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Surface impurities on spherical Au and Cu crystals grown from a drop of melt on graphite in 
UHV were analyzed by Auger electron spectroscopy after the metals had been cleaned by 
melting resp. roasting in air. Crystals of Au-Cu alloys grown by the same technique show enrich-
ment of the less abundant component. 

The well known reconstructions Au(001)(5x20) and Au(l 1 l)(23x 1) could not be detected by 
RHEED and LEED on cleaned Au crystals. But both structures were confirmed on crystals of 
Au + 45 at ppm Cu. Au(l 10)(1 x2) was present on cleaned and weakly Cu alloyed Au crystals. 

1. Introduction 

Experimental results in surface physics depend on 
surface preparat ion. Techniques di f ferent f rom the 
common one - sputtering and anneal ing - may give 
new information. Since 1953 we have used surfaces 
of spherical metal crystals (diameters 2 - 4 m m ) 
grown by solidification of a d rop of melt in a tem-
perature gradient without any fur ther surface pre-
parat ion. Thei r spherical shape provides an over-
view of the surfaces of all crystallographical orienta-
tions [1], Crystals of copper, silver and gold grown on 
spectral graphi te have high crystal qual i ty as shown 
by electron diffract ion. The low indexed flats (111) 
and (001) and the other curved areas are smooth at 
least in light-optical sense [1]. Alloying Au with 
100 at ppm Cu destroys this smoothness [7], In order 
to check the cleanliness by an other method we have 
started Auger electron spectroscopy (AES) with a 
four grid retarding field analyser (Vacuum Genera -
tors), with pr imary electrons up to 4 keV and suit-
able modula t ions between 2 and 6 V. In the present 
work former investigations on pur i f ied gold [2] are 
extended to copper and to Au-Cu alloys. Electron 
di f f ract ion in this system is reported addit ional ly. 

Our crystals do not adhere to the graphi te 
support . Therefore the usual a r rangement for AES 
and electron dif f ract ion had to be modi f ied . N o w 
the A E S / L E E D gun with the grid system is above 
the crystal and the R H E E D axis is horizontal . The 
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metal vapour of the melting specimen could 
d a m a g e the AES system. Therefore a protecting 
cage is pushed over the specimen when it is on 
higher tempera tures . A mirror beneath the specimen 
gives a look on the LEED screen. 

2. AES on Gold and Copper 

High puri ty gold was chemically etched, then 
melted and sol idif ied. AES showed, apar t f rom the 
gold signals, a strong carbon peak (272 eV) and a 
small silicon peak (92 eV). The crystals had a 
comparat ive ly rough surface [2], Purif icat ion was 
possible by melt ing the gold in air. In a t empera ture 
gradient spherical gold crystals grow in air with quite 
smooth surfaces. AES was per formed without any 
fu r the r melt ing or af ter remelt ing and solidification 
on spectral g raphi te in 10~7 Pa. In both cases the 
carbon peak was lowered by a factor 1/5, the silicon 
peak had d issappeared , and in spite of melting in 
air no ni trogen or oxygen peaks or other ones were 
detected [2]. A peak at 150eV does not belong to 
su lphur but to gold because its intensity fits to the 
o ther Au peaks. O u r results on our Au crystals were 
conf i rmed af ter t ranspor ta t ion in air by AES with a 
cylindrical mi r ro r analyser in the Physikalisches 
Institut, Univers i tä t Hohenhe im [2]; especially no 
oxygen was detected at 510 eV. 

Earlier work has dealt with spherical copper 
crystals (see [3]) grown on graphi te in technical or 
U H vacuum by the same technique. Before melting, 
etching in H N 0 3 followed by HCl was necessary. 
Recently the cleanliness of Cu could be improved 
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Table 1. Average surface impurities in at% on several Au and Cu crystals grown in UHV without 
or after precleaning by oxygen, or grown in air only. Numbers of samples in brackets. 

