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Surface structure and phase transition of K adsorption on Au(111):
By ab initio atomistic thermodynamics
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We studied the interactions between atomic potassium (K) and Au(111) at a range of coverage
(i.e., �K = 0.11–0.5 monolayer (ML)) by ab initio atomic thermodynamics. For K on-surface ad-
sorption, we found that K energetically favors the three-fold hollow sites (fcc or hcp), while the
most significant surface rumpling was obtained at the atop sites. The incorporation of gold atoms
in the adsorbate layer gradually becomes energetically favorable with increasing K coverage. We
proposed a possible model with a stoichiometry of K2Au for the (2 × 2)−0.5 ML phase ob-
served in lower energy electron diffraction (LEED): one K at atop site and the other K as well
as one Au adatom at the second-nearest fcc/hcp and hcp/fcc, respectively. Clear theoretical evi-
dences were given for the ionic interaction of K on Au surface. Additionally, phase transitions
were predicted based on chemical potential equilibrium of K, largely in line with the earlier re-
ported LEED observations: the clean surface → (

√
3 × √

3)R30◦ → (2 × 2), and (2 × 2) → (
√

3
× √

3)R30◦ reversely at an elevated temperature. © 2012 American Institute of Physics.
[doi:10.1063/1.3678842]

I. INTRODUCTION

Over the last several decades, the adsorption of alkali
metals (AMs) on transition metal (TM) surfaces has always
been one of the most attractive issues in the surface science.1–5

Technologically, AMs can be used to increase electron emis-
sion rates and also as efficient promoters in electrochemistry
and heterogeneous catalysis.6–8 Scientifically, AM adsorption
is one of the simplest processes but exhibits extremely
rich physical and structural behaviors. Stimulated by the two
reasons, a renewed interest of AM adsorption has emerged re-
cently. For example, Pratt et al.,9 using a serial of experimen-
tal tools, examined the coverage and temperature dependent
behavior of the potassium adsorption on Pd(110) surface.
Theoretically, many simulations10–14 have been carried out to
either investigate the interactions between AM and substrates
or ascertain the composite surface structures. It has been
shown that the AM adatoms may be either adsorbed at the on-
surface (i.e., atop, bridge, fcc, and hcp) and substitutional sites
to form an adlayer,12, 15–19 or be incorporated in the adsorbate
layer to yield an intermixed surface alloys.10, 20, 21 Specifically,
the system of AM/Au(111) is therefore such an interesting
system due to the “gold rush” since 1987 by Haruta.22

Potassium (K) adsorption on Au(111) exhibits extraor-
dinary rich phase behaviors, which are greatly dependent on
the coverage (�) and temperature (T). This may partly be as-
cribed to the presence of the (22 × √

3) reconstructions23 of
the clean surface. Barth et al.24 carried out low energy elec-
tron diffraction (LEED) and scanning tunnel microscope mea-
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surements to explore K adsorption at various �K and T, and
a series of structural transformations were observed. For �K

≤ 0.33 monolayer (ML), the periodicity of the Au(111)
Clevron structure (22 × √

3) decreases as the coverage of K
increases. At �K = 0.33 ML, the K adatoms form a hexago-
nal (

√
3 × √

3)R30o overlayer, in agreement with results of
other systems, e.g., K/Pt(111).25 For �K = ∼0.5 ML, the
Au(111) reconstruction is completely lifted, and meanwhile
a (2 × 2) LEED pattern is observed. This phase was assigned
to an Au–K intermixed layer. For �K > 0.60 ML, the pattern
becomes more and more diffuse and the spots are hardly visi-
ble at �K = ∼0.9 ML.21, 24 Unfortunately, the detailed surface
structures, especially the (2 × 2) phase, are still unclear.

