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Scanning-tunneling-microscopy observation of K-induced reconstructions on Au(110)
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The K-induced reconstructions of the Au(110) surface at coverages up to 0.5 ML and various deposi-
tion and annealing temperatures were investigated by scanning tunneling microscopy. At very low cov-
erages ( (0.1 ML) the K atoms stabilize missing-row-type structures with deep (1X3) channels. A
(1X5) structure that consists of alternating (1X3) and (1X2) missing-row furrows is formed at
0& =0.05 ML, and a (1 X 3) phase appears at 0& =0.08 ML. A (1 X 2) missing-row structure, identical to
that of the clean surface, is found in the coverage range between 0.15 and 0.25 ML. At coverages beyond
0.25 ML the K atoms disrupt the densely packed Au atomic rows of the surface, and highly anisotropic
elements of a c(2X2) structure are formed. It is shown that, in agreement with previous studies, the
c (2 X 2) structure consists of a mixed K-Au surface layer.

I. INTRODUCTION

The clean (110) surfaces of the 5d fcc metals Au and Pt
exhibit (1X2) missing-row reconstructions where every
second densely packed row of atoms along the [110]
direction is absent. ' It was suggested that this recon-
struction is stabilized by the (111) microfacets which
form the reconstruction channels. ' First-principles
pseudopotential density-functional calculations for the
Au(110) surface indicate that the surface charge plays a
crucial role for the stability of the missing-row
configuration on this surface. This is supported by the
observation that reconstructions of the same type can be
induced on the (110) surfaces of the 3d and 4d fcc metals
Ni, Cu, Pd, and Ag by adsorption of small amounts of al-
kali metals. ' Without adsorbates these surfaces are not
reconstructed. The alkali-metal-induced missing-row
reconstructions were attributed to an increase of the sur-
face sp electron density due to electron donation from the
electropositive adsorbate to the substrate surface. " Al-
ternatively these reconstructions were attributed to the
gain in adsorption energy of the adsorbed atoms in the
missing-row substrate troughs. '

The missing-row reconstructed Au(11)) surface is also
highly reactive towards adsorbed alkali-metal atoms. Us-
ing low-energy electron diffraction (LEED), it was shown
that small amounts of K or Cs induce a ( 1 X 5 ) and
a (1X3) structure (8&0.1 ML). ' ' For the
Cs/Au(110)(1 X 3 ) structure a medium-energy-ion-
scattering (MEIS) study revealed that the structure of the
surface corresponds to a missing-row reconstruction
where two adjacent atomic rows of the first and in addi-
tion a row of atoms of the second layer are missing. ' In
recent in situ x-ray-scattering studies of the Au(110) elec-
trode surface in salt solutions, a similar (1X3) structure
was identified at sufficiently negative potentials. ' To ex-
plain this result, it was proposed that this reconstruction
is induced by negative surface charge. ' In the case of
K/Au(110) the nature of the (1X5) and (1X3) phases
has not been clarified yet, and it was found that inter-

mediate K coverages (0.15 & Ox &0.30 ML) stabilize the
(1X2) reconstruction. ' At even higher K coverages the
surface structure changes again, and a c(2X2) super-
structure with a saturation coverage of 0.5 ML was ob-
served by LEED. ' ' For the K/Au(110) c(2X2) phase
first-principles total-energy calculations were per-
formed. ' It was shown that the most stable c(2X2)
structure is achieved by a mixed K-Au surface layer
where both K and Au atoms form a c (2X2) pattern and
atoms of one species are surrounded by four atoms of the
other species (shifted-row model). A MEIS analysis of
the K/Au(110)c(2X2) structure confirmed this predic-
tion. ' This structure is formed only on the Au(110) sub-
strate. For other fcc transition metals no intermediate
phases were observed between the missing-row recon-
structions at low alkali-metal coverages and the forma-
tion of alkali-metal multilayers. This peculiarity suggests
a correlation with the tendency of Au to form alloys with
the alkali metals. ' As with the alkali-metal-induced
reconstructions on other fcc (110) surfaces the K- and
Cs-induced reconstructions on Ac(110) require thermal
activation.

In this paper we report results of a scanning-
tunneling-microscopy (STM) investigation on the interac-
tion of Au(110) with adsorbed K atoms in the coverage
range up to 0.5 ML. We show that for K coverages
below 0.15 ML a reordering of the surface takes place
where missing-row-type structures with deep furrows are
formed. For intermediate coverages (0.15—0.25 ML)
STM images are obtained which resolve a (1X2)
missing-row structure of the substrate. For coverages in
excess of 0.25 ML the formation of the c(2X2) phase
was observed, where K atoms disrupt the densely packed
Au atomic rows. Antiphase domain boundaries
(APDB's) of the (1X2) missing-row reconstruction and
elements of the c (2 X 2) shifted-row phase evolve on the
surface. The c (2 X 2) phase exhibits a unique nucleation
and growth behavior, which is related to the repulsive in-
teraction of the K atoms adsorbed in (1 X2) missing-row
troughs and to the anisotropy of the Au(110) substrate.

0163-1829/95/51(7)/4402(13)/$06. 00 4402 1995 The American Physical Society



51 SCANNING-TUNNELING-MICROSCOPY OBSERVATION OF K-. . . 4403

II. EXPERIMENT

The experiments were performed in an ultrahigh-
vacuum chamber with a base pressure of 1 X 10 ' Torr,
equipped with facilities for sample preparation, surface
characterization [LEED and Auger electron spectrosco-
py (AES) with a cylindrical mirror analyzer], and a
pocket-size STM. ' ' The Au(110) sample was prepared
by cycles of Ar+ sputtering (2 pA/cm, 700 eV, 30 min)
and thermal annealing at 1000 K until no contamination
could be detected by AES, and the LEED pattern showed
sharp diffraction beams of the (1 X 2) reconstruction.