Au Cu 

melting in melting in air, melting in air melting in roasting in air, 
UHV only (3) then melting only (11) UHV only (5) then melting in 

in UHV (7) UHV (4) 

C 22 ± 5 5 ± 1 5 + 1 17.5 ± 2 9.7 1 0 . 7 
S - - 3.7 ± 0 . 3 2.1 ± 0 . 3 
Si 1 

f ^ 
100 200 300 400 500 600 700 800 900 eV 

Fig. 1. AE spectra from spherical copper crystals grown on 
graphite in UHV from a drop of melt. UVH: without 
roasting in air: R + UHV: after roasting the Cu piece in 
air. 

fu r ther by roasting the etched pieces in air wi thout 
melt ing them. The Cu oxides are reduced by the 
following melt ing in vacuum on graphi te [3], 
Figure 1 shows AE spectra f rom Cu crystals grown 
by solidif ication of a drop of melt in U H V without 
and af ter precleaning in air. By roasting the carbon 
su lphur peaks are lowered by a factor 1/2. By taking 
in account the AES sensitivities [4], the surface con-
centrat ions of the impuri t ies have been calculated 
f rom the peak- to-peak heights I (Table 1). 

In past t imes particles of slag moving on the 
drops of melt gave problems, but on the o ther hand 
they could be used for probing the dep th of melt 
layers on Cu just below the melt ing point [5]. These 
slags were diminished by the chemical etching and 
the air t reatment . But we could not surely ident i fy 
the slags by AES. 

3. AES on Au-Cu Alloys 

Spherical crystals of di f ferent Au-Cu alloys were 
grown f rom a d rop of melt as described in [6, 7], By 
observing the contrast of the thermal luminosity just 
below the point of solidification the liquid-solid 
interface can be seen. 

On crystals with more than 100 at ppm Au or Cu, 
surface dendri tes were indicated by unevenness of 
the interface, and at room tempera ture by a charac-
teristic unevenness of the surfaces [7], Crystals with 
more than 2 at% Au or Cu show growing darker 
islands dur ing sol idif icat ion; this and the surface 
topography of the cold specimens are characteristic 
for volume dendr i tes reaching the crystal surfaces 
[7], Dendr i t ic growth in an alloy causes decom-
posit ion lateral to the dendrites. 

By observat ion of the liquid-solid interface on 
weak alloys up to 2000 at p p m Au or Cu it was 
found that most of the crystal surfaces are covered 
by a layer of melt 40 nm to a few pm deep. In this 
layer the di luted component (Au or Cu) is enriched 
[8], Only "black areas" around the (111) and (001) 
poles of the crystal spheres remain nearly free f rom 
this surface melt. These areas show a tendency for 
lateral cleaning [8]. The surface enrichment observed 
on weak alloys will be present also on higher alloyed 
crystals. 

The deep surface enr ichment connected with 
sol idif icat ion must not be confused with the surface 
segregation at a monolayer level as it was observed 
and calculated for binary alloys equil ibrized at 
several hundred degrees under the melting point [9, 
10]. This surface segregation decreases correspond-
ing to equi l ib r ium with raising tempera ture [11]. 

But on the other hand equi l ibr ium on solids 
needs d i f fus ion with sufficient tempera ture and 
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Fig. 2 a. AE spectra from Au-Cu crystals with small Fig. 2 b. AE spectra from Au-Cu crystals with small 
weight-in concentrations c0 of Au. weight-in concentrations c0 of Cu. 

t ime. The re fo re we must expect a complex situation 
when we observe AES on our crystals at room tem-
pera ture a f te r sol idif icat ion and cooling down with-
in 30 min. T h e enriched deep surface melt and the 
inhomogeneous composi t ion of the dendri t ic struc-
ture just below the melt ing point must be modif ied 
dur ing cooling by the tendency of the solid surface 
to follow the equi l ibr ia of surface segregation at 
m e d i u m tempera tures . 

