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The adsorption of Na on Au(lll) has been studied by scanning tunnehng microscopy (STM) and low-energy electron diffraction 
(LEED) Upon thermal activation ordered structures are formed whtch constst of mtermLxed Na-Au layers A thermodynamically 
stable hexagonal NaAu 2 layer with a lattice constant of ~ 5 4 .~ ~s identified, wh]ch can be regarded as a two-dimensional alloy 

Alkah metal adsorption on metal surfaces was 
extenswely stu&ed in the last decade [1,2] The 
adsorption behavior is dominated by the dipole-  
&pole repulsion between the positively charged 
alkali adatoms These interactions cause ordered 
quasi-hexagonal alkali overlayers to be formed 
[2,3] The adsorbed alkah atoms are generally 
assumed to reside on the underlying substrate 
The only exceptions known so far were the 
alkah-lnduced missing-row reconstructions on 3d 
and 4d fcc (110) transition metal surfaces [4] For 
the K/Au(110)-system even a mixed K - A u  sur- 
face layer was predicted theoretically [5] and ex- 
perimentally verified by ion scattermg [6] and 
STM [7] Recently the alkah-lnduced reconstruc- 
tion of a close-packed metal surface was re- 
ported Surface-extended X-ray adsorption fine- 
structure data and ab 1ratio density functional 
calculations showed that at 300 K in the Na on 
A I ( l l l )  system Na atoms displace AI surface 
atoms and occupy slxfold coordinated holes in a 
(v/-3 × ~ ) R 3 0  ° geometry [8] In thts paper we 

present first results of a combmed STM, LEED, 
Auger electron spectroscopy (AES), and thermal 
desorption spectroscopy (TDS) study on the in- 
teraction of Na with a A u ( l l l )  single crystal 
surface This chemlsorptlon system exhibits a sim- 
ilar tendency to form mLxed overlayers, where 
A u - A u  bonds are replaced by A u - N a  bonds A 
thermodynamically stable hexagonal NaAu 2 com- 
pound layer is characterized, which can be under- 
stood as a two-dimensional analogue to the well 
known NaAu 2 bulk alloy [9,10] The data pre- 
sented here provide the first atomic scale obser- 
vation of the initial stage of alloy formation be- 
tween a free-electron and a d-band metal 

The experiments were performed with a pocket 
size STM [11], incorporated m a standard ultra- 
high vacuum chamber (base pressure ~ 10 - l°  
Torr) containing LEED, AES, TDS, and stan- 
dard facdttles for sample preparation Surface 
preparation followed the procedure outlined in 
ref [12] Sodium was evaporated from a commer- 
cial SAES getter source 
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Upon deposmon at 85 K adsorbed Na orders 
spontaneously at coverages between 0 2 and 0 6 
ML (1 monolayer (ML) corresponds to 1 Na atom 
per substrate atom tn the unreconstructed sur- 
face) A sequence of quasi-hexagonal structures is 
formed with mcreasmg coverage, as evidenced by 
LEED Because of their easy formation and their 
similarity wtth alkah overlayer structures on 
Pt(l  11)[13] and Ru(001)[14] these structures are 
assooated wlth ordered overlayers They are used 
for coverage cahbratlon m the subsequent experi- 
ments Both integral order beams and Na adlayer 
beams exhibit weak satelhtes, similar to the LEED 
pattern of the clean surface, indicating that under 
these cond~tions the reconstruction of the clean 
A u ( l l l )  surface is maintained If  the Na-covered 
sample is heated to 300 K, ~he hexagonal low- 
temperature  structures transform trreverstbly At 
0 - - 0 5  ML a sharp LEED pattern of a well 
ordered c(4 × 2) structure appears  The absence 
of satelhte spots indicates a removal of the recon- 
struction Further  heating to ~ 600 K leads to 
the formation of a new LEED satelhte pattern,  
where the central hlgh-mtens~ty spots do not he 
on the Au lattice postttons The resulting recipro- 
cal lattice is contracted and rotated by 30 ° and 
can best be descrtbed by a (1 08v~ x 1 08x/3)R30 ° 
structure The satelhte peaks, which are oriented 
along the Au(111) lattice d~rectlons, span approx- 
imately a (13 × 13) untt cell The fact that both 
the c(4 × 2) and the expanded ( 1 0 8 v ~ - ×  
1 08v~)R30 ° structure require thermal actwatlon 
stgnals that a rearrangement  of surface Au atoms 
~s mvolved in the formatton of these structures 