Potassium atoms were evaporated from a commercial
getter source (SAES Getters SpA, Milano, Italy). To elu-
cidate thermal effects the Au sample was either heated to
T=450 K or held at room temperature during deposi-
tion. The potassium coverage was determined by AES
from the intensity of the 252-eV LMM transition of K.
Since this peak overlaps with the NVV transition of Au
at 255 eV, the intensity of the 252-eV peak was corrected
for the substrate intensity by a deconvolution method de-
scribed in an earlier paper. ' The absolute coverage was
calibrated using the Auger signal from the saturated
c(2X2) structure which corresponds to a K coverage of
0.5 ML (Refs. 13, and 18). (1 ML corresponds to one K
atom per surface Au atom on the unreconstructed (1 X 1)
Au(110) surface. )

For STM imaging an electrochemically etched
tungsten tip was used which was cleaned prior to the ex-
periments by field desorption in front of a Au foil. The
STM data were recorded in the constant-current mode,
with typical tunneling currents between 0.3 and 3 nA and
tunnel voltages of —500 to —1000 mV (tip negatively
biased). STM images consist of about 400X400 data
points and are usually displayed in top-view, gray-scale
representations where darker areas correspond to lower
levels. No filtering procedures were applied to the data
presented here.

III. RESULTS
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( 1 X 2 ) and ( 1 X 3 ) troughs. These domains are separated
by single (1X3) furrows. The corrugation amplitude of
the ( 1 X 2) and ( 1 X 3) elements amounts to about 0.6 and
1.2 A, respectively [cf. Fig. 1(b)]. These values are typical
also for the (1 X2) missing-row troughs and the (1 X 3)
missing-row domain boundaries on the clean surface.
Therefore the model depicted in Fig. 1(c) is suggested for
the K-induced (1 X 5 ) structure. A ( 1 X 5 ) element con-
sists of a (1 X2) next to a (1 X 3) missing-row trough. In
the (1 X2) trough one Au atomic row is missing, similar-
ly to the clean reconstructed surface. In the deep (1 X 3)
trough two atomic Au rows of the first and one of the

In all STM images shown here the adsorbed K atoms
are not directly visible. It is hence just the K-induced
restructuring of the Au surface which is reAected by the
images. The transparency of the K atoms, which was
similarly observed for K-induced reconstructions on the
Cu(110) surface, ' is discussed in a separate paper. ' The
differences in height are given with respect to the plane
which is defined by the maxima of densely packed Au
rows in the individual terraces. The data presented here
show typical structures which evolve upon adsorption of
K. The images were usually selected in such a way as to
display relatively large terraces in order to show these
structures clearly; the same structures were observed,
however, on smaller terraces also.
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A. K-induced missing-row type structures

For very small K coverages a (1 X 5) LEED structure
is formed upon annealing the Au(110) crystal. ' Figure
1(a) shows a STM image of the Au(110) surface covered
with =0.05 ML K. Domains of a (1X5) phase are
resolved, which consist of a sequence of alternating

FIG. 1. (a) STM image of the Au(110) surface for 0~ =0.05
ML (annealed to 1000 K). Domains of the K-induced (1X5)
reconstruction separated by single (1 X 3) elements are resolved
(220X220 A ); (b) contour line along the marked direction in
(a) (arrow); (c) model of the K-induced (1X5) reconstruction;
small circles correspond to Au atoms, lower-lying atoms are
darker colored, and large open circles correspond to adsorbed
K atoms.



BAR™,SCHUSTER, WINTTERLIN, BEHM, AND ERTL 51
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(1X2) LEED s otsspots, stripes along [01] were observed be-
tween the (1 X 1 sspots, indicating substantial surface dis-
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FIG. 2. (a) STM im) M image of the Au(110) surface for 0& =0.08
ML (annealed to 950 K): K-induced (1 X 3) reconstruction with

marked line in
single (1 X 2) troughs (610X510 A ); (b) STM ccontour along the
mar e ine in (a); (c) model of the K-induced (1X3) phase on
Au(110), top view; (d) side view.

second layer are absent.

(1X3) recons
At slightly higher K coverages (8 =0. 1 ML) a regular

reconstruction is formed on the surface. ' A STM
image of the K-induced (1X3) h fp ase or a coverage of
=0.08 ML is shown in Fig. 2(a). The image demon-
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structural modification of the surface occurred. On the
(1X2) terrace in Fig. 3(b) a single protrusion with a
height of =1.2 A and a length of =300 A is resolved
which is oriented along the (1X2) reconstruction. Pro-
trusions of this type will be called elevated rows in the
following. Running parallel to this protrusion a single
trough, = 1 A deep, is resolved [for comparison, the cor-
rugation amplitude of the (1 X2) reconstruction amounts
to =0.5A in this measurement]. These structures are
considered as a first step of the transition of the (1 X 2) to
the (1X3) missing-row structure on a (1X2) terrace, as
illustrated in the model in Fig. 3. The formation of the
elevated row next to the trough is accomplished by shift-
ing two densely packed atomic Au rows by one lattice
constant in [001] direction. This leads to a deep (1X3)
furrow and a single Au atomic row above the level of the
(1 X 2) reconstruction.

