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Gold deposition onto Ge(001) at 675 K led to self-organized atomic chains ins432d and cs832d surface
reconstructions. The chains were separated by 1.6 nm and ran up to several hundred nanometers long. The
Au-induced domains showed alternating white and gray chains in STM images that could be explained by
Au-Au and mixed Au-Ge dimer rows, respectively. The chains showed a zigzag pattern attributed to dimer
buckling. Bias-dependent STM imaging suggested that the Au chains were metallic nanowires. The chains,
however, were not defect-free and contained missing dimer vacancies. The Ge terraces adjacent to the Au
nanowire domains contained a high density ofs1+2+1d dimer vacancy defects that tended to run along[100]
and[310] directions. The above results show strong similarities with those obtained for Pt on Ge(001) but are
very different from those for Ag, which only weakly interacted with Ge(001), and thus support models
suggesting stronger bonding of low-coordinated atoms of the 5d metals compared to the corresponding 4d
metals.
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Metal nanowires have attracted interest because their
electronic transport properties are important for advances in
fundamental physics and continued progress in electronic de-
vice miniaturization. It has been pointed out that the 5d met-
als Ir, Pt, and Au tend to form surface reconstructions con-
taining atomic chains on their own low-index surfaces.1,2

Recent experiments reporting the formation of one-atom-
thick metallic Pt chains on Ge(001) suggest that this property
can be exploited to create nanowires.3 Previous work on the
initial growth of Au on Si(001) showed chain-like surface
reconstructions supporting this idea.4–7 On the other hand,
Au is chemically more similar to Ag, as borne out by the
bulk-phase diagrams that show that Au and Ag are essen-
tially immiscible in Ge while Pt forms a series of well-
defined intermetallic phases.8 Our previous study of Ag
growth on Ge(001) showed that Ag favored three-
dimensional cluster formation, although metastable two-
dimensional Ag-Ge surface alloys could be formed by de-
positing Ag in a narrow temperature window.9 Thus,
comparing Au with Ag and Pt growth on Ge(001) offers the
opportunity to test the growing consensus that there is a
stronger bonding of low-coordinated atoms of the 5d metals
compared to the corresponding 4d metals that results fromsd
competition caused by relativistic effects in the electronic
structure.2,10,11In this paper, it will be shown that Au does in
fact behave similarly to Pt on Ge(001), forming conductive
atomic chains ins432d and cs832d reconstructions that can
be explained by Au-Au and Au-Ge dimers.

The experiments were conducted using an ultrahigh-
vacuum(UHV) system equipped with a sputter-ion gun, re-
sistively heated evaporation sources, an electron spectrom-
eter for Auger electron spectroscopy(AES), low energy
electron diffraction(LEED) optics, and a custom-designed
variable temperature scanning tunneling microscope.12 The
Ge(001) samples were cut from a nominally undoped Ge
wafer with a resistivity of 5.5V-cm obtained from Atomer-
gic Chemetals Corp. The temperature was measured using a
K-type thermocouple housed in a thin Ta tube pressed
against the front face of the sample. The Ge(001) substrate
was prepared by cycles of 500 eV Ar+ sputtering and anneal-

ing at 940 K until no contaminants were detected by AES. A
10–20-nm-thick Ge buffer layer was then deposited at
620 K and annealed to 940 K to produce large flat terraces
with very few surface defects and a sharps231d LEED
pattern.13 Gold and Ge were deposited by resistively heating
tungsten baskets filled with the materials. The deposition
rates were measured with a quartz crystal microbalance cali-
brated using scanning tunneling microscopy(STM). The
coverages reported refer to the amount of Au deposited; be-
cause Au can move beneath the surface under the experimen-
tal conditions, it is difficult to determine the Au coverage in
the ordered structures seen. The STM images were recorded
at room temperature.

