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Abstract 

Low energy electron diffraction (LEED) and low energy electron microscopy (LEEM) were used 

to study the (3x1) phase of Ag on Ge(111) for temperatures less than 540°C. This phase was 

observed when depositing 0.05 to 0.1 ML Ag at 370°C. The (√3×√3)R30o phase formed when 

depositing 0.3ML Ag at 170°C and then annealing to 200-360°C resulted in a non-reversible phase 

transition to [(4x4) + (3x1)] phases at 360°C. The √3 phase appears to be metastable for 

temperatures <250°C since subsequent cooling did not cause it to reappear. These experimental 

observations suggest modifications to a published phase diagram for Ag/Ge(111). 
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I. INTRODUCTION 

Metals on semiconductors have been studied for decades as prototypical systems for 

fundamental surface science studies. These systems include Ag, Au, Sn, Pb, and Ni adsorbed onto 

elemental semiconductor surfaces, including both Si(111) and Ge(111).1-11 In addition, better 

understanding of these systems could improve the formation of metal contacts for semiconductor 

devices, especially as device linewidths continue to shrink down towards the atomic scale.  

For coverage less than 1.0 monolayer (ML), Ag on Ge(111) has a particularly complex 

phase diagram, as shown in Fig. 1, which published by Grozea et al.12 For submonolayer Ag 

coverages on Ge(111), eight different phases have been reported: (4x4), (3x3)R30°, (3x1) 2, 13, 

14, (1x1), (5x1),14 (123x123)R30°,15 (6x6),16, 17 (39x39).16 Since the last four phases have 

been observed under special preparation conditions, they were not shown on the phase diagram in 

Fig. 1. In studying this system, we explored some novel, non-equilibrium co-existence regions in 

the phase diagram, as described below. 

Clean Ge(111) has a well-known c(2x8) reconstruction, but it undergoes a high temperature 

phase transition at 300°C to an incommensurate structure. In a LEED study, Phaneuf and Webb18 

described this structure as either three orientations of (2x1) structures with quasiperiodic antiphase 

walls or a (2x2) reconstruction modulated by a honeycomb arrangement of intersecting antiphase 

walls. When Ag is deposited onto the Ge(111) surface, the two dominant phases observed are the 

(4x4) and (3x3)R30° (abbreviated here as 3), and both have accepted structures from the 

literature. The (4x4) structure is a missing top layer reconstruction with Ag surface coverage of 

0.375 ML.2, 14, 19 The 3 phase has the “honeycomb chained trimer” reconstruction with a Ag 

surface coverage of 1.00 ML,3, 14, 17 and its structure is similar to the 3 reconstruction of Ag on 

Si(111).4, 20 
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This paper describes primarily LEED and LEEM observations of the (3x1) phase of Ag on 

Ge(111) for temperatures less than 540°C, elucidating the complicated phase diagram of this metal 

on semiconductor system. The structure of the (3x1) phase has been determined as the “honeycomb 

chain channel” reconstruction, which has a Ag surface coverage of ~1/3 monolayer (ML)21 and is 

similar to the Ag (3x1) structure on Si(111).22 Only one previous study observed large regions of 

the Ag (3x1) phase on Ge(111),21 whereas other studies reported observations of the (3x1) phase 

as small domains bordering regions of (4x4) structure and clean Ge.2, 14, 23 Giacomo24 did not 

observe the (3x1) phase at all. 

The phase diagram in Fig. 1 shows that the (3x1) phase primarily occurs in the temperature 

range between 350 and 450°C. It occurs alone for Ag coverage between 0.1 and 0.3ML Ag, and 

coexists with the Ge(111) c(2x8) structure, the (4x4) Ag structure, and the √3 Ag structure in 

nearby regions of the phase diagram. In addition to corroborating most of the (3x1) sections of 

Grozea’s phase diagram,12 we also observed the (3x1) phase in additional regions of the phase 

diagram, as described in detail in Sect. III. Furthermore, our measurements suggest that the √3 

phase, which reproducibly occurs for Ag growth on substrates between 150 and 200°C, is 

metastable. 
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Fig. 1.  Ag/Ge(111) surface phase diagram proposed by Grozea et al. in Ref. 12. Reprinted from Surface 

Science, Vol. 461, D. Grozea, E. Bengu, and L. D. Marks, Surface phase diagrams for the Ag–Ge(111) and 

Au–Si(111) systems, pages 23-30, Copyright (2000), with permission of Elsevier. 