For K coverages above =0.10 ML the (1 X 3 ) recon-

struction does not represent the thermodynamic equilib-
rium phase and for Oz )0. 15 ML the adsorbed K atoms
stabilize the (1X2) reconstruction. ' After adsorption of
0.10 ML K at T=450 K a LEED pattern with streaky
(1X2) and (1X3) reconstruction spots was observed. A
STM image of the corresponding surface structure is
shown in Fig. 4. The image shows that the surface is
mostly (1 X2) reconstructed with additional elevated
rows. Also, 1.5-A-deep (1X5) channels are resolved. By
comparison, the depth of the (1 X 3) furrows in this mea-
surement amounts to 0.8 A. These (1X5) troughs are
clearly different from the (1X5) structure which was
found at lower coverages (cf. Fig. 1). Presumably, they
are missing-row furrows where Au atoms from several
layers are removed.

With increasing K coverage the fraction of the (1X2)
surface area increases, and, after adsorption of =0.13
ML K at T =450 K, only the (1 X 2) reconstruction spots

(c)

0 2FIG. 3. Au(110) surface =30 min after the adsorption of =0.08 ML K at room temperature (700X 700 A ); (b) detail from the
area marked in (a), recorded =5 min later (370X370 A ). Model of the elevated row: (c) top view; (d) side view.
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FIG. 4. Au(110) for Oz =0.10 ML adsorbed at T=450 K
(570X450 A ).

III
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were observed in the LEED pattern. Corresponding
STM images of the surface demonstrate that the (1X2)
reconstruction dominates on the surface. Deep troughs
that are attributed to several missing atomic Au rows and
protrusions formed by additional atomic Au rows, how-
ever, still exist in the terraces.

For K coverages in the range between 0.15 and 0.25
ML the (1 X2) missing-row reconstruction of the Au(110)
substrate is stable, independent of the adsorption temper-
ature. ' STM images of such surfaces exhibit the same
characteristics as those of the (1X2) reconstructed clean
surface. This is illustrated by the image in Fig. 5(a),
which was recorded after adsorption of 0.15 ML K at 700
K. Similar images were obtained for coverages up to 0.25
ML. At Oz =0. 15 ML the K-K distance in the missing-

0
row furrows amounts to about 10 A (because of the mo-
bility of the K adatoms and their basically repulsive in-
teraction, it can be assumed that they are uniformly dis-
tributed in the reconstruction troughs). Increasing the
coverage to 0.25 ML apparently leads to a compression
of the adsorbed atoms in the reconstruction troughs,
whereby the average K-K distance along [110]reduces to
5.8 A=2a (a =2.884 A is the next-neighbor distance of
surface Au atoms in [110]). A model for the surface at
6)z =0.25 ML is depicted in Fig. 5(b).

B. Formation of the K/Au(110)c (2X2) phase

For K coverages beyond =0.25 ML novel K-induced
structures appear on the surface. The STM image in Fig.
6(a) demonstrates that, after adsorption of =0.25 ML K
at T=450 K, almost the entire surface is (1X2) recon-
structed. Additionally, however, two bright lines are
resolved which are not oriented along a low-index direc-
tion of the surface. The STM image demonstrates that
these lines correspond to antiphase domain boundaries of
the (1X2) reconstruction. The atomic Au rows on one
side of the corrugation lines point to missing rows on the
other side and vice versa. Such structures were never
found on the clean Au(110) surface. For their formation

(b)

C)

[001]

FIG. 5. Au(110)( 1 X 2) missing-row reconstruction for
gz =0.15 ML K, adsorbed at 700 K (900X 900 A ); (b) model of
the K-covered (1X2) reconstruction with Oz =0.25 ML.

Au-Au bonds of densely packed Au atomic rows must be
disrupted and (1 X2) areas must be shifted by one Au lat-
tice constant along [001]. Since these APDB's were
formed after the K coverage was increased beyond a criti-
cal value, they are associated with the K atoms. We as-
sume that at these lines the density of K atoms is locally
higher and that K atoms are directly bound to the Au
atoms at the ends of the interrupted Au rows. A model
of the K-induced APDB is given in Fig. 6(b). From this
model it becomes obvious that the APDB represents a
precursor to the intermixed c(2X2) phase. The four
gold atoms at the ends of two pairs of interrupted atomic
Au rows form half a unit cell of the c (2 X 2) structure (or
one complete primitive cell), as indicated in the model.

The mobility of the K-induced APDB is demonstrated
by the series of STM images in Fig. 7. Figure 7(a) shows
an APDB which connects two defects of the missing-
row/elevated-row type. The images in Figs. 7(b) and 7(c)
were recorded 5 and 10 min later, respectively. In Fig.
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7(b) the APDB is split into two parts which have drifted
apart. The striped area in the central part of the image
signals a rapid movement of the surface atoms. In Fig.
7(c) the APDB is nearly in its initial shape again. The
atomic structure of the APDB is better resolved in these
images. The atomic Au rows are simply interrupted.
The atoms which terminate the Au rows are imaged
=0.2 A higher than those in the surrounding ( 1 X 2)
areas.

For K coverages between 0.30 and 0.50 ML coexisting
(1 X 2) and c (2 X 2) LEED spots were observed. ' The in-
tensity of the c (2 X 2) spots grows with increasing cover-
ages at the expense of the (1X2) intensity. The latter
spots disappear completely at Oz =0.50 ML. The
c(2X2) spots appear round in the coexistence regime,
suggesting the formation of isotropic c(2X2) islands. '

After the adsorption of 0.30—0.35 ML K at T=400 K
the LEED pattern shows, in addition to the c(2X2) and
(1X2) spots, weak streaks along [10] and [01] which go
through the c(2X2) spots. This is illustrated by the
schematic LEED pattern in Fig. 8(a). A STM image of

FIG. 7. Mobility of the antiphase domain boundaries for
0~ =0.25 ML, adsorbed at T=450 K. The images in (b) and (c)
were recorded = 5 and 10 min after the image in (a), respective-
ly (each 230XSOA ).
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FICx. 6. Au(110) for L9~=0.25 ML K, adsorbed at T=450 K.
(a) Antiphase domain boundaries of the (1X2) reconstruction

0
(370X370 A ); (b) model of the K-induced antiphase domain
boundary at Oz =0.25 ML.

the corresponding surface structure is reproduced in Fip.
8(b). Stripes, oriented along [001],which are about 100 A
long and 10 A wide and have corrugation amplitudes of
=0.3 A are visible. The average distances of these
stripes along [110]amount to =40 A. Across the whole
surface elevated rows and (1 X 3) troughs with an average
length of =50 A are found, which are oriented along
[110]. The surface concentration of all these structures
increases with K coverage. Their distribution is not
influenced by atomic steps, and they exist equally on
small and large terraces.