The state-of-the-art density functional theory (DFT) cal-
culations have been verified to be such a powerful and effec-
tive tool which can provide qualitative and (in many cases)
quantitative insights into surface science,26 including the AM
adsorption.10 In the present work, we carried out periodic
DFT calculations to investigate K adsorption on Au(111) at
�K ≤ 0.5 ML,24 aiming at getting an insight into the behav-
iors and interactions of K on Au(111). This is very important
for the understanding of both structural and chemical proper-
ties of the gold surface. From our calculations, we found the
possible (2 × 2) intermixed Au–K phase as following: two K
atoms occupy a hollow site (either fcc or hcp) and an atop site
each, while the incorporated Au adatom is located at the other
corresponding hollow site (either hcp or fcc in turn). Further
calculations of the surface free energies of K/Au, considering
the temperature and pressure (T, p) dependence through the
chemical potential of K, provide an unambiguous picture for
the structural transformation, in excellent agreement with the
observed LEED patterns. In addition to the structural determi-
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nation, the corresponding electronic structures were also dis-
cussed to get a better understanding of the K/Au(111) system.

II. MODEL AND METHODOLOGY

This work was conducted by the Vienna ab initio simula-
tion package27–30 with the frozen-core projector-augmented-
wave (PAW) method.31, 32 The Perdew Wang (PW91) gener-
alized gradient approximation functional33, 34 was employed
for the exchange-correlation energy. The PAW pseudopoten-
tial of K_pv, in which the semi-core s and p states were both
treated as the valence electrons, was used. The Fermi level
was smeared by the first-order Methfessel-Paxton35 approach
with a width of 0.2 eV. The adsorption was modeled with a
5-layer slab containing a vacuum thickness of 20 Å. Adatoms
(K or Au or both) were placed on one side of the slab. The
outermost three layers including all the adatoms were fully
relaxed with the residual forces of each relaxed ion less than
0.02 eV/Å, while the two bottommost layers were fixed at
their bulk structure with the previous optimized lattice con-
stant, 4.176 Å.36

This work was mainly arranged in three parts: the on-
surface adsorption (�K = 0.11–0.33 ML); the intermixed
Au–K (2 × 2)−0.25 ML K phase;24 the (T, p) phase dia-
gram of K–Au system with respect to experiment results. In
the first part, the simulation has been performed using (3 × 3),
(2 × 2), and (

√
3 × √

3)R30o unit cells (shown in Fig. 1) to
investigate the coverage dependent K–Au(111) bonding prop-
erties (i.e., the amount and nature of charge transfer). The ad-
sorption energy is defined as

Eads(n) = EK/Au − EAu−substrate − nEK, (1)

where EK/Au, EAu-substrate, and EK are the total energies of the
K adsorbed Au systems, the corresponding Au(111) substrate,
and the free K atom, respectively. In this section, EAu-substrate is
equal to EAu(111), which represents the clean flat Au(111) sur-
faces, and n is the K adatom number, which is equal to 1 for K
adsorption on the clean flat Au(111) at �K = 0.11–0.33 ML.

FIG. 1. (a) Top view of the surface unit cell for (3 × 3) (black lines), (2 × 2)
(blue lines), and (

√
3 × √

3)R30o (red lines); (b) Definition of the height of
K atom from the surface, h (Å), and the vertical surface rumpling, δ (Å). The
letters “t,” “b,” “f,” and “h” stand for the top, bridge, fcc, and hcp.

In the second part, Au atom incorporated structures were
all calculated in a (2 × 2) unit cell. In order to compare the
stability of K adsorption on the Au substrates with various
numbers of Au adatoms, the total energy of n K adsorption on
the Au(111) with m gold adatoms (m = 1, 2, 3) is calculated
as

Etot (n,m) = Eads(n) + Ecost(m). (2)

Of note, the Au substrate here may be with or without extra
Au adatoms. Ecost(m) is the energy cost for creating m gold
adatoms,

Ecost(m) = EAu−substrate − EAu(111) − mEAu−bulk, (3)

where EAu-bulk represent the total energies of bulk gold (per
atom). The approach of Eqs. (1)–(3) has been used to suc-
cessfully elucidate the phenomenon of Au incorporation upon
chlorine adsorption.37, 38 In Ref. 23, it has been demonstrated
that the most energetically favorable adsorption site for sulfur
on the unreconstructed and reconstructed Au(111) is similar.
Additionally, the Clevron reconstruction would be gradually
ruined upon K adsorption and be completely lifted at ∼0.5
ML of K.24 Therefore, we did not consider the reconstruction
in the present work. Meanwhile, the (

√
3 × √

3)R30o phase
was reported to be in agreement with other AM/TM systems
in Ref. 24.