STM data (recorded at 300 K) gwe further 
mstght into the adsorption system We will con- 
centrate on the 0 5 ML coverage regime The 
overview image presented m fig 1 reveals a slg- 
mflcant restructuring of the surface after Na de- 
postt~on at 300 K Irregularly shaped islands with 
~ 50-500 ,~ dmmeter  are formed, which are ran- 
domly distributed over larger terraces on the sur- 
face Island size and shape do not change wtth 
t~me on a time scale of ~ 30 mln Considering 
the generally repulsive dipole-dipole  mteractlons 
between adsorbed alkah atoms and their htgh 
mobthty at 300 K [15] it is lmposstble that these 
tslands are formed by condensed alkah atoms 

Fig 1 Large-scale STM topography image (2000 × 2000 ,~2 ) ot 
a Au(l I 1) surface after deposition of 0 5 ML Na at 300 K 

Fig 2 (a) Atomic resolution image (210>(210 ,~2) of the 
c(4×2) structure In the lower terrace and the protruding 
islands The 120 ° rotational domains of the c(4 × 2) are marked 
A, B and C (b) Model of the c(4 × 2) structure (open circles 
Au atoms, shaded circles Na atoms substituting Au surface 

atoms) 



J V Barth et al / lntermtrmg and two-dtmenslonal alloyformatwn m N a / A u ( l l l )  L771 

The islands cover approximately 40% of the sur- 
face on the large terraces This is much more 
than the about 0.05 ML of Au atoms which would 
be set free from the topmost Au layer upon a 
Na-lnduced removal of the Au(111) reconstruc- 
tion Therefore,  we assume these islands to con- 
sist of a mixed adlayer of both Au and Na atoms 
The islands exhibit an irregular structure of ele- 
vated lines, about 1 A high and 10-20 ,~ wide 
These lines are not present on the lower terrace 
level, instead there is a series of ~ 1 0 /k deep 
holes The height difference of ~ 1 4 ~, between 
island and terrace level and their different struc- 
tural characteristics indicate that different struc- 
tures are present 

High-resolution STM data resolve that a large 
fraction of the lower level areas is covered by 
islands, 30-300 ,~ In diameter, which exhibit a 
periodic structure (see fig 2a) A rectangular unit 
cell with 2a and arC3 lattice constants and a 
corrugation amplitude of about 0 4 ,~ are found, 
corresponding to a (2 × v~-)rect., or, equwalently, 
a c(4 × 2) structure, as observed before with 
LEED This phase can exast in three 120 ° orienta- 
tIonal domains, all of which are present in the 
image Also this phase is assumed to consist of a 
mixed topmost layer In the atomic model shown 
In fig 2b the depressions in the STM image are 
associated with Na atoms substituting every fourth 
Au atom in the (1 × 1) surface layer. This struc- 
tural assignment will be discussed below In the 
protruding islands a hexagonal lattice with a cor- 
rugation amplitude of ~ 0 2 A is resolved (cf fig 
2a) The image reveals that the elevated lines on 
the islands coincide with domain boundaries of 
the hexagonal structure In contrast to the c(4 × 2) 
islands the hexagonally structured areas show an 

o 

additional long-range height modulation of 0 5 A, 
which, however, is not very regular This is a first 
hint that the topmost layer atoms do not reside 
on identical adsorption sites By comparison with 
the c(4 × 2) structure we find that the hexagonal 
pattern of the protruding islands is oriented alon~ 
[112] The lattice constant amounts to ~ 5 4 A 
and thus differs from the Au lattice Lattice pa- 
rameter and orientation agree well, however, with 
that of the (1 08v~- × 1 08v~-)R30 ° structure de- 
rwed from the LEED pattern observed after ~ 

600 K annealing The ~ 1 .~ deep holes in the 
lower terrace level mentioned above often exhibit 
a characteristic, network-hke structure, similar to 
the elevated lines In the upper  level islands. The 
height difference from the bottom of these holes 
to the hexagonal island areas amounts to ~ 2 4 
~,, equivalent to a Au(111) layer height. There- 
fore, we conclude that the surface layer in these 
holes consists of a similar type albeit poorly or- 
dered structure as that found in the elevated 
islands 