 

II. EXPERIMENTAL 

Measurements were carried out in a ultrahigh vacuum (UHV) system consisting of 

connected chambers housing three major commercial instruments: low energy electron 
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microscope (LEEM, Elmitec GmbH), scanning tunneling microscope (STM, Oxford 

Instruments), and x-ray photoemission spectrometer (XPS, Vacuum Generators).25 

Ge(111) samples were cut from Sb-doped Ge(111) 2-inch wafers purchased from MTI 

Crystal, with resistivity ~0.25 -cm and polished on one side within 0.5° of the (111) surface. 

Ge(111) crystals were cleaned in the UHV analysis chamber (base pressure 2×10-10 Torr) with 

repeated cycles of Ar+ bombardment (250 eV, 5 μA) of the unheated sample for 15 minutes, 

followed by annealing the sample between 800°C and 830°C for 10 minutes (30 minutes for the 

last anneal before imaging in LEEM or STM). Samples were sputtered and annealed until a clean 

c(2×8) low energy electron diffraction (LEED) pattern was obtained. Following the cleaning 

cycles, the sample was transferred to the LEEM chamber (base pressure 1×10-10 Torr) or STM 

chamber (base pressure 4×10-10 Torr). XPS was also occasionally used to verify that the sample 

was free from contaminants. 

Sample heating was monitored by a K-type thermocouple with the junction pressed 

against the back of the sample. The thermocouple was calibrated with an infrared pyrometer with 

the emissivity set to 0.42, which was determined by calibrating the pyrometer to the melting 

point of an old Ge sample. The thermocouple calibration was checked by using LEED to 

measure the temperature for the c(2×8) to (2×1) phase transition on clean Ge(111) at 300°C.18 

Direct evaporation from a resistively heated Ag wrapped tungsten filament was used to 

deposit Ag onto the Ge(111) sample while imaging with either LEED or LEEM. The deposition 

rate was calibrated in the LEEM by measuring the time for completing either the (4×4) Ag phase 

at 0.375 ML or the √3 phase at 1.00 ML. A range of deposition rates (0.005-1.5 ML/min) was 

employed depending upon the phenomena under study. 
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III. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Formation of (3x1) phase by deposition of Ag on Ge(111) at 330-

370 °C    

 The (3x1) phase was observed to form at low coverage, before growth of the (4x4) or 3 

phases.  For deposition at 370°C, (3x1) was the only phase of Ag on the surface for coverage up 

to 0.1 ML, as evidenced by the LEED pattern in Figure 2(a). The first Ag LEED spots observed 

are somewhat faint, elongated spots consistent with three rotational domains of Ag (3x1), and they 

coexist with spots from the Ge(2x1) structure. Figure 2(b) shows the LEEM image that 

corresponds to the LEED pattern in Fig. 2(a). Narrow domains of (3x1) decorate the step edges 

and defects of this highly stepped sample. The contrast seen in this image appears to be due to 

phase contrast between the Ge substrate and regions having the Ag (3x1) structure, rather than due 

to substrate step contrast. Fig. 2(c) and (d) show the LEED pattern and LEEM image after the Ag 

was desorbed from the surface. Note that the step contrast on Ge(111) is very faint at voltages of 

5.0-5.2 eV in Fig. 2(d), where the observed Ag (3x1) contrast is a maximum.  In addition, the 

phase contrast between (3x1) and Ge in Fig. 2(b) is roughly the same as that between (4x4) and 

Ge at this imaging energy in other LEEM images, for which the (4x4) is bright and Ge is dark.  