With increasing coverage of potassium the number and
width of the bright [001]streaks increase. This is demon-
strated in the STM image in Fig. 9(a), which was record-
ed on a surface with L9z =0.35 ML. The resolution is
better than in Fig. 8(b) and the (1X2) periodicity of the
darker areas between the streaks is visible. [The very
bright features in Fig. 9(a), which are streaks parallel to
the (1X2) reconstruction, are elevated rows. Sharp
cutoffs of these structures are due to sudden displace-
ments which occurred between two scan lines while
recording the STM image. ] STM images of the same
area, recorded some minutes later, demonstrates that the
arrangement of the [001] stripes also can change. The
K-induced structures are consequently mobile on the
time scale of the STM experiment, similar to the APDB
in Fig. 7. Figure 9(a) shows that the [001] stripes have
varying widths and that these are connected with the
phase relation of the (1X2) areas above and below the
stripes as either in or out of phase: The narrowest stripes
are APDB s, identical to that in Fig. 7, for the 9-A wide
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0
stripes the (1X2) areas are in phase, for the 12-A-wide

0
stripes they are again out of phase, and so on. The 9-A
and 12-A stripes are the most frequent type in this figure.

Furthermore, the (1X2) areas exhibit discrete lengths
in [110].The preferred lengths amount to 3a and Sa, i.e.,
to odd multiples of the nearest-neighbor (NN) distance of
surface Au atoms. Sometimes the APDB's form a net-
work where (1X2) areas with a length of 3a are intercon-
nected [e.g., in the center left in Fig. 9(a)]. The reason for
the discrete lengths of the (1 X2) areas is rationalized by
the models in Fig. 9. We assume that K atoms are bound
directly to the ends of the interrupted atomic Au rows.
Furthermore, we assume that the radius of the adsorbed
K atoms amounts to =1.9 A, similar to the radius of K
atoms in the c(2X2) phase' or in K-Au alloys. "
Then two K adatoms fit into a (1X2) trough with a
length of 3a. In a trough with a length of Sa, three K
atoms can be accommodated. The K coverage in the
(1X2) area between the APDB's amounts to 0.25 ML,
that in the stripes to 0.50 ML.

(Q) ~
(1.0)

The atomic structure of the stripes along [001] is
shown in the STM image in Fig. 10(a). The atomic Au
rows of the (1X2) reconstruction are interrupted by
depressions ( =0. 1 A deep). Between these depressions
spherical protrusions ( =0.3 A high) are resolved which
form chains along [001] with (1X2) periodicity. Togeth-
er with the Au atoms at the ends of the interrupted
(1X2) rows these atoms form unit cells of the c(2X2)
structure. The protrusions are associated with Au atoms.
Only in this way can the c(2X2) LEED spots be ration-
alized, which were observed prior to and after the STM
experiments. Consequently, the stripes along [001] corre-
spond to elements of the c(2X2) shifted-row structure.
Thus, the theoretical predictions' and the MEIS results'
for the c (2X2) phase are confirmed.

A model of a narrow c (2 X 2) stripe which separates
two (1X2) areas which are in phase is depicted in Fig.
10(b). Similarly to the structure of the saturated c (2 X 2)
phase, ' ' we assume that the K atoms are bound direct-
ly to the isolated Au atoms and occupy the hole in the in-
terrupted (1 X2) reconstruction row. The K atoms at the
stripes are also arranged in a c(2X2) pattern. This
structure is considered as the nucleus of the c(2X2)

0 II ~ ll
(0,1) (0,0)

8 E
'~ F

I I . ~ I I

8 hW~

J ip m)/,

FIG. 8. (a) Schematic LEED pattern of the Au(110) surface
covered with 0.30—0.35 ML, K, adsorbed at =400 K; (b) corre-
sponding STM image (Oz =0.30 ML; 1000X 1000 A ).

FIG. 9. (a) Au(110) for 0~ =0.35 ML, adsorbed at T=400 K
0 2

(350X 350 A ). (b) K-induced antiphase domain boundaries reg-
ular network with a periodicity of 3a along [110];(c) three K
atoms fit into a (1X 2) trough with a length of 5a.
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phase since it corresponds to the smallest structure where
the planar coordination number of Au and K atoms with
respect to each other is 4, as in a perfect c (2X2) layer.
Single elements of the c (2 X 2) structure [i.e., an individu-
al Au atom between two interrupted (1 X 2) reconstruc-
tion rows] were never observed in the STM measure-
ments. The shortest c(2X2) stripes found consist of two
or three neighboring c (2 X 2) unit cells. The above men-
tioned =12-A-wide stripes along [001] which represent
APDB's for the (1 X 2) areas are equivalently rationalized
in the shifted-row scheme, as shown in Fig. 10(c).