In the third part, in order to elucidate the surface struc-
tural transition of Au(111) upon K adsorption (�K ≤ 0.50
ML), the surface free energy (γ ) as a function of K chemical
potential (μK) is calculated as

γ (T , P ) = [GK/Au(111) − GAu(111) − NAuμAu − NKμK]/A,

(4)

where GK/Au(111) and GAu(111) are the Gibbs free energies of
the considered K/Au system and the clean flat Au(111) ref-
erence surface, respectively. NAu and NK are the numbers of
gold atoms (relative to the flat Au surface) and K atoms, re-
spectively. For K adsorption on clean surface and surfaces
with one vacancy or m Au adatoms, NAu are 0, –1, or m in
turn. μAu and μK are the chemical potentials of Au and K
atoms, respectively. Here, μAu is the free energy for an Au
atom in its fcc bulk. A is the surface area. It has been shown
that the Gibbs free energies of Au surfaces could be approx-
imated by the DFT total energies39–41 since the contributions
from entropy and work done by pressure are relatively small.
Therefore, Eq. (7) is updated to

γDFT(T , P ) = [EK/Au(111)−EAu(111)−NAuμAu−NKμK]/A.

(5)

The T and p dependence is given by μK. Since the potas-
sium atoms are evaporated from a source in experiments, the
K gas environment is approximated as an ideal gas, in which
K chemical potential is given as42

μK(T , p) = EK + kBT ln p − 5

2
kBT ln(kBT )

− 3

2
kBT ln

(
2πM

h2

)
, (6)
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where kB is the Boltzmann constant, M is the mass of potas-
sium atom, and h is the Planck constant.

For all the calculations, a cutoff energy of 400 eV was
employed for the plane-wave expansion. Brillouin-zone in-
tegrations were performed with the � centered Monkhorst-
Pack43 grids of 4 × 4 × 1, 6 × 6 × 1, and 7 × 7 × 1 k-points
for the (3 × 3), (2 × 2), and (

√
3 × √

3)R30o unit cells, re-
spectively. The convergence test for the adsorption energies
has been carried out with respect to the k-point sampling, en-
ergy cutoff, and the vacuum thickness. It has been shown that
higher energy cutoff (500 eV) and denser k-point sampling for
each system vary the adsorption energies less than 10 meV.

III. RESULTS AND DISCUSSIONS

A. K on-surface adsorption

The adsorption energies and structural parameters for K
on-surface adsorption at coverage from 0.11 ML to 0.33 ML
are listed in Table I. At the three studied coverage, the most
energetically preferred sites are the three-fold hollow sites
(fcc or hcp) with the adsorption energies (Eads) from –2.57
eV at (�K = 0.11 ML) to –1.98 eV (�K = 0.33 ML). The
potential energy surface for K on Au(111) is rather smooth
since the adsorption energies at the least energetically favor-
able sites, namely, atop, are only higher by 100 meV, corre-
spondingly. Increasing K coverage weakens the K–Au inter-
actions due to the strengthened repulsion between K adatoms
at a higher coverage. To get a more detailed understanding of
the interactions between the K adsorbates and Au(111), we
then decomposed the adsorption energy into three parts,13, 15

TABLE I. Adsorption energies, Eads, and structural parameters for K on
Au(111) at the coverage of 0.11, 0.25, and 0.33 ML. Heights of K from the
surface, h, K–Au bond lengths, dK–Au, effective radii of K, Reff, and surface
vertical rumpling, δ, respectively. The adsorption sites are defined in Figs. 1
and 5.