From LEEM images alone, it would be difficult to distinguish between very low coverages (<0.1 

ML) of (3x1) Ag and (4x4) Ag. The (3x1) LEED pattern of the surface in Fig. 2(a) verifies that 

the bright LEEM regions indeed correspond to the (3x1) phase. 
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Fig. 2.  LEED patterns and LEEM images before and after desorption of Ag (3x1) from Ge(111).  (a) After 

deposition of 0.05-0.1 ML Ag at 370 °C.   Ag (3x1) LEED spots (dashed arrow) coexist with Ge (2x1) LEED 

features (diamond head arrow), which were present before the Ag deposition. (b) After Ag deposition on 

Ge(111), LEEM image corresponding to the (3x1) LEED pattern in (a). Ge (dark areas) and Ag (3x1) (bright 

areas).  FOV 5 m. (c) Clean Ge (2x1) LEED pattern after desorption of Ag.  (d) LEEM image corresponding to 

LEED pattern in (c), after desorption of Ag. FOV 5 m. 
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Figure 3 shows LEED, LEEM, and STM measurements of the same sample, which had 

0.59 ML of Ag deposited onto Ge(111) at 330 °C. LEED and LEEM imaging were performed 

during the Ag deposition process. At this coverage and deposition temperature, the LEED pattern 

in Fig. 3(a) shows strong (4x4) and 3 spots, together with weak (3x1) spots. The LEEM image in 

Fig. 3(b) shows primarily bright 3 and dark (4x4) structures, as the (3x1) domains are too small 

to resolve with LEEM. The sample was cooled to room temperature, without a significant change 

occurring in either the LEEM image or the LEED pattern. Then the sample was moved into the 

STM, where we observed the (3x1) phase as narrow regions along (4x4) Ag domains (Fig. 3(c)), 

similar to previous STM studies.2, 14, 23 The (3x1) regions often appear as small insets between 

(4x4) regions and small domains (<10 nm in size) of Ge(111) c(2x8) that persist at this coverage 

(Fig. 3(c)). The sizes of the (3x1) and (4x4) unit cells from our STM images agree with the 

dimensions reported in earlier studies.2, 14, 23 
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Fig 3.  (color online) Ag deposited on Ge(111) at 330 °C while imaging with LEEM and LEED, followed 

by STM measurements at room temperature.   = 0.59 ML. (a) LEED picture showing 3, (4x4), and faint 

(3x1) spots.  Several spots are indicated with arrows: 3 (dotted arrow), (3x1) (dashed arrow), and the [0, 

½] (4x4) spot (dot-dash arrow). (b) LEEM image showing regions with 3 (bright) and (4x4) (dark) 

structures.  FOV = 2 m, E = 4.0 eV.  E = 8.1 eV.  (c) Empty state STM image.  Regions of (4x4), c(2x8), 

and (3x1) Ag indicated.  Sample bias = +1.0 V, tunneling current = 0.5 nA.  19 nm x 15 nm. 

 

For Ag deposition onto a Ge(111) sample held at 370 °C, (3x1) was the only phase of Ag 

on the surface for coverage up to 0.1 ML. As additional Ag is deposited, Ag (3x1) spots intensify 

as the (4x4) and then 3 phases form. For about 0.4ML Ag coverage, the LEED pattern looks 

similar to that in Fig. 3(a), for which all three Ag phases coexist on the surface. As the coverage 

approaches 1.0 ML, the (4x4) and (3x1) phases extinguish approximately simultaneously, leaving 
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only the 3 phase on the surface. These observations match the phases expected at this temperature 

as a function of coverage from the phase diagram in Fig. 1. 

B. Deposition of Ag on Ge(111) at 170°C and 3 → [(4x4) + (3x1)] 

phase transformation at 360 °C 

 The (3x1) phase was also observed, along with (4x4) and 3 phases, when the surface was 

prepared by depositing Ag at lower temperature and then annealing. When Ag is deposited at 

~150-220 °C, the 3 phase grows before the (4x4), as observed previously by Giacomo.24 LEED 

and LEEM images of 0.3 ML of Ag 3 growth at 170 °C are shown in Figure 4.  Ag 3 growth in 

this low temperature regime is characterized by small domain sizes.24 The LEEM image in Fig. 

4(d) shows Ag 3 island sizes of  ~100 nm in diameter. 