The preferred widths of the (1X2) areas which
separate the c (2 X 2) stripes amount to 3a and Sa. The
reason for these values is attributed to the packing of the
K atoms in the (1X2) missing-row troughs, as demon-
strated in the models in Figs. 9 and 10. This has impor-
tant consequences for the phase relation of the c(2X2)
stripes. From the symmetry of the c (2X2) structure two

1 W dllh W AII1 f hA Ih WAII

FIG. 10. (a) Atomic-resolution STM image of the K-induced
structures on Au(110) for Oz =0.35 ML, adsorbed at T=400 K
(170X 180 A ); (b) model for the c (2 X 2) nucleus; (c) model for
the c (2X2) antiphase domain boundary.

inequivalent translational domains exist. If the c(2X2)
stripes were independent of each other, they would adopt
both possible arrangements with the same probability,
and in-phase and out-of-phase relationships would be
equally likely. Because of the anisotropy of the c(2X2)
islands the LEED spots should then not be round, as is
actually observed. However, because the widths of the
(1 X 2) areas between neighboring c (2 X 2) stripes are odd
multiples of the substrate lattice constant, the c(2X2)
stripes are all in phase. Consequently, neighboring
c (2 X 2) stripes contribute by constructive interference to
the c(2X2) spots in LEED and the observation of
c (2X2) spots at intermediate K coverages is due to this
phase relation. While the LEED observation of a coex-
istence of c(2X2) and (1X2) spots might be interpreted
in terms of a separatio~ of the respective surface phases
into areas of sizable diameters, the STM results demon-
strate that such conclusions can be misleading. The
stripes in the LEED pattern along [01] at the position of
the c(2X2) spots are due to the uncorrelated rows of K
atoms adsorbed in the (1X2) missing-row troughs. The
stripes along [10] connecting (1X2) and c(2X2) spots
are related to the varying (small) widths of the (1X2)
patches along [110].

In the models shown in Figs. 6, 9, and 10 it was as-
sumed that the sites where (1 X2 Au reconstruction rows
are interrupted and the sites inside the wider c(2X2)
stripes are occupied by K atoms. The local K coverage
of the c (2 X 2) areas therefore amounts to 0.5 M and,
hence, is higher than the average K coverage on the sur-
face. The increasing density of c(2X2) elements on the
surface with increasing coverage and the first occurrence
of the APBD's for coverages beyond 0.25 ML (cf. Fig. 6)
also signal that the K atoms are inhomogeneously distri-
buted on the surface when (1 X 2) and c (2X2) structures
coexist. To confirm the models, we estimated the K cov-
erages from STM images of the Au(110) surface covered
with 0.30 and 0.35 ML K under the following assump-
tions: (i) the local density of K atoms in the c(2X2)
areas is 0.5 ML; (ii) at the borders between the (1 X2) and
c(2X2) areas the K atoms are located directly at the
ends of the interrupted Au rows; (iii) the local coverage in
(1X2) areas is 0.25 ML. For simplicity, the (1X3)
troughs and the elevated rows were not taken into con-
sideration since they occupy only a small fraction of the
surface area. Agreement within a K coverage of better
than 10% of a monolayer with the average K coverage
measured with AES was found, substantiating the
structural models.

The perfect c (2 X 2) structure can be formed by shift-
ing alternate rows of Au surface atoms of the (1X2)
reconstruction along [001]by one Au lattice constant. In
a similar way, the c (2 X 2) nuclei can be formed by shift-
ing only one row of Au surface atoms along [001]. From
the shape of the c (2 X 2) nuclei as seen in the STM im-
ages and from the corresponding models, however, one
Au atom is missing in each c(2X2) nucleus if compared
with the (1X2) structure. During the nucleation of the
c(2X2) phase these Au atoms must be released and
presumably condense in the elevated rows. In the latter
structures the density of Au atoms is increased compared
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to the (1 X2) reconstruction. A mass balance of Au sur-
face atoms yields a good agreement between the number
of Au atoms in the elevated rows and those missing in the
c (2 X 2 ) nuclei.

The formation of c(2X2) elements can also be ob-
served after adsorption of K at room temperature. This
is demonstrated by the image reproduced in Fig. 11,
where the Au(110) surface covered with =0.30 ML K is
shown. c(2X2) stripes several hundred angstroms long
are resolved. Interestingly, almost all of the (1 X2) areas
in Fig. 11 are in phase. Although on other surface areas
K-induced APDB's were found, their concentration at
room temperature was significantly smaller than after K
deposition at elevated temperatures. This is attributed to
kinetic restrictions. The formation of APDB's involves
the shifting of entire (1X 2) patches, which is apparently
suppressed at room temperature. Also elevated rows are
observed only scarcely. However, the possibility exists
that the Au atoms released in the course of the c(2X2)
formation are arranged in local (1X 1) elements: In the
upper right and in the lower left corner of the image in
Fig. 11, areas are resolved where two =20-A-long Au
rows touch each other. These (1 X 1) structures are im-
aged =0.4 A higher than the (1X2) level. The observa-
tion that the formation of the c (2X2) phase in large ter-
races is not kinetically limited at room temperature, as
opposed to the (1X2)-(1X 3) transition for lower K cov-
erages, could be attributed to the less extensive rear-
rangement of substrate atoms for the formation of the
c(2X2) structure. Alternatively, it might be due to an
increased mobility of surface Au atoms at higher K cov-
erages. The c (2 X 2) phase can also be created at room
temperature by K adsorption on a regular (1X3)

FICx. 11. Elements of the c (2 X 2) structure, observed after
adsorption of =0.30 ML K at room temperature (190X190
A ).