The clean Ge(001) surface showed as231d reconstruc-
tion with large flat terraces composed of dimer rows rotated
90° on alternating terraces. STM images of the surface re-
vealed few defects and the bands of buckled and nonbuckled
dimers favored on Ge(001).14 After deposition of 0.5 ML of
Au at 675 K, as432d LEED pattern was seen. The STM
images of such surfaces are shown in Fig. 1. In the large-
scale image, Fig. 1(a), a few domains of Au-induced chains
can be seen together with the dimerized Ge(001) surface.
The Au-induced chains can be up to several hundred nanom-
eters long. Antiphase domain boundaries(APBs) both paral-
lel and perpendicular to the chains can be seen, as indicated
by the arrows. The smaller scale images in Figs. 1(b) and
1(c) show that the alternating white and gray rows that make
up thes432d reconstruction existed adjacent to the original
Ge dimer rows with the chains paralleling the neighboring
Ge dimer rows. The chains appear higher than the neighbor-
ing Ge dimer rows in the STM images; however, this cannot
be clearly attributed to a topographic height difference be-
tween Au and Ge, since Ge and Au have very different elec-
tronic structures. As shown in the height profile[Fig. 1(d)]
across the chains and the adjacent Ge dimer rows, the
brighter chains are about 0.13 nm higher than the Ge dimer
rows in the same layer, while the gray chains are around
0.03 nm higher than Ge. Also note the parallel APB at the
bottom right of Fig. 1(c), which demonstrates that the ap-
pearance of the gray chains is not due to a tip artifact. Also,
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the substrate vacancies highlighted by the boxes show no
evidence of shadowing due to a double tip. The chains could
be imaged well down to 0.2 V sample bias while the neigh-
boring Ge patches could not, suggesting that the chains were
metallic and at a minimum, indicating that they have a
smaller bandgap than the reconstructed Ge surface.

As shown in Figs. 1(c) and 2(a), both the white and gray
chains in the reconstructed domains show a zigzag pattern
similar to that attributed to dimer buckling on the clean
Ge(001) surface, though in Fig. 1(c) it is clear that the
height variation along the Au-induced chains is smaller than
that in buckled Ge dimer rows; the typical height variations

obtained from Fig. 1(c) are 0.035 nm for Au chains and
0.06 nm for Ge dimer rows. The alternating zigzag pattern in
the neighboring chains creates a cs832d unit cell as high-
lighted by the dashed parallelogram at the bottom of Fig.
2(a). A s432d unit cell consistent with the LEED results,
highlighted at the upper right of Fig. 2(a), is obtained if we
consider only the gross positions of the atoms and not the
small asymmetry of the chains.

From the high-resolution filled state STM image of the
Au-induced structure shown in Fig. 2(a), the structural model
of the chains based on Au-Au and Au-Ge dimer rows in Fig.
2(b) was constructed. The model shows the region in Fig.
2(a) bounded by the solid parallelogram, including the va-
cancies. In the model, white circles represent Au atoms in
epitaxial Au-Au dimers, and the large and small gray circles
represent Au and Ge atoms, respectively, in epitaxial Au
-Ge dimers. The Au-Au dimer rows are assigned to the white
chains in the STM images and the Au-Ge dimers to the gray
chains; the apparent height differences in the images can be
attributed to a higher electron density near the Fermi level
for Au atoms compared to Ge atoms. As shown in Fig. 1(c),
which was obtained at 575 K so the domains are smaller
than at 675 K,15 both the white and gray Au chains in the
centered right part of the image(marked region “I”) appear
higher than the neighboring Ge dimer rows in the left
(marked “II”). The bright chains look about 0.13 nm higher
than the Ge dimer rows, while the gray chains are about

FIG. 1. Large(a) and small(b) scale STM images obtained after
depositing 0.5 ML Au on Ge(001) at a rate of 0.6 ML/min at
675 K. (c) STM image of 0.5 ML Au deposited on Ge(001) at
0.7 ML/min at 575 K.(d) Line profile obtained through AB in(c).
(e) STM image of 1.5 ML Au deposited on Ge(001) at 675 K.
Sample biases were(a) −1.5 V; (b) −0.8 V; (c) −1.5 V; and (e)
−1.5 V.