Annealing the 3 surface in Fig. 4(d) results in the transformation of the 3 phase to (3x1) 

and (4x4) phases, as seen in the LEED images of Fig. 5. As the temperature is raised to 290 °C, 

definite (3x1) LEED spots and weak (4x4) spots indicate the formation of those phases (Fig. 5(b)) 

from the 3 Ag phase previously on the surface (Fig. 5(a)). The (3x1) and (4x4) LEED spots 

intensify, and the 3 spots become somewhat dimmer as the temperature is increased, up to 360°C 

where the 3 spots vanish, leaving a strong [(4x4) + (3x1)] LEED pattern (Fig. 5d).  The 3 → 

[(4x4) + (3x1)] transformation at 360 °C is quite sudden (Fig. 5(cd)) compared to the gradual 3 

→ [(4x4) + (3x1)] transformation that takes place between 200-350 °C (Fig. 5(abc)). While our 

observation of the (3x1) phase at  = 0.3 ML, T = 290-350°C conflicts with the surface phase 

diagram proposed by Grozea et al.12 (Fig. 1), the sudden completion of the transformation at 350-

360 °C supports their placement of the lower bound of the (3x1) phase at 350°C. 
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Fig. 4. LEED patterns and LEEM images of the deposition of 0.3 ML Ag onto Ge(111) at 170 °C.  Diamond head 

arrows and dotted arrows point to the Ge(2 x 1) and 3 Ag LEED spots, respectively.  Solid arrows point to first-

order Ge(111) LEED spots.  (a) Clean Ge(111) LEED image. First order LEED spots (solid arrow) as well as 

Ge(2x1) features (diamond head arrow) are visible at this energy.   (b) Clean Ge(111) LEEM image.  5 m FOV.  

The sample surface has a high step density, especially on the periphery of the field of view.  Small dark circles are 

defects in the microchannel plate, and larger dark spots are substrate defects. (c) LEED image shows additional 3 

Ag spots (dotted arrow) after deposition of 0.3 ML Ag.  (d) LEEM image corresponding to LEED image in (c), 

after deposition of 0.3 ML Ag.  Dark areas correspond to 3 Ag and bright areas to Ge regions. 5 m FOV. 
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Fig. 5. After dosing 0.3ML Ag on Ge(111), LEED images during heating to indicated temperatures. See Fig. 4 for 

LEED/LEEM of this sample after initial deposition.  Different arrows in (b) identify LEED spots:  Ge(2 x 1) 

(diamond head arrow), Ag (3x1) (dashed arrow), Ag (4x4) (dot-dash arrow), and Ag 3 (dotted arrow).  (a) 3 Ag 

and (2 x 1) Ge.  (b) Four coexisting structures are evident: 3 Ag, (2 x 1) Ge, (3x1) Ag, and (4x4) Ag (faint). (c) 

Spot intensities have changed for the 4 coexisting structures: 3 Ag, (2 x 1) Ge (faint), (3x1) Ag, (4x4) Ag. (d) 

Only (3x1) Ag and (4x4) Ag spots remain. 
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The 3 → [(4x4) + (3x1)] transformation that occurs between 200 and 360 °C at 0.3 ML 

coverage is not reversible.  When the sample is cooled below 350 °C, the [(4x4) + (3x1)] LEED 

pattern does not change (Fig. 6(b)).  This observation was repeated for all similar experiments 

carried out with  < 0.375 ML; once the (4x4) and (3x1) phases were present on the surface, the 

sample could be cooled down all the way to room temperature without a noticeable change in 

either the LEEM images or LEED patterns.  The domains of (3x1) and (4x4) as viewed in LEEM 

are as small or smaller than the domains of 3 that formed during deposition (≤100 nm in diameter) 

(Fig. 6(a)).  Surfaces of the (4x4) and (3x1) phases created by deposition at low temperature and 

then annealing to high temperature all showed domain sizes smaller than those that would have 

resulted had Ag been deposited directly onto samples held at the annealing temperature. 

The non-reversible nature of the 3 → [(4x4) + (3x1)] transformation from 200-360 °C 

supports Grozea et al.’s designation of the (4x4) phase as the equilibrium Ag phase(s) for  < 

0.375 ML, T < 350 °C (Fig. 1).12 Our results, however, indicate that the (3x1) phase should also 

be added to this region of the phase diagram. In addition, we deduce that the 3 phase, which was 

repeatedly observed in this study (Figs. 4 and 7(a)) and also by Giacomo24 for Ag deposition onto 

samples with temperatures ~120-220 °C, should therefore be interpreted as a nonequilibrium 

phase. 
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Fig. 6. Upon cooling the sample shown in Fig. 5(d), the LEED pattern does not change significantly. The Ag 3 

phase does not return after cooling. (a) 4 m LEEM images of Ge(111) (bright areas) covered with small (≤ 100 

nm) domains of [(4x4) + (3x1)] (dark areas).   It is not possible to distinguish between the (4x4) and (3x1) phases.  