FIG. 12. Lifting of the c(2X2) structure for small tunneling
resistances on Au(110) with 0& =0.35 ML, adsorbed at T=490
K. (a) R, =2000 MA (U= —789 mV, I=0.4 nA); (b) R, =30
MQ (U= —489 mV, I=16 nA); (c) R, =12 MQ (U= —489
mV, I=40 nA) (each 350 X 200 A ).
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K/Au(110) phase with 8+=0.10 ML, as observed by
LEED. This indicates that mass transport of Au surface
atoms is facilitated at higher K coverages.

Atomic-resolution images of the c(2X2) structure
were di%cult to achieve. This is mostly due to the fact
that it becomes unstable when, in an attempt to achieve
better resolution, the STM tip is brought closer to the
surface (at tunneling resistances less than =100MB).
This is illustrated by the series of STM images in Fig. 12:
in (a) K-induced c(2X2) elements and elevated rows are
resolved; after lowering the tunneling resistence in (b) a
structural transition of the surface occurred. The num-
ber of c(2X2) stripes and elevated rows is reduced and
(1X2) areas are resolved. Frequent fringes in the indivi-
dual scan lines signal a high mobility of surface atoms
during this measurement. After a further reduction of
the tunneling resistance in Fig. 12(c) the surface in the
scanning area is mainly (1X2) reconstructed with many
APDB's. After increasing the tunneling resistance to
higher values ( & =100MQ) the c(2X2) structures ap-
peared again. Therefore a mass transport from adsorbed
K atoms to the tunneling tip seems unlikely. Presum-
ably, K atoms are pushed away from the area under the
tip for small tunneling resistances and diffuse back after
the resistance is increased again.

These tip-sample interactions are the reason why the
c(2X2) structure could not be resolved for surfaces
which exhibit a clear c(2X2) LEED pattern after ad-
sorption of 0.5 ML K at elevated temperatures. In these
experiments, however, additional structures were
resolved which cannot be related to the c (2 X2) phase, as
illustrated in Fig. 13. On this surface Aat areas are
resolved which are associated with the c (2 X 2) structure.
They are separated by troughs along [110] which are
=20 A wide and =2.5 A deep, where presumably Au
atoms of several layers are absent. These troughs are ter-
minated in the middle of the terraces. This signals that
they grow originating from the atomic steps into the ter-
races. The occurrence of such troughs is typical for
higher K coverages, and their density increases with the

a@

FIG. 13. Au(110) surface for a K coverage of =0.52 ML K,
adsorbed at T=450 K (1100X600A ).

adsorption temperature [the reason why the experiments
for the investigation of c(2X2) formation were mostly
performed for adsorption temperatures below 450 K].
Our observation agrees with MEIS results, which suggest
that the saturated c(2X2) structure includes a substan-
tial density of defects. '

IV. DISCUSSION

The effects of adsorbed K atoms on the Au(110) sur-
face can be classified into the following three regimes (for
equilibrium structures):

(1) for Ox &0. 15 ML missing-row-type structures are
formed which exhibit deeper furrows than the clean
(1X2) reconstructed surface;

(2) in the intermediate coverage range, 0.15(Ox & 0.25
ML, the (1X2) missing-row structure of the clean Au
surface is preserved; and

(3) for 8x &0.25 ML the densely packed atomic Au
rows of the substrate are disrupted and APDB's and is-
lands of the c (2 X 2) reconstruction are created.

It is helpful to relate these regimes to the alkali-metal-
induced work function changes. Work function data for
the K/Au(110) system are not yet available. However,
the changes of the work function upon alkali-metal ad-
sorption are qualitatively the same for the various transi-
tion metals. ' After a linear decrease of the work func-
tion for small coverages a minimum is reached. For
higher coverages the work function increases again and
approaches a value close to the work function of the pure
alkali metal. For comparison, it was found for the
K/Au(001) system that the work function minimum is
reached at Oz =0.12 ML at room temperature. ' If we
assume that the minimum is found for a similar density of
K atoms on Au(110), the corresponding K coverage has
to be =0.17 ML [the density of substrate atoms for the
Au (001) and (110) planes differs by a factor of Q2].
Note that the qualitative shape of the work function
curve is not significantly altered if alkali-metal-induced
reconstructions occur.

With these assumptions, the (1X5) and (1X3) recon-
structions are formed for coverages where the work func-
tion decreases linearly. Consequently, they occur in a
coverage regime where the K-surface interaction is de-
scribed by the formation of strong dipoles and where the
coverage is still so small that mutual depolarization is not
yet important (e.g., Ref. 32). Presumably, the driving
force for the formation of the (1X5) and (1X3) struc-
tures is closely related to that of the alkali-metal-induced
missing-row reconstructions on the (110) surfaces of the
neighboring 3d and 4d metals Ni, Cu, Pd, and Ag. ""
All these reconstructions occur at very low coverages.
We think that the driving force is a combination of sur-
face charge transfer, '" increased chemisorption energy
of alkali-metal atoms in reconstruction troughs, ' or a
larger screening of the adsorbate-substrate dipoles in
(deeper) missing-row furrows.

