in situ at room temperature,

reconstructions were induced on the surface using

low temperature annealing. Ag coverage was esti-

mated utilizing the relative Ag and Ge 3d XPS peak

intensities.

The TEM images were collected at room temper-

ature using an electron beam voltage of 200 kV to

limit beam damage effects. The electron diffraction

data set was obtained from a through-exposure se-

ries of nine diffraction patterns. After the negatives

were digitized using an Optronics P1000 microden-

sitometer, the beam intensities were measured, re-

duced through a cross-correlation technique,21 and

averaged with the result of a final data set with

estimated measurement errors.

3. Results and Discussion

After Ag deposition at room temperature on the

Ge(111)-c(2 × 8) surface and a 350◦C anneal of

the specimen for a few minutes, TED patterns dis-

played the (4× 4) reconstruction. Dark field images,

Fig. 2(a), show triangular large domains of the (4×4)

phase, and its corresponding (4× 4) diffraction pat-

tern is displayed in Fig. 2(b). On some of the edges

of the triangular (4 × 4) domains, one or two linear

features can be observed. They belong to the (3×1)

structure, present only as narrow strips similar to

STM data reports. Repeated annealing of this sur-

face, again at 350◦C for a few minutes, produced the
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Fig. 2. (a) Dark field image of the (4×4) triangular do-
mains with narrow strips of (3×1) structure visible on the
edge as one or two linear features, and (b) corresponding
(4× 4) diffraction pattern.

transformation of the (4× 4) phase into large, inde-

pendent (3×1) domains and (
√

3×
√

3)R30◦ regions.

Dark field images, Fig. 3(a), show the complete

disappearance of the (4× 4) phase and the presence

of (3 × 1) domains. No triangular (4 × 4) domains

can be observed anymore, and only linear features

due to the (3 × 1) phase are visible throughout the

figure. The TED pattern, Fig. 3(b), exhibits both

(3× 1) and (
√

3×
√

3) phases.

Fig. 3. (a) Dark field image showing linear features due
to one domain of the (3 × 1) structure, and (b) corre-
sponding diffraction pattern displaying both (3× 1) and
(
√

3×
√

3) phases.

Direct Methods were applied to the diffraction

data to find an initial model from which to refine

atomic positions. X-ray or electron diffraction tech-

niques provide only the intensities and not the phases

of the beams. However, both intensity and phase

are necessary to restore the charge density or the

scattering potential, respectively. Direct Methods

solve the phase problem by exploiting the probability
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relationships which exist between the amplitudes and

phases of the diffracted beams.22 The method in-

volves a routine search of sets of phase estimates for

the measured beam intensities which best satisfy the

probability relationships. The feasible solutions are

defined by some figure of merit, and are in the form

of potential maps generated using measured beam

intensities and plausible sets of phases that satisfy

self-consistent conditions.

However, the missing information that often char-

acterizes surface diffraction data sets will induce

artifacts and distorsions of the features present in

the maps and preclude the interpretation of all bright

circular features as atom sites.23 Therefore, the maps

are used only as a base to construct initial models of

the investigated atomic structure. Figure 4 shows a

contour map of the calculated surface scattering po-

tential; all other solutions were practically the same.

Several models were constructed using the scat-

tering potential map by combining iterative steps of

minor refinement of the atomic positions (R-factor

type) with “heavy-atom holography.”24 At the end

of this analysis, an HCC model similar to the solu-

tion for the Si(111)-(3× 1) reconstruction proved to

be the best model, with a quick drop to the lowest

value of R and no suggestion of new strong peaks by

the maps. Other models based on different arrange-

ments of Ge atoms and using full occupancy of Ag

led to higher values of R and/or induced the algo-

rithm to move the atoms to sites close to those of

the Si(111) case.

As the next step, the atomic positions of the

model were refined using a χ2 minimization with

full dynamical multislice calculations including the

Fig. 4. Contour map of the calculated surface scattering
potential using phases estimated through direct methods.
In the center of the figure a (6×1) cm unit cell is outlined.

effects of bulk crystal diffraction and dynamical ef-

fects to arrive at the final structure. A reduced χ2

value, defined as

χ2 ≡ 1

N −m

N∑
j=1

(
|Ijexpt − Ijcalc|

σj

)2

,

where Iexpt/Icalc are the experimental/calculated

beam intensities, σ is the error of the experimental

intensity, N is the number of data points, and m is

the number of parameters being fit, was calculated

for the model while allowing one bulk double layer

to relax. It gave a χ2 value of 6.73. The number of

variables (atomic positions, Debye–Waller factors for

Ag and top surface Ge sites, and counting a scaling

factor) was equal to 15 for 65 data points. To model

the two equivalent Ag positions, where the Ag atom

occupies an asymmetric location with respect to the

[1̄10] direction, the occupancy factor for both loca-

tions was kept at 0.5. Keeping the same total number

of variables and one relaxed bulk double layer, the

calculations were repeated for the other models. The

X-ray model, with the metal atom not breaking the

cm symmetry, gave a χ2 of 8.2, while the extended

Pandey and Seiwatz models yielded values between

9.0 and 15.0.

More refinement of the model, letting a second

bulk double layer relax, reduced χ2 to 3.01, with the

number of variables increased to 21. Adding the oc-

cupancy factor for Ag as an additional parameter,

together with a variable Debye–Waller factor for the

first relaxed bulk double layer, led to a χ2 value of

2.51, with 23 variables. The Ag occupancy refined

to 0.48, confirming the disordered placement of Ag

in the two equivalent sites.

In addition to the three structural elements

(adatoms, dimers and π-bonded chains) which are

frequently encountered as “building blocks” of the

Si and Ge reconstructions, Erwin and Weitering18

proposed a new one, a true Si double bond (Fig. 1),

to explain the very low energy of the HCC model for

the Si(111)-(3 × 1) structures, despite the fact that

double bonds are unknown in ordinary compounds

of Si and Ge.

The similarity between the Ge(111)-(3×1)Ag and

Si(111)-(3× 1)Ag structures may lead to the conclu-

sion that the unusual double bond is not limited to Si

but can also be formed by Ge atoms. Moreover, this

double bond could be significant in stabilizing other
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reconstructions. It has already been suggested25 that

the two structures are related and a double bond for-

mation in this case also eliminates all the dangling

bonds from the (4× 4)’s Ge ring and contributes to

its stability.

The (3 × 1) structure used to be considered not

worth mentioning in the surface phase diagram of

the Ag/Ge(111) system, since it was believed to

not exist over any extended regions of the surface.

This note clarifies the question of its existence and

stability, and also provides a better understanding

of the (4 × 4) reconstruction. This latter phase is

metastable at room temperature and, after an ap-

propriate thermal treatment, separates into (3 × 1)

and (
√

3×
√

3) domains.
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