The largest dark spots in the image are substrate defects.  (b) LEED pattern of the surface in (a), showing (4x4) 

(dot-dash arrow) and (3x1) (dashed arrow) spots. 

 

Now we briefly compare this low temperature phase transition to the one which occurs at 

high temperature (~560°C, just below the 575°C Ag desorption temperature) that we described in 

an earlier paper.26 In that case, the reversible phase transition [(3x1)+(4x4)] → (3x1) was 

observed with LEEM and LEED for coverages less than 0.375 ML. That study also found that 

the (3x1) phase is energetically preferred over the (4x4) phase for temperatures above 575°C, as 

it persists above the desorption temperature longer than the (4x4) phase.  
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C. Deposition of 0.5ML Ag on Ge(111) at 220°C, followed by 

annealing to 580°C 

Figure 7 shows LEED patterns from 0.5 ML of 3 Ag gradually heated to the desorption 

temperature.  After the initial deposition of 0.5 ML at 220 °C, Figure 7(a) shows the 3 LEED 

pattern.  As the temperature is raised beyond 250 °C, the 3 phase transforms to (3x1) and (4x4) 

phases (Fig. 7(b)), similar to the transformation observed at 0.3 ML coverage (Fig. 5).  The 

difference between the two coverages is first observed at 410-480 °C, where the (4x4) LEED spots 

disappear for the 0.5 ML coverage (Fig. 7(c)), whereas they persist up to the desorption 

temperature for 0.3 ML coverage. At the higher 0.5 ML coverage, most (3x1) LEED spots are 

extinguished at 540 °C (Fig. 7(d)), whereas at the lower 0.3 ML coverage, the (3x1) phase persists 

up to and beyond the desorption temperature.  In summary, at low coverage (0.3 ML) and high 

temperatures (480-580 °C), the less dense (3x1) (1/3 ML/layer) 19, 22 and (4x4) (3/8 ML/layer) 

phases are favored over the more dense (1.0 ML/layer) 3 phase.  At a higher coverage (e.g., 0.5 

ML, which is greater than the completion coverages of the (3x1) and (4x4) phases), the 3 phase 

is favored in this high temperature (480-580 °C) range.  
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Fig. 7. Heating 0.5 ML Ag in LEED.  Arrows identify LEED spots: Ge (1 x 1), solid arrow; Ag 3, dotted 

arrow; Ag (3x1), dashed arrow; Ag (4x4), dot-dash arrow.  (a) After deposition of 0.5 ML Ag at 220 °C, 3 

Ag.  (b) 3 Ag + (4x4) Ag + (3x1) Ag (faint).  (c) 3 Ag + (3x1) Ag + (4x4) Ag (very faint).  (d) 3 Ag + 

(3x1) Ag (very faint).  (e) Clean Ge after Ag desorption. 
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D. Confirmations and modifications to Ag/Ge(111) phase diagram 

One significant modification to the phase diagram in Fig. 1 indicated by the data presented 

here is the extension of the (3x1) phase, and possibly the (4x4) phase, to higher temperatures.  

Grozea et al.12 has (4x4) and (3x1) extinguished by 410-450 °C at all submonolayer coverages, 

whereas we observed the (3x1) phase up to the Ag desorption temperature at 0.3 ML26, and up to 

540 °C at coverages of 0.5 ML (Fig. 7). The (4x4) phase was also observed up to the desorption 

temperature when 0.3 ML was annealed.26 The LEED and LEEM observations presented here 

indicate that the upper limits of the (3x1) and (4x4) low coverage phases should be increased 50-

100°C above the temperatures given in the phase diagram of  Fig. 1. 

Another significant modification to Fig. 1 is at low temperatures. We observed the presence 

of the (3x1) phase coexisting with the (4x4) phase, at coverages greater than 0.05-0.1 ML, all the 

way down to room temperature. Fig. 1 instead had a lower threshold of 350°C for the (3x1) phase. 