For the (1X5) and (1X3) structures the following
qualitative picture is proposed. The adsorbed K atoms
stabilize deep (1 X 3) reconstruction troughs. The effect is
a local one, i.e., each K atom affects only a limited num-
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ber of Au atoms in its neighborhood. This explains why,
for very low coverages (around 0.05 ML), a regular
(1 X 3) reconstruction is not formed and the balance be-
tween the repulsive interactions of the K atoms and the
reconstruction energy leads to the (1X5) phase. The
shape of the ( 1 X 5 ) unit cell, which consists of a ( 1 X 2 )

next to a (1 X 3) missing-row element, suggests that the K
atoms are inhomogeneously distributed on the surface.
Since the K atoms are responsible for the (1 X 3) furrows,
we assume that they are located there and that the (1 X 2)
troughs remain empty (cf. the model in Fig. 1). [For
Pt(110) covered with =0.01 ML Ca, a (1X5) phase was
found which similarly consists of a (1X2) and a (1X3)
element. ]. Within the (1X3) troughs the dipole-dipole
repulsion of the adatoms results in an averaged regular
spacing of the K atoms. For slightly higher coverages
(O=0.08 ML) the coverage is high enough to stabilize a
regular (1X3) phase, where the K atoms are homogene-
ously distributed in the reconstruction channels. Hence,
in our picture of the low-coverage regime, the distance
between the K atoms in the (1 X 3) troughs is more or less
constant so that, by variation of the K coverage, the
amount of (1X 3) reconstruction has to change. The
average distance of adsorbed K atoms amounts to = 12 A
in the (1 X 3) furrows of the respective reconstructions.
Consequently, the inAuence of one K adatom is sufficient
to stabilize a (1 X 3) element with a length of =12 A on
the average. The effect of the adsorbed K atoms on the
Au(110) substrate is thus much larger than on a Cu(110)
surface. In the latter case an adsorbed K (or Cs) atom
produces a (1X2) missing-row element with an average
length of only 6.3 A (for coverages between 0.05 and 0.20
ML). ' '

For Ox )0. 1 ML the (1 X 3) reconstruction
is destabilized, and for Ox =0.15 ML the (1 X2) recon-
struction is the equilibrium substrate configuration. The
(1X3)-(1X2)transition is in the coverage range where a
nonlinear decrease of the work function is likely. This in-
dicates that the K/substrate dipoles significantly affect
each other if the average distance of K atoms in the
(1 X 3) troughs is less than = 10 A. It is conceivable that
the beginning of the metallization of the adlayer leads to
a decrease of substrate sp charge density and thereby the
(1X2) structure is stabilized again. Another important
factor is the electrostatic energy of the K-covered sur-
face. For a given coverage the K-K distance along [110)
(where neighboring K dipoles are not screened by Au
atoms) is smaller for the (1X3) than for the (1X2)
geometry. From the destabilization of the (1X3) phase
at Oz =0.10 ML the critical value for the interaction
range of adsorbed K atoms can be estimated to be = 10
0
A. This value is in good agreement with the radius of the
sphere with modified charge density for K adsorbed on
Ru(0001), which was estimated to be =6 A by photo-
emission of adsorbed Xe atoms. In theoretical studies
similar values were found.

For 0. 15 & Ox. & 0.25 ML the (1 X2) missing-row struc-
ture is resolved. Therefore, unlike the (1 X 3) reconstruc-
tion, the average distance of the K atoms in the (1X2)
troughs decreases with increasing coverage. ' ' For
Oz =0.15 and 0.25 ML these distances are 9.6 and 5.8 A,

respectively. In a similar way, K and Cs atoms which in-
duce a (1X2) missing-row reconstruction on Cu(110) are
compressed along [110] for coverages between 0.20 and
0.30 ML. ' ' In these systems the K-K or Cs-Cs dis-
tance along [110]varies between 5.4 and 4.3 A. By con-
trast, the K-K distance in the Au(110)(1 X2) troughs can-
not be smaller than 5.8 A. For Oz )0.25 ML APDB's
and c (2 X 2) structures are formed where the local K cov-
erage is higher than in the surrounding (1X2) areas. If
an atomic radius of 1.9 A for the K atoms is assumed
[corresponding to the K radius in the K/Au(110)c (2X2)
configuration' ], the distance of neighboring K atoms at
an APDB amounts to 5.3 A and hence is slightly smaller
than the minimal average K-K distance in the (1X2)
troughs. The electrostatic interaction energy for
K/substrate dipoles with a distance of 2a is believed to be
several tenths of an eV. The energy associated with the
bond between two neighboring Au atoms of an atomic
row on Au(110) was estimated to be =0.3 eV for the
clean surface (using an embedded-atom method). The
gain of adsorption energy of the K atoms which are
bound at the ends of the interrupted Au rows and the
reduction of the electrostatic repulsion must be higher
than this energy (a reduction of electrostatic energy can
be expected from the better screening of the K atoms at
the APDB's).

The STM data presented in the previous section show
the defect structure of the c(2X2) phase in the
intermediate-coverage regime, where (1X2) and c(2X2)
areas coexist. The c(2X2) phase was found to be ar-
ranged in highly anisotropic islands which extend usually
over some ten unit cells along [001]. For example, upon
deposition of 0.35 ML K at 400 K a substantial part of
the surface consists of extended APDB's and c(2X2) nu-
clei. The anisotropy of the c (2X2) islands cannot be un-
derstood in terms of a nucleation and growth scheme:
atomic motion of c (2X2) elements was observed even at
room temperature, indicating a much higher mobility of
the surface atoms at 400 K, corresponding to the adsorp-
tion temperature. Also, we found that upon adsorption
of =0.08 ML K at similar temperatures the
(1 X2)-(1X 3) transition is easily performed. Conse-
quently, the c (2 X2) defect structure represents the ther-
modynamic equilibrium situation.