Eads h dK–Au Reff δ Chargea

Site (eV) (Å) (Å) (Å) (Å) (e)

� = 0.11 ML
t –2.48 3.815 3.03 1.554 0.214 +0.84
b –2.56 2.690 3.22 1.744 0.090 +0.84
f –2.57 2.711 3.31 1.834 0.044 +0.84
h –2.57 2.716 3.31 1.834 0.046 +0.84
s –2.31 1.717 . . . . . . . . . +0.84

� = 0.25 ML

t –2.12 2.585 2.96 1.484 0.370 +0.73
b –2.18 2.608 3.16 1.684 0.166 +0.72
f –2.19 2.576 3.23 1.754 0.159 +0.72
h –2.19 2.585 3.23 1.753 0.149 +0.72
s –2.27 1.166 . . . . . . . . . +0.81

� = 0.33 ML

t –1.93 2.577 2.97 1.494 0.398 +0.65
b –1.98 2.594 3.17 1.694 0.189 +0.63
f –1.98 2.726 3.24 1.764 0.001 +0.62
h –1.98 2.723 3.24 1.764 0.005 +0.63
s –2.06 1.630 . . . . . . . . . +0.77

aBader charge analysis on K adatoms.
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FIG. 2. The contributions from the bonding energy of K on the deformed
Au(111) (�E1), the energy cost of the surface deformation (�E2), and the
formation energy of one K atom from isolated gas phase to a K layer (�E3)
for K adsorption on Au(111) at �K = 0.11 ML, 0.25 ML, and 0.33 ML. Of
note, the mesh regions (�E2) are located on the bottom of magenta (�E1)
bars to manifest the energy cost of surface deformation.

i.e., for one K atom (n = 1), Eq. (1) is rewritten as

Eads = EK/Au − EAu(111) − EK

= (EK/Au − EAu(111)−deformed − EK−layer)

+ (EAu(111)−deformed − EAu(111)) + (EK−layer − EK)

= �E1+�E2+�E3, (7)

where EAu(111)-deformed and EK-layer represent the total energies
of the Au(111) substrate with deformation including surface
rumpling and lateral relaxation induced by K adsorption and
the free-standing K layer. Consequently, �E1 corresponds to
the binding energy of K on the deformed Au(111), �E2 is
the energy cost of the surface deformation, and �E3 is the
formation energy of one K atom from isolated gas phase to a
K layer. The results are summarized in Fig. 2.

It is clear that the first part, which is indicative of the
direct K–Au chemical interactions, accounts for most of the
K adsorption energy. This implies that the K–Au interac-
tion plays the most important role in K–Au bonding pro-
cess. Meanwhile, the contribution from the latter two becomes
more and more evident as �K increased from 0.11 ML to
0.33 ML. Furthermore, the direct K–Au chemical interaction
(�E1) at atop is stronger than those at the other three sites
at �K = 0.25 and 0.33 ML. This is because K adsorption
at the bridge and two hollow sites would suffer from more
evident repulsion due to the bonding competition at higher
coverage. However, the surface deformation for K at atop
is the most drastic in all the cases, consuming the most en-
ergy. Therefore, the top-site adsorption is still the most unsta-
ble. These analysis may be also applied to elucidate the site
preference of AM adsorption on metal surfaces to a certain
degree.1

The bond length of K on Au(111) is similar to those of
K on other fcc metal surfaces (Ag and Pd etc.):12, 15 it is the
shortest for K on atop, longer at bridge, and the longest at the
two hollow sites. Accordingly, the calculated effective K radii
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FIG. 3. Charge density difference contours of (a) 0.11 ML K, (b) 0.25 ML K, and (c) 0.33 ML K at hcp site. Contours with warm and cold colors correspond
to charge accumulation and depletion, respectively.