While the (3x1) and (4x4) phases were observed at lower temperatures (30-220 °C), they were 

obtained either by annealing the Ag-deposited surface to >250 °C or by deposition at T ≥ 250 °C, 

followed by cooling below 250 °C.  Deposition at ~100-220 °C resulted in growth of the 3 phase 

(e.g., Figs. 4, 7(a)), without (4x4) or (3x1), in agreement with the observations of Giacomo.24 The 

stability of the (4x4) and (3x1) phases upon cooling through 250 °C, however, leads us to conclude 

that they are the equilibrium phases below 250 °C, even though the initial growth phase for 

deposition in this temperature regime is 3. As already stated, we conclude that the 3 phase is 

metastable in this region of the phase diagram. 

The inclusion of a region in the phase diagram that is composed exclusively of [(3x1) + 

3] within a narrow band of temperatures above 400 °C and at coverages between roughly 0.4-

0.8 ML (Fig. 1) is confirmed by our LEEM and LEED observation of these phases at 0.5 ML 
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coverage (Fig. 7(c)). The non-reversible phase transformation 3 + (4x4) + (3x1) → [(3x1) +3] 

at 410-480 °C at 0.5 ML (Fig. 7(bc)), closely corresponds to Fig. 1 in this region.  In addition, 

the region of Fig. 1 with [(1 x 1) + 3] immediately above the [(3x1) + 3] region is confirmed 

by Fig. 7(d). The confirmation of these two regions of the phase diagram in Fig. 1 is particularly 

interesting because the literature shows only a single observation of the [(3x1) + 3] domain and 

no observations of the [(1 x 1) + 3] domain. Note, however, that our observations would move 

the upper boundaries of the [(1 x 1) + 3] and [(3x1) + 3] regions to slightly higher 

temperatures. 

Our LEEM and LEED measurements also confirm the region in Fig. 1 exclusively 

composed of Ag (3x1) and Ge at low Ag coverages.  For deposition at 370 °C, we observed (3x1) 

growth before (4x4) growth (Fig. 2).  However, the (4x4) phase formed at lower coverage (0.1ML) 

than the 0.2 ML predicted by Grozea et al.12 In contrast to their region of exclusively (3x1) from 

~0.15-0.37 ML, with no Ge, we did not observe a surface composed entirely of (3x1) at any point 

during deposition on Ge(111) at either 370 °C or 410 °C. 

IV. CONCLUSIONS 

The (3x1) phase has received relatively less attention from prior Ag/Ge(111) studies. We 

observed the (3x1) phase at multiple locations in the Ag/Ge(111) phase diagram, whereas most 

previous studies had only reported (3x1) as growing in small insets between (4x4) Ag or Ge(111) 

c(2x8), an observation that corresponds with our STM and LEED measurements shown in Fig. 3. 

The coexistence of (3x1) with (4x4) and/or 3 phases was observed with LEED at multiple 

coverages and temperatures (Figs. 5, 6, 7).  LEEM and LEED images also showed that (3x1) is 

the only Ag phase on the surface from 0.05-0.1 ML at 370 C deposition (Fig. 2(ab)). Detailed 

comparisons of our observations with the phase diagram in Fig. 1 were given in Sect. III.D. Our 
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observations confirmed the [(1 x 1) + 3] region at high temperature ( >480 C) for coverages 

greater than ~0.4 ML that had been missing experimental verification (Fig. 1). A significant 

difference from the phase diagram in Fig. 1 is that the equilibrium phase at low temperatures 

(<350C) for coverages less than 0.38 ML is a mixture of (3x1) and (4x4), as opposed to (4x4) 

alone. Future calculations may be able to explain the energetics that control the formation of these 

different phases. 
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Figure Captions 

Fig. 1.  Ag/Ge(111) surface phase diagram proposed by Grozea et al. in Ref. 12. Reprinted from Surface Science, 

Vol. 461, D. Grozea, E. Bengu, and L. D. Marks, Surface phase diagrams for the Ag–Ge(111) and Au–Si(111) 

systems, pages 23-30, Copyright (2000), with permission of Elsevier. 