FIG. 2. (a) High-resolution STM image of 1.5 ML of Au depos-
ited on Ge(001) at a rate of 0.6 ML/min at 675 K; the sample bias
was −0.7 V.(b) Ball and stick model for the region surrounded by
the solid parallelogram in(a).
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0.03 nm higher than the Ge. However, they were all consid-
ered to be at the same level, with the height difference
attributed to Au incorporation increasing the state density
near the Fermi level. In the model, the zigzag pattern of
the white chains is associated with buckling of the Au
dimers, while the pattern in the gray chains may be due to
either buckling or electronic differences between the Au and
Ge atoms in the mixed dimers. Compared to the clean Ge
substrate where roughly half of the dimers appear buckled
in a cs432d pattern,14 nearly all of the Au-Au dimers
were buckled. On Ge and Si(001) buckled dimers are
generally considered the lowest energy state with the un-
buckled appearance observed in room temperature STM
images attributed to a rapid flipping between the two equiva-
lent buckled configurations.16 This suggests a higher barrier
to flip Au-Au dimers than Si-Si dimers and Ge-Ge dimers in
nonbuckleds231d domains. Alternatively, differences in in-
teractions between Au-Au dimers and Au-Ge dimers in
neighboring rows depending on whether a Au or Ge atom is
closest to the dimer may lock the buckling; however, chains
with the higher Au atom in the Au-Au dimer adjacent to both
the higher and lower spot in the gray chains were observed.
The buckling of the Au chains can also be caused by the
vacancies in the Au-induced domains. As can be seen from
the atomic scale STM images, both the Au-induced domains
and the Ge substrate showed more vacancies than clean
Ge(001). The tension difference between the two sides of the
dimers neighboring the defects could freeze the buckling of
the Au chains. Some unbuckled dimers could be seen, as
highlighted by the arrows in Fig. 2(a), and these all avoided
the vacancies supporting the above argument.

Many experimental and theoretical studies of epitaxial
metal growth on Ge and Si(001) substrates showed that the
metal atoms tended to form dimers on the surface, such as
Ag on Ge(001),9,17,18 Al on Si and Ge(001),19,20 Pt on
Ge(001),3 etc. Our model of Au on Ge(001) is constructed
from the same elements proposed to explain Pt-induced
nanowires on Ge(001).3 For Pt, however, it was suggested
that the Pt-Pt dimers were one level higher than the mixed
Pt-Ge dimers, and thus perpendicular to the Pt-Ge dimers.
This model cannot explain the zigzag appearance of the
white chains, and thus for Au we favor the model described
above with the Au-Au dimers on the same level and parallel
to the mixed dimers.

The surface area covered by Au-induced chains increased
as more Au was deposited. As shown in the image in Fig.
1(e), where 1.5 ML of Au was deposited at 675 K, the sur-
face was fully covered with well-ordered chains running

along the[110] and f11̄0g directions. When the annealing
temperature was increased towards the Ge melting point, no
new structures were observed and eventually the chains dis-
appeared and Auger indicated loss of Au from the surface.
The bulk-phase diagram indicates that,50 ML of Au can be
accommodated within our Ge samples at high temperatures,
and so the disappearance of the Au can be attributed to bulk
migration.8

The images of the Ge dimer rows after Au deposition
show a high defect density; a closer look at these defects is
provided in Fig. 3, where the images were obtained after

depositing 0.1 ML Au at 675 K. As seen in Figs. 3(a)–3(c),
there were no Au-induced chains on the surface, indicating
that all of the Au went beneath the surface. The Ge substrate
became vacancy-rich in order to relieve the stress caused by
Au incorporation. The dimer vacancies(DVs) were not or-
dered over a long range as in the case of Ni- or Ag-induced
vacancy lines that run perpendicular to the dimer rows on
Si(001).21–24 The Au-induced vacancies, however, were in-
clined to line up along the[100] and [310] directions over
short ranges, as shown in Fig. 3(c). The alignment of dimer
vacancy lines along the[310] direction was similar to that
seen by Gurluet al.3 after Pt nanowire formation on
Ge(001).

The higher resolution image in Fig. 3(a) illustrates the
types of vacancies present after Au deposition. Unlike clean
Ge(001), where single and double DVs along with lower
coverages of defects with two dimers missing on adjacent
rows as well as thes2+1d DV (a single DV followed by a
normal dimer and then a double DV) are present,25–27 the
image in Fig. 3(a) is dominated bys1+2+1d DVs, as high-
lighted by the white arrows, and a small amount ofs2+1d
DVs. The s1+2+1d DVs consisted of double DVs in the
middle with two single DVs on each side along the dimer
row.