(Reff = dK–Au – 4.176/
√

8) are the longest at the two hollow
sites. The three K–Au bond lengths for K at hcp are 3.31 Å
(0.11 ML), 3.23 Å (0.25 ML), and 3.24 Å (0.33 ML), respec-
tively, and therefore the corresponding deduced effective K
radii are 1.834, 1.754, and 1.764 Å. Additionally, the surface
rumpling for K at atop site was found to be most obvious. The
main effect of surface rumpling is to make the alkali adatoms
closer to the surface, and thus coordinated with more substrate
atoms. The calculated surface rumpling for K at hcp is 0.046,
0.159 Å in the (3 × 3)-K and (2 × 2)-K phases, respectively,
while it is zero in (

√
3 × √

3)R30o-K due to the equivalency
of all the outermost layer Au atoms at the coverage. Never-
theless, to the best of our knowledge, there were no available
experimental structural data in literature.

In order to further understand the K–Au interactions at
the three studied �K, the projected density of states of K
atom and the bonded Au atom for K at hcp were calcu-
lated (not shown here). Similar to other AM/TM cases, i.e.,
Na/Pd(111),44 after K adsorption, part of its valence electrons
is transferred to the substrate without much modification of
the surface band features, suggesting that the donated elec-
trons are rather delocalized. Meanwhile, the valence bands
of K were found crossing the Fermi level, indicative of the
metallic nature of K adlayer. To visualize the detailed charge
redistribution upon K adsorption, charge density difference
contours and planar averaged charge difference for K at hcp
are plotted in Figs. 3 and 4, respectively. In the charge density
difference, the (3 × 3)-K system demonstrates some different
features, namely, the charge depletion (4s electrons) mainly
around the K center and extending to the vacuum region much
farther, while in the latter two cases 4s is depleted and delo-
calized almost in the K layer. In addition, some similar char-
acters can be also found in the three cases. First, an evident
charge accumulation can be observed in the interface region
between K and Au. The p-like electrons of K are polarized
towards the surface. From the planar averaged charge differ-
ence, it is evident that the charge redistribution mainly takes
place in the first two Au layers and the K layer in all the cases:

charge accumulation between the first Au layer and K adlayer
while depletion in the K layer further extending to the vac-
uum region, giving rise to an outward dipole. Furthermore,
both the charge redistribution amount and the depletion range
decrease with increasing K coverage, suggesting a depolar-
ization of the K adatoms due to their increasing interactions.
Bader charge analysis45 indicates that the K adatoms are all
partially positively charged, and the amount decreases as K
coverage increases from 0.11 ML to 0.33 ML. Conclusively,
these results revealed that the binding of K on Au(111) is an
ionic bonding with some metallic characters at the three con-
sidered coverages.

Z(Å)

∆ρ
(z

) 
e/

Å

(2×2)

(a)

(b)

(3×3)

(c)

FIG. 4. Planar averaged charge changes of (a) 0.11 ML K, (b) 0.25 ML K,
and (c) 0.33 ML K at hcp site. The average locations of each layer are in-
dicated by the solid circles: smaller ones stand for the Au layers, while the
bigger ones indicate the K layers. The height (Z) of surface layer is set to
zero.
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FIG. 5. Possible adsorption configurations for the K–Au intermixed struc-
tures. (a) One Au adatom at fcc; (b) two Au adatoms at fcc; (b*) two Au
adatoms with one at fcc and the other at hcp; (c) and three Au adatoms at
fcc. The (2 × 2) unit cell is shown by the white lines. The letters “t,” “b,”
“f,” “h,” and “s” stand for the top, bridge, fcc, hcp, and substitutional sites.
The numbers “0,” “1,” “2,” and “3” indicate number of Au adatoms the ad-
sorbed K may bond to. The star “*” is used to distinguish the same type sites
with different distances to the adsorbed K atoms. In (b), b2* is a long bridge
site between two non-adjacent Au adatoms (blue line). The gold adatoms are
marked by the red balls to guide the eye.