AE spectra were taken f rom alloys on both sides 
of the A u - C u system. For reference the specimens 
could change place with an Au foil which was 
prepared by rolling pure Au crystals between sheets 
of steel or m o l y b d e n u m and by roasting in air for 
final cleaning. The AE spectra of the Au foils 
agreed with the spectrum of purif ied crystals. The 
peak Au-69/66 gave the reference. 

F igure 2 shows AE spectra f rom different Au-Cu 
alloys. Beside the known peaks f rom carbon and 
su lphur in Cu rich alloys and f rom carbon in Au 
rich alloys no o ther impur i t ies were indicated. 

F igure 3 depicts the peak- to-peak heights I of 
Au-69/66 and Cu-60 as funct ions of the weight-in 
concentrat ions c 0 . The I values for Au in Cu-rich 
alloys were averages f rom four d i f ferent spectra and 
for Cu in Au-rich ones f rom five spectra. Using the 
known sensitivities [4] of the AES signals, surface 
concentrat ions cs of the di luted components were 
calculated. F r o m these follow the ratios of segrega-
tion a = c s / c 0 on our specimens at room tempera-
ture. In Table 2 these results are compared with 
«-values found in [8] closely below the melt ing point 
and with «-values calculated for surface segregation 
in the first monolayer at 850 ° C [9]. 
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Table 2. Ratios of surface segregation a for the diluted components on Au-Cu alloys. 

Weight-in concentrations in at% 

0.01 0.1 0.2 0.4 0.5 1 5 10 

Y. W. Lee and H. J. Aaron-
son (1980) [9] 

Au 
Cu «- tendency for increasing a 

M. Schneegans 
(1983) [8] 

Au 
Cu 

7.8 
6.6 

3.7 
3.3 

This paper Au 10 ± 3 6.3 ± 1.0 1.6 + 0.1 1.0 ± 0 . 1 
Cu < 2 0 ± 4 6.6 ± 1.4 4.5 ± 1.0 1.4 ±0.1 1.0 ± 0 . 1 

As discussed, these three sorts of segregation have 
d i f ferent physical origin; they were evaluated in 
d i f ferent regions of c0 . But they show all enrich-
ments of the diluted component Au or Cu growing 
with decreasing weight-in concentrations. 

The low energy AES peaks Au-69/66 and Cu-60 
have a low escape depth and give concentrat ions 
only f rom the first monolayer, about 0.5 nm deep. 
We could addit ionally use the peak Cu-920 having 
an escape depth of about 1.3 nm. For c0 = 10 at% 
Cu both peaks gave the same enrichment but for 
4.9 at% Cu a amounted to 1.4 for a depth of 0.5 nm 
and 1.2 for 1.3 nm. This tendency for higher enrich-
ments in the first layer fits the theory of segregation 
on solid surfaces [9]; the enrichments become more 
pronounced at lower weight-in concentrations. 

The electron probe of our AES appara tus has a 
d iamete r of 0.5 m m ; therefore no lateral resolut ion 
of inhomogenous surface concentrations as based on 
dendri tes was possible. All spectra were taken on 
and near the "nor th-pole" of our crystal spheres 
wi thout showing systematic changes. 

4. Electron Diffraction: Surface Reconstructions 

The measurements by AES should supp lemen t 
foregoing observations and results in respect to 
surface segregation using optical observations. But 
our specimens and appara tus permit ted addi t ional 
exper iments using electron diffract ion. What follows 
is a sketch of some experimental results, they may 
be controversial to some current opinions. 

Many investigations of copper crystals by electron 
di f f ract ion have shown their unreconstructed 
("naive") surfaces corresponding to the bulk lattice. 

0,3 0,5 1 5 10 at% 
Fig. 3. Mean peak-to-peak heights / of the diluted com-
ponent with respect to the Au foil. 