Fig. 2.  LEED patterns and LEEM images before and after desorption of Ag (3x1) from Ge(111).  (a) After 

deposition of 0.05-0.1 ML Ag at 370 °C.   Ag (3x1) LEED spots (dashed arrow) coexist with Ge (2x1) LEED 

features (diamond head arrow), which were present before the Ag deposition. (b) After Ag deposition on Ge(111), 

LEEM image corresponding to the (3x1) LEED pattern in (a). Ge (dark areas) and Ag (3x1) (bright areas).  FOV 5 

m. (c) Clean Ge (2x1) LEED pattern after desorption of Ag.  (d) LEEM image corresponding to LEED pattern in 

(c), after desorption of Ag. FOV 5 m. 

Fig 3.  (color online) Ag deposited on Ge(111) at 330 °C while imaging with LEEM and LEED, followed by STM 

measurements at room temperature.   = 0.59 ML. (a) LEED picture showing 3, (4x4), and faint (3x1) spots.  

Several spots are indicated with arrows: 3 (dotted arrow), (3x1) (dashed arrow), and the [0, ½] (4x4) spot (dot-dash 

arrow). (b) LEEM image showing regions with 3 (bright) and (4x4) (dark) structures.  FOV = 2 m, E = 4.0 eV.  E 

= 8.1 eV.  (c) Empty state STM image.  Regions of (4x4), c(2x8), and (3x1) Ag indicated.  Sample bias = +1.0 V, 

tunneling current = 0.5 nA.  19 nm x 15 nm. 

Fig. 4. LEED patterns and LEEM images of the deposition of 0.3 ML Ag onto Ge(111) at 170 °C.  Diamond head 

arrows and dotted arrows point to the Ge(2 x 1) and 3 Ag LEED spots, respectively.  Solid arrows point to first-

order Ge(111) LEED spots.  (a) Clean Ge(111) LEED image. First order LEED spots (solid arrow) as well as 

Ge(2x1) features (diamond head arrow) are visible at this energy.   (b) Clean Ge(111) LEEM image.  5 m FOV.  

The sample surface has a high step density, especially on the periphery of the field of view.  Small dark circles are 

defects in the microchannel plate, and larger dark spots are substrate defects. (c) LEED image shows additional 3 

Ag spots (dotted arrow) after deposition of 0.3 ML Ag.  (d) LEEM image corresponding to LEED image in (c), after 

deposition of 0.3 ML Ag.  Dark areas correspond to 3 Ag and bright areas to Ge regions. 5 m FOV. 

Fig. 5. After dosing 0.3ML Ag on Ge(111), LEED images during heating to indicated temperatures. See Fig. 4 for 

LEED/LEEM of this sample after initial deposition.  Different arrows in (b) identify LEED spots:  Ge(2 x 1) 

(diamond head arrow), Ag (3x1) (dashed arrow), Ag (4x4) (dot-dash arrow), and Ag 3 (dotted arrow).  (a) 3 Ag 
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and (2 x 1) Ge.  (b) Four coexisting structures are evident: 3 Ag, (2 x 1) Ge, (3x1) Ag, and (4x4) Ag (faint). (c) 

Spot intensities have changed for the 4 coexisting structures: 3 Ag, (2 x 1) Ge (faint), (3x1) Ag, (4x4) Ag. (d) Only 

(3x1) Ag and (4x4) Ag spots remain. 

Fig. 6. Upon cooling the sample shown in Fig. 5(d), the LEED pattern does not change significantly. The Ag 3 

phase does not return after cooling. (a) 4 m LEEM images of Ge(111) (bright areas) covered with small (≤ 100 

nm) domains of [(4x4) + (3x1)] (dark areas).   It is not possible to distinguish between the (4x4) and (3x1) phases.  

The largest dark spots in the image are substrate defects.  (b) LEED pattern of the surface in (a), showing (4x4) (dot-

dash arrow) and (3x1) (dashed arrow) spots. 

Fig. 7. Heating 0.5 ML Ag in LEED.  Arrows identify LEED spots: Ge (1 x 1), solid arrow; Ag 3, dotted arrow; 

Ag (3x1), dashed arrow; Ag (4x4), dot-dash arrow.  (a) After deposition of 0.5 ML Ag at 220 °C, 3 Ag.  (b) 3 Ag 

+ (4x4) Ag + (3x1) Ag (faint).  (c) 3 Ag + (3x1) Ag + (4x4) Ag (very faint).  (d) 3 Ag + (3x1) Ag (very faint).  (e) 

Clean Ge after Ag desorption. 