A closer look at Fig. 3(a) shows many spots where the
dimers appear brighter, or higher, than normal, as illustrated

FIG. 3. Filled(a) and empty(b) state, and large-scale filled state
(c) STM images recorded after depositing 0.1 ML Au onto Ge(001)
at 675 K and a rate of 0.6 ML/min, sample biases were(a) −1 V;
(b) 1 V; (c) −1 V. (d) Line profiles through as1+2+1d dimer va-
cancy taken from filled and empty state images.(e) Ball and stick
model of thes1+2+1d dimer vacancy; the black balls represent the
subsurface atoms, the gray balls the surface dimers, and occupied
and unoccupied electronic state densities are indicated by the
ellipses.
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by the dashed circles. Comparing the filled state image[Fig.
3(a)] with the empty state image[Fig. 3(b)] shows that this
difference is more distinct in filled state images. These fea-
tures were attributed to substitutional Au-Ge dimers or Au
atoms beneath the outermost layer. This supports our struc-
tural model by illustrating Au incorporation into the Ge and
by showing that this substitution increases the apparent
height of the dimers.

Interestingly, the isolated dimers between the single and
double dimer vacancies in thes1+2+1d ands1+2d DVs ap-
pear split in STM images, allowing the individual atoms in
the dimers to be resolved. As illustrated by comparing Figs.
3(a) and 3(b), this splitting was much more dramatic in un-
occupied state images at low biases. Instead of the small
splitting of the dimer in the filled state image as indicated by
the black arrows in Fig. 3(a), the two atoms in the isolated
dimer appear significantly separate and elongated toward the
neighboring single DV in Fig. 3(b). Similar split-off dimer
defects were seen by Schofieldet al. on metal-contaminated
Si(001) surfaces.28 The difference was that the Si(001) sur-
face was dominated bys2+1d DVs, while s1+2+1d DVs
prevailed on the Au-Ges001d surface. The comparison be-
tween line profiles drawn across thes1+2+1d DVs in Fig.
3(d) readily show the morphology and electronic differences
between the filled and empty state images.

Based on the dual bias STM images and the split-off
dimer model proposed by Schofield28 and Qin,29 the struc-
tural model of the Au-induceds1+2+1d DVs shown in Fig.
3(e) is proposed. As noted by Schofieldet al.,28 the distance
between the split-off dimer and the atoms in the single va-
cancy trough allows a tetramer to form. If thep bonds be-
tween the split-off dimer and trough atoms are closer to the
Fermi level than the normal dimerp bond, then at low nega-
tive sample biases the tunnel current will be dominated by

the electron density between the split-off dimer and trough
atoms, allowing the individual atoms in the split-off dimer to
be resolved;28 the ellipses in Fig. 3(e) highlight the locations
of thesep bonds. This suggests that the tetramer must have
unoccupied antibondingp* levels localized as pictured in
Fig. 3(e). While the antibonding levels in normal nonbuckled
dimers also allow individual atoms to be resolved in empty
state images, thep* levels of the tetramer lead to a much
more obvious corrugation between the atoms of the split-off
dimer as shown in Fig. 3(b).

In summary, Au growth on Ge(001) at 675 K leads to
s432d and cs832d reconstructions. In STM images the re-
constructions appear as alternating high and low zigzag
chains. The chains could be imaged at high resolution down
to low biases, suggesting that they are metallic nano-
wires. The higher chains were attributed to rows of Au-Au
buckled dimers and the lower chains to mixed Au-Ge
dimers. At lower Au coverages,s231d reconstructed Ge
with a high density ofs1+2+1d dimer vacancy defects was
observed adjacent to the chains. These vacancies tended to
align along the[100] and [310] directions but did not order
over a long range. The STM images suggested that the iso-
lated dimer bonded with the neighboring second-layer atoms
to form a tetramer. In general, Au was found to behave very
similarly to Pt on Ge(001) where growth of conductive
chains has been observed,3 but very differently from Ag on
Ge(001) where large three-dimensional clusters are favored.9

These results are consistent with the 5d metals favoring one-
dimensional chain formation on surfaces; to further test this
hypothesis we are currently studying Pd growth on Ge(001).
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