B. Intermixed Au–K (2 × 2) phase

In this section, we performed DFT calculations to explore
the possible structures for the intermixed (2 × 2) K/Au(111)
phase. We restricted the structural test in a (2 × 2) unit cell
with �K = 0.25 ML and 0.5 ML on the substrates containing

TABLE II. Total energies, Etot(n, m), adsorption energies, Eads, and the en-
ergy cost for creating m gold atoms, Ecost(m), for K adsorption at 0.25, 0.5
ML on Au(111) with m gold adatoms (m = 0, 1, 2, 3). The unit is electron
volt (eV). At each �K and �Au, only the lowest energy results are listed. The
adsorption sites for K are defined in Fig. 5.

n (ML) K

m(ML)
0.25 ML 0.5 ML

Au Site Etot Eads Ecost Site Etot Eads Ecost

0.00 f –2.19 –2.19 0 f + h –2.95 –2.95 0
h –2.19 –2.19 0

0.25 (f) h0 –2.08 –2.73 0.65 t0 + h0 –3.66 –4.31 0.65
0.5 (f + f) f0 –1.95 –2.71 0.76 f0 + f0 –2.89 –3.65 0.76
0.5 (f + h) t0 –1.84 –2.98 1.14 b2 + t0 –3.08 –4.21 1.14
0.75 (f + f + f) s –2.25 –2.75 0.47 s + f3 –3.33 –3.80 0.47

s + h3 –3.32 –3.80 0.47

0.00, 0.25, 0.5, and 0.75 ML of gold adatoms, as shown in
Fig. 5. The results are summarized in Table II. The incorpora-
tion of m Au adatoms into a K layer can be observed only if

Etot (n, 0) − Etot (n,m) > 0, (8)

where Etot(n, 0) and Etot(n, m) are the lowest adsorption en-
ergies for n K on the adatom-free and m Au adatoms cov-
ered surfaces, respectively. The gold adatoms were located at
the fcc sites unless otherwise mentioned. The formation en-
ergies for creating 0.25, 0.5, 0.5(fcc + hcp), and 0.75 ML
of gold adatoms are 0.65 eV, 0.76 eV, 1.14 eV, and 0.47 eV,
respectively.

The binding of 0.25 ML K on Au surfaces with 0.25 and
0.5 ML gold adatoms is stronger than that on flat surface,
but still not enough to compensate the cost to yield the Au
adatoms. As for the surface with 0.75 ML Au atoms, namely,
the surface with 0.25 ML Au vacancies, K adsorption at the
substitution site is a little more energetically favorable than
the on-surface sites.

Then, we explored the possible configurations with 0.5
ML K adsorbed, as observed in the LEED pattern.24 The first
system we took into account was two K adsorptions on clean
flat Au(111) surface (no Au adatoms). It was found that the
configuration with one K at fcc and the other at hcp is the
most energetically preferred, forming a honeycomb pattern
on the surface. The average adsorption energy is –1.48 eV/K.
In the scenario of 0.5 ML K adsorption on the surface with
0.25 ML gold adatoms, it was found that the lowest energy
configuration corresponds to one K at a surface top site (t0),
and the other at h0, a honeycomb-like surface structure, as
shown in the inset of Fig. 6. The average adsorption energy
is –2.15 eV, significantly lower than that of 0.5 ML K on the
flat Au(111). Meanwhile, the binding is sufficiently enough to
compensate the energy cost of Au adatoms formation.

Two types of substrates were considered to study the ad-
sorption of 0.5 ML K on surfaces covered with 0.5 ML Au
adatoms: both Au atoms at fcc sites [Fig. 5(b), denoted as
0.5(f + f) in Table II]; one Au at fcc and the other at hcp
[Fig. 5(b*), denoted as 0.5(f + h) in Table II]. The energy
costs for creating two Au adatoms are 0.76 and 1.14 eV in the
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FIG. 6. Charge density difference contours for the most stable structure of
K–Au intermixed layer. The cutting plane is shown in the upper left corner.
Contours with warm and cold colors correspond to charge accumulation and
depletion, respectively. The structural parameters (unit: Å) are shown corre-
spondingly. The gold adatoms are marked by the red balls to guide eyes.

former and latter, respectively. However, 0.5 ML of K adsorp-
tion on the latter with one K at t0 and the other at b2 is more
energetically stable than that on the former with the two K at
two adjacent f0 sites, –2.11 eV vs. –1.82 eV per K. On the
surface containing 0.75 ML of Au adatoms, we found that K
also binds much more tightly to the surface compared to the
Au adatom-free surface. Two energetically degenerate config-
urations are obtained to be the most energetically favorable:
one K located at the substitutional site and the other K at either
f3 or h3 [c.f. Fig. 5(c) and Table II]. The calculated average
adsorption energy is –1.90 eV per K in both configurations.