We suggest that this defect structure can be rational-
ized on the basis of three difFerent interactions: (i) an at-
traction between c(2X2) units along [001], (ii) very weak
interactions of c(2X2) elements along [110],and (iii) a
strong repulsion along [110]between K atoms adsorbed
in (1X2) missing-row furrows. The attraction of the
c (2 X 2) elements along [001] is presumably related to the
difFerent K-K and Au-Au distances in the c (2 X 2 )

geometry, which amount to 8.16 and 5.78 A along [001]
and [110],respectively. It does not necessarily imply a
direct attraction between the K atoms at the c(2X2)
sites. It can also be attributed to the energetically un-
favorable termination of the c (2 X 2) elements along
[001], resulting in a net attraction between c (2X2) unit
cells. A similar effect was inferred, e.g., for K-induced
missing-row elements on Cu(110).' ' Along the [110]
direction such an effect does not exist. The K atoms
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which terminate the c(2X2) elements in this direction
and which are threefold coordinated by Au atoms are ap-
parently not significantly disfavored against regular
c(2X2) sites. The distribution of the widths of the
c(2X2) strings cannot be related to strong attractive or
repulsive interactions between c(2X2) elements along
[110]. There is neither an apparent tendency to form is-
lands nor do APDB's prevail at intermediate coverages,
which would indicate repulsions. A possible explanation
is that there are weak attractive interactions along [110]
but that the Au-K layer of the c (2X2) structure is under
stress because of a too small lattice constant in [110]
which prevents the formation of larger islands. Alterna-
tively, the c(2X2) defect structure might be an entropy
effect. The striking effect of the strong repulsion in [110]
of the K atoms adsorbed in the missing-row furrows is
the restriction of the lengths of the (1X2) domains
(separating the c(2X2) elements in [110]) to discrete
values, leading to an in-phase arrangement of neighbor-
ing c (2X2) areas.

MEIS and theoretical studies of the K/Au(110)c (2 X 2)
phase found that the K atoms of the c(2X2) structure
are located 1.1 A above the Au top layer. ' ' In the
STM images the positions of the K atoms of the c (2X2)
areas are imaged as minima for tunneling to empty sam-
ple states at 500—1000 mV. This efFect is probably not
due to the mobility of the adsorbed K atoms, since they
are completely surrounded by Au atoms and are there-
fore expected to occupy fixed positions, but to electronic
imaging effects.

At large tip-sample distances and small tunneling volt-
ages, STM images approximate contours of constant local
density of states at the Fermi level of the sample. ' For
metallic surfaces these approximately follow the total
charge density. Calculations of the electronic structure
of the c(2X2) shifted-row phase showed that the bond-
ing of the surface is essentially metallic. ' In particular,
the calculations demonstrated that the charge-density
contour of the surface is rather smooth and exhibits little
corrugation. ' We therefore attribute the resolution of
the c(2X2) structure in the STM data to tip-surface in-
teractions which lead to a modification of the surface
electronic structure. Such interactions are also con-
sidered to be the reason for atomic-resolution images on
clean close-packed metal surfaces where the charge-
density corrugation of the surface is very smooth. ' ' '

The observation that the c(2X2) phase is lifted at low
tunneling resistance ( & 100MB) and that resolution of
the atomic structure of the c (2X2) reconstruction usual-
ly was achieved for tunneling resistance of =300MB sub-
stantiates this interpretation.

The atomic-resolution data of the c(2X2) structure

show that the Au atoms in the c(2X2) areas are imaged
0.3 A higher than the Au atoms of the surrounding
(1X2) areas. Calculations and MEIS experiments both
agree, however, that the relaxation of the Au surface lay-
ers is nearly identical for the clean Au(110)(1X2) and
K/Au(110)c (2 X 2) reconstructed surfaces. ' ' Presum-
ably, the different imaging height of the (1X2) and
c (2 X 2) areas is due to a different electronic structure of
Au atoms in the respective areas.

V. SUMMARY

The adsorption of small amounts of K (Ox. (0.15 ML)
on the Au(110) surface induces a rearrangement of sur-
face Au atoms. Structures of the missing-row type with
large (111) microfacets are formed upon thermal activa-
tion. The equilibrium structure for Oz=0. 05 and 0.08
ML is a regular (1 X 5) and (1 X 3) reconstruction, respec-
tively. The (1 X 3) reconstruction consists of deep
missing-row troughs where atomic Au rows of the first
and second layers are missing. The (1 X 5) reconstruction
is composed of a regular sequence of (1X3) and (1X2)
missing-row troughs. For intermediate K coverages
(0. 15—0.25 ML) the adsorbed K atoms do not alter the
(1X2) missing row reconstruction of the substrate. The
K atoms are compressed in the reconstruction troughs up
to an NN distance of 5.8 A.

For 8» =0.25 ML the Au(110)(1 X2) reconstruction is
modified again. Atomic Au rows of the surface are dis-
rupted. By shifting (1X2) areas of the terraces by one
lattice constant along [001] antiphase domain boundaries
for the (1X2) reconstruction are forined. For slightly
higher coverages (Ox =0.3 —0.4 ML) single [001] atomic
Au rows of the surface are shifted by one lattice constant
along [001],whereby elements of the c (2 X 2) shifted-row
structure are formed. Thus, the theoretically predicted'
shifted-row model for the c (2 X 2) is directly confirmed,
in agreement with MEIS results for this phase. ' The nu-
clei of the c(2X2) phase are identified as chains of
several c(2X2) unit cells arranged along [001]. For
Hx & 0.3 ML antiphase domain boundaries, c (2X2) ele-
ments, and (1X2) areas coexist on the surface. The rela-
tive surface area of the c (2 X 2) structure increases with
the K coverage. The K atoms are inhomogeneously dis-
tributed on the surface. The local K coverage is 0.5 ML
at the antiphase domain boundaries and the c (2X2) ele-
ments, whereas the maximum K coverage in the (1X2)
missing-row troughs is 0.25 ML. The repulsive interac-
tions of the K atoms adsorbed in the (1X2) missing-row
troughs lead to discrete lengths of the (1 X2) areas along
[ 110], whereby neighboring c (2 X 2) elements are ar-
ranged in phase.
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