Structure and topography of the surface 
changed drastically after the sample IS flashed to 
~ 600 K, as seen in the STM image reproduced 
in fig 3a. The flat c(4 × 2) areas have disap- 
peared, in agreement with LEED observations 
Though the surface still exhibits a characteristic 
two-level terrace Island topography, it is entirely 
covered now by a well ordered hexagonal struc- 
ture with a periodicity of ~ 38 A The height 
difference between the two levels has increased 
to ~ 2 4 ~, The formation of a two-level system 
is attributed to the limited mass transport dunng 
the short period of annealing After longer an- 
nealing fiat terraces with the same structural 
characteristics are formed Elevated lines are 
found, similar to those formed at 300 K on the 
protruding Islands, indicating a similar nature of 
both structures. The atomic structure of this phase 
is resolved in the image in fig 3b It is of the 
same hexagonal type as that of the protruding 
islands in fig 2, with a periodicity of ~ 5 4 A --- 
1 08av~- The long-range corrugation pattern is 
oriented along the bulk Au lattice directions The 
characteristics of this corrugation pattern do not 
depend on the tunneling parameters Therefore,  
we conclude that this pattern is not due to an 
electronic effect but rather reflects the topogra- 
phy of the surface It is identified as a moire 
structure caused by the lattice mismatch of sub- 
strate and surface layer Both lnteratomic dis- 
tances and lattice orientations agree with the 
(1 08v~- × 1 08vC3)R30 ° LEED satellite pattern, 
where the LEED satellite spots result from the 
long-range periodicity of the molr6 structure The 
chemical composition of the topmost atomic layer 
can be derived from the terrace topography of 
the surface The formation of islands is attributed 
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Fig 3 (a) Large-scale STM topography image (2000 × 2000 .~2) of a 0 5 ML Na-covered Au(111) after flash anneahng  to ~ 600 K 
(b) Atomic resolution image (120 × 130 ~2) of the molr6 structure with a domain boundary, the ( 13 × 13) and (1 08x/3- × 1 08v~-)R30 ° 
umt cells are marked by a rhombus (c) Model of the mLxed NaAu 2 layer (open circles first- and second-layer Au atoms, shaded 

orcles substitutional Na atoms, the (13 × 13) and the (1 08Vr3" × 1 08V~')R30 ° cells are marked) 

to  a l ower  dens i ty  o f  A u  a t o m s  m the  mtxed  

su r f ace  layer  A s s u m i n g  tha t  d u r i n g  the  f o r m a t i o n  

o f  t h e  n e w  p h a s e  t h e  excess  A u  a t o m s  c lus t e r  in 

m o n o l a y e r  t s lands  a n d  tha t  t he  s e c o n d  layer  re-  

t a lns  tts bu lk  s y m m e t r y  we  can  e s t i m a t e  t h e  d e n -  

stty o f  A u  su r f ace  a t o m s  f r o m  g e o m e t r i c a l  a rgu-  

m e n t s  T h e s e  a s s u m p t i o n s  a r e  p l aus ib l e  i f  we  

t a k e  the  cen t r a l  pa r t s  o f  l a rge  t e r r a c e s  for  eva lua -  



J V Barth et al / Intermocmg and two-dimensional alloy formatzon m N a / A u ( l l l )  L773 

tlon only On the large terrace in fig 3a the 
islands cover about 55% of the total area, a value 
also found m other flash aneahng experiments 
Talong into account that  the density of surface 
Au atoms on the clean reconstructed Au(111) 
surface amounts to 1 05 ML, the density of Au 
atoms In the mLxed hexagonal surface layer ap- 
proximately amounts to 1 05 - 0 55 -- 0 5 ML 

The low density of Au atoms in this layer, the 
molr6 pat tern  and its (1 08v~- × 1 08¢'3)R30 ° 
atomic structure are explained by a mLxed surface 
layer of  NaAu 2 composition A schematic model 
of this structure IS depmted in fig 3c The Au top 
layer atoms form a honeycomb lattme with a 
nearest-neighbor atomic distance of 1 08a The 
density of  Au atoms in this layer amounts to 0 57 
ML Within the hmlts of accuracy this is identical 
with the density of surface Au atoms estimated 
from STM data The sodold coordinated central 
sites of  the honeycomb lattice are occupied by Na 
atoms By comparing the model with the STM 
image in fig 3b we see that these Na atoms form 
the hexagonal lattice with an n - n  distance of 
~ 5 4 A resolved there The in-plane N a - A u  
distance in the NaAu 2 surface layer, 1 08a = 3 1 
.~ is very close to the N a - A u  atomic distance in 
the NaAu 2 alloy of 3 23 .~ [9] The mixed surface 
layer can be regarded as a two-dimensional ana- 
logue to the NaAu 2 bulk alloy, representing the 
first stage of bulk alloy formation between Na 
and Au L E E D  and TDS data show that with 
increasing coverage the Na and Au atoms form a 
similar structure also in the deeper  lying layers 
This indicates that Na and Au atoms in the mixed 
layers are approximately located in one plane 
The sterlc structure of the NaAu 2 monolayer as 
well as the compound multllayers, however, is not 
of  a MgCu2-type lattice, which is the bulk NaAu 2 
structure [9] The expansion of the top layer 
means that 12 surface layer atoms reside on 13 
a tom sites of the second (111)Au layer along the 
[1-i0] directions This corresponds to a 13a × 13a 
= 37 5 × 37 5 .~2 unit cell of  the molt6 pattern,  in 
agreement  with L E E D  and STM data Depend-  
ing on their position in the unit cell the surface 
atoms occupy different adsorption sites on the 
second layer which leads to a modulation of the 
vertical position of the topmost  layer atoms The 