Generally, the adsorption of K on surfaces with defects is
much stronger than that on clean flat surface, and the incorpo-
ration of gold atoms into adsorbate layer becomes feasible as
the adsorbed K coverage increased to 0.5 ML (Table II), and
an intermixed Au–K layer is formed. This is similar to the
cases of electronegative atomic (e.g., Cl and O) adsorption on
Au(111).38 Furthermore, when taking into account the cost
of forming Au adatoms, we found that the most energetically
stable configuration is the 0.5 ML of K binding to the surface
with 0.25 ML Au adatoms (c.f. the inset of Fig. 6). There-
fore, we suggest that this model, which has a stoichiometry of
K2Au, may be the possible intermixed structure as observed
in the LEED pattern.24

To get an insight of the stability of the K2Au intermixed
layer, the structural parameters and charge density difference
contours were depicted in Fig. 6. Surprisingly, K–K distance
of the nearest neighbor is 3.41 Å, much shorter than the value
(4.52 Å) in bulk bcc K.46 Meanwhile, this gives an average K
radius of 1.71 Å, which is very close to its ionic radii (1.61 Å)
in the potassium oxide (K2O).47 Bader charge analysis indi-
cates that both the K atoms are charged with +0.74e, while
the charge of Au adatom is –0.93e. This deduces an ionic
bond that may exist between K and Au adatoms. From the
charge density difference plots, one can clearly observe that
electrons deplete from K s orbital, while accumulate around
the Au adatom as well as at the interface between the ad-
layer and the surface Au layer. Moreover, charge accumula-

tion around the Au adatom is much more notable, confirming
the ionic bonding. It is expected that the ionic bonding min-
imizes the Coulomb repulsion between the two K ions, and
thus lowers the total energy. In addition, the p-like electrons
of K were found also polarized towards the surface as that in
K on-surface adsorption. By the way, in this configuration, if
the Au adatom and K at h0 change the adsorption site with
each other, namely, Au adatom at a hcp while K at a fcc, the
total energy is increased by only 15 meV, suggesting the pos-
sibility of the co-existence of the two configurations.

C. Thermodynamic phase diagram of the K/Au(111)
system at �K = 0.11–0.5 ML

We now turn to investigate the temperature and pressure
effects on the stability of the various K/Au structures. At
each �K, the energetically preferred structures can be found
in Tables I and II, namely, K at hcp or fcc for 0.11 ML K
on clean flat Au(111), K at the substitutional site for 0.25
ML and 0.33 ML K on surfaces with Au vacancies, and
the intermixed 0.5 ML K phase (c.f. the inset of Fig. 6)
mentioned above. These structures are shown by the solid
lines in Fig. 7(a), and denoted as 0.11 ML K, 0.25 ML K/0.25
ML Au vacancies, 0.33 ML K/0.33 ML Au vacancies, and 0.5
ML K/0.25 ML Au adatoms, respectively. The surface free
energy as a function of μK at �K = 0.11–0.5 ML is shown in
Fig. 7(a). The K chemical potential is also correlated with the
pressure at three selected temperatures, at which the LEED
observations were made in Ref. 24. At a given temperature,
higher μK can be obtained by increasing the pressure of K
gas. μK should be less than the formation energy μ0 of bulk
K metal, which is calculated to be –1.12 eV in bcc K bulk.
For stable surface structures, γ should be less than zero. The
K chemical potential in its bcc bulk reservoir (–1.12 eV) is
indicated by the vertical dashed line, while the clean surface
(γ = 0) is marked by the horizontal dashed line. It is clear that
the coverage of K should be lower than 0.11 ML when μK

< –2.71 eV, since the clean surface becomes more stable.
For a slightly higher μK (from –2.71 eV to –2.14 eV), K on-
surface adsorption in the three-fold hollow sites (fcc or hcp) is
the most stable. For μK in the ranges of –2.14 eV to –1.61 eV
and –1.61 eV to –1.51 eV, the substitutional adsorption at �K

= 0.25 and 0.33 ML becomes more stable, respectively. One
may note that the substitutional adsorption is just ∼3 meV/Å2

lower than the respective on-surface adsorption at 0.25 ML
and 0.33 ML. When μK > –1.51 eV, the most stable surface
structure changes to the (2 × 2)−0.5 ML K intermixed layer.
The transition around μK = –1.51 eV agrees well with the ex-
periment observations showing the phase transition from (

√
3

× √
3)R30o (�K = 0.33 ML) to (2 × 2) with �K = 0.5 ML.
Figure 7(b) shows the two-dimensional (T, p) phase dia-

gram, in which only the lowest energy structures mentioned
in Fig. 7(a) are presented. Generally, structures with higher
�K can be observed by lowering the temperature or increas-
ing the pressure of K. It is clear that the (3 × 3)−0.11 ML
on-surface adsorption has a very low thermal stability at tem-
peratures between 300 and 400 K, since the required pressure
is less than 10−15 Torr, which is far below the operation pres-
sure (i.e., ∼10−9 Torr). The (2 × 2)−0.25 ML substitutional
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FIG. 7. (a) Surface free energies (γ DFT) as a function of the chemical poten-
tial of K (μK) at �K ≤ 0.5 ML on Au(111) with or without Au adatoms. The
corresponding scales are shown for 3 selected temperatures. The energeti-
cally preferred adsorption configurations at each �K (cf. Tables I and II) are
shown by the solid lines. (b) Calculated (T, p) phase diagram for K/Au(111)
system indicating the stable structures at �K = 0.11–0.5 ML.

adsorption might appear. However, the condition is still more
or less strict (10−10 Torr at ∼450 K). Therefore, they can be
safely excluded in the process of K adsorption on Au(111)
under the operated condition in the experiment.24 The (

√
3

× √
3) R30◦−0.33 ML phase is thermodynamically stable at

about 10−10 Torr and ∼375 K, and evolves to the (2 × 2)−0.5
ML intermixed Au–K phase around 10−9 Torr and ∼375 K.
The reverse transition can be observed by raising the tem-
perature. The phase diagram is in good agreement with the
available LEED results:24 clean surface → (

√
3 × √

3)R30◦

→ (2 × 2) at room temperature with increasing K coverage,
and (2 × 2) → (

√
3 × √

3)R30◦ when the crystal temperature
is raised to above ∼450 K. Furthermore, we note that the sub-
stitutional adsorption is a little more favorable than on-surface
adsorption on the unreconstructed surface in the case of

(
√

3 × √
3)R30◦−0.33 ML. This finding gives further sup-

port to the experimental result: K-induced Au atom release
from the Chevron structure.

IV. CONCLUSIONS

Periodic density functional theory calculations combined
with atomistic thermodynamics were employed to study the
behaviors of K adsorption on Au(111) at coverages from 0.11
ML to 0.5 ML. Gold atoms can be readily pulled out of the
surface upon K adsorption to form an intermixed Au–K layer
when �K ≥ 0.5 ML. We suggested that the experimentally ob-
served (2 × 2) pattern may correspond to an intermixed layer
with a stoichiometry of K2Au, in which the first K adsorbs at
an atop site, while the second K and the Au adatom occupy a
fcc/hcp and a hcp/fcc, respectively. The calculated electronic
structures demonstrated an ionic bonding with some metallic
characters in the K–Au interaction. Further thermodynamic
calculations showed an excellent agreement with the LEED
observations, namely, the clean surface → (

√
3 × √

3)R30◦

→ (2 × 2), and reversely (2 × 2) → (
√

3 × √
3)R30◦ by

heating the sample.
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