STM corrugation amphtude of ~ 0 5 .~ agrees 
well with recent findings for modulated metal  
structures, e g ,  for the reconstructed Au(001) [16] 
and Au(111) [12] surfaces An analysis of large- 
scale atomic resolution STM data shows that 
small deviations from the 12 on 13 scheme of the 
surface layer occur, indicating that, in fact, an 
incommensurate  overlayer rather  than a comcl- 
dence lattice is formed We also found that, in 
particular after longer annealing, the NaAu 2 sur- 
face layer can be shghtly rotated with respect to 
the second layer 

With the interpretation of the moire structure 
the c(4 × 2) phase can be rationalized The is- 
lands created upon Na deposition at 300 K cover 
about 40% of the surface area in the large ter- 
races Taking into account that the Au density in 
these islands amounts to ~ 0 57 ML (where the 
influence of defects is neglected for slmphcty) it 
follows that the average density of Au in the 
surrounding areas equals ~ [1 05 - (1 + 0 57) 
0 4 ] / 0  6 = 0 7 ML This shows that our previous 
interpretation of a mLxed topmost  layer with Na 
atoms substituting every fourth of the Au surface 
atoms was correct 

The densities of Na atoms in the mLxed molr6 
layer and in the c(4 × 2) structure amount to 0 28 
and 0 25 ML, respectively Hence,  none of these 
phases can accommodate  the 0 5 ML Na adatoms 
which were deposited on the surface Since AES 
and TDS data showed that no significant desorp- 
tlon or bulk diffusion of Na atoms occurs during 
the formation of these structures these species 
must still be present  on the surface Consequently 
the mLxed N a - A u  layers are covered by a dilute 
Na adlayer with an average coverage of ~ 0 2 
ML A similar observation was made for the 
CsAu system CsAu alloy thin films are always 
covered by a chemlsorbed Cs layer, as verified by 
Penning spectroscopy [17] The presence of a 
mobile Na adlayer does not contrast the STM 
observations of the ordered structures It  is well 
known that mobile adsorbates are in general 
t ransparent  in STM images and that in these 
cases the underlying substrate can be resolved 
[18] 

The data presented here lead to the following 
scenario for the reconstructive Na adsorption on 
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A u ( l l l )  upon  depos l tmn at low t empera tu re  (85 
K) Na is adsorbed on the reconst ructed  A u  sur- 
face, forming ordered  quasi-hexagonal  overlayers 

These  phases are thermodynamical ly  uns table  and  
at a coverage of ~ 0 5 ML a metas table  c(4 × 2) 
s t ructure upon  a n n e a h n g  to 300 K is formed 

Dur ing  th~s trans~tmn the recons t ruc tmn of the 
A u ( l l l )  surface is removed and  every fourth A u  
atom is replaced by a Na atom The excess A u  

atoms released from the topmost  Au  layer con- 
dense together  w~th a d d m o n a l  Na atoms into 

poorly ordered  monolayer  islands on bulk-hke 
prewous surface areas The  ordered  areas of these 
islands arrange into a hexagonal  lattice with a 

(1 08v~- x 1 08v~-)R30 ° geometry This s t ructure  
~s a precursor  to the stable phase, and  upon  
a n n e a h n g  to ~ 600 K the ent i re  surface trans- 

forms ~rreverslbly to th~s s tructure The  lattice 
misfit be tween  surface and  second layer leads to 
a regular  hexagonal  molr6 pa t t e rn  of ~ 38 
length and ~ 0 5 A cor ruga tmn The  surface layer 
consists of a mLxed NaAu2 monolayer  where the 
Au  atoms form a honeycomb lattice with the 
lnterst l tml sites occupied by Na atoms. This phase 
can be regarded as a two-dimensional  surface 

alloy 
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