Fig. 4. RHEED diagram (30 keV primary beam in [001]) 
from Cu(001) after cleaning the Cu by roasting in air and 
melting it on graphite in UHV. The doubling of Kikuchi 
lines (002) and^(004) described in [14] is depicted again. 
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Fig. 5. (a) RHEED (30 keV primary beam in [001]) and (b) LEED (94 eV) diagrams from Au(001) after premelting the 
gold in air and remelting it on graphite in UHV. 

* ! 

(b) 
Fig. 6. (a) RHEED and (b) LEED diagrams from a (001) surface of a gold crystal alloyed with 45 at ppm Cu. The gold 
was cleaned before as in Figure 5. 

W e observed them also on our spherical Cu crystals 
solidified from a d rop of melt by R H E E D (see 
[1, 12]) and by LEED [13]. Cleaning of the copper as 
described in Chapt . 2 did not produce any change 
(Fig. 4), which is not surprising. Direct recording of 
R H E E D diagrams inside of an appa ra tus with 
technical vacuum represents more details [12, 14] 
than recording f rom the fluorescent screen of an 

U H V apparatus , but here contaminat ions are better 
avoided. 

Cont rary to the naive surfaces of copper and 
silver, reconstructions on Au surfaces were observed 
by several authors (see [15]). Also on our spherical 
crystals of gold the well known structure (001)(5x20) 
was observed before we used the cleaning of Au by 
premel t ing it in air [15]. These crystals have shown 
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also the known structure (110)( 1 x 2) and the new 
ones (11 l ) (23x 1), (227)(1 x 1), (551)(1 x 1) and re-
constructions on (001) vicinal planes [15], Later on 
the new structure ( l l l ) ( 2 3 x l ) was confirmed by 
several authors on differently p repared specimens 
with d i f ferent methods, as reported recently [16], 

Surprisingly the oxygen-cleaned Au crystals show 
only the naive structures (001 )(1 x 1) of Fig. 5 and 
(111)(1 X 1) [17], These results were confirmed on 
5 crystals af ter melt ing in air only and on 8 crystals 
af ter premelt ing in air and remelting in UHV. Only 
the reconstruction (110)( 1 x2) appeared again on 
pur i f ied crystals [17]. We did not look for structures 
on (227) and (551). 

Kikuchi patterns f rom Au observed by R H E E D 
are much weaker than those f rom Cu because these 
pat terns are related to the three-dimensional lattice; 
therefore some penetrat ion of the electrons is 
necessary to produce Kikuchi pat terns; this depth is 
much lower in Au than Cu due to the higher a tomic 
n u m b e r of Au. 

In the past, Au(001)(5x20) was occasionally 
supposed to be introduced by impuri t ies (see [15]), 
but that could never made be sure. As reported 
1978 [18] the structure (5x20) was changed to ( l x l ) 
by a b o m b a r d m e n t with oxygen or other ions. But 
af ter anneal ing ( l x l ) at 100 0 C , (5 x 20) reappeared 
again. We do not think that the A u ( 0 0 1 ) ( l x l ) 
s tructure on our air melted crystals could be 
produced by a similar influence of oxygen, because 
we could not find any oxygen by AES. On the o ther 
hand, melt ing of our cleaned Au on graphite in 

U H V must remove traces of oxygen f rom the pre-
melting more efficiently than anneal ing at 100 °C. 
The same a rgument must be considered looking on 
the results of Yagi et al. [19]. These authors ob-
served the A u ( l l l ) superstructure in the electron 
microscope, there the characterist ic fr inge contrast 
became weak af ter the sample was exposed to air. 

Now using our technique to prepare crystals of 
extremely di luted alloys [7] we looked for recon-
structed surfaces on Au + 45 at p p m Cu. Figure 6 
depicts R H E E D and LEED diagrams f rom (001). 
They show the well known patterns of the Au(001) 
(5x20) reconstruction (with LEED e.g. [18]). In the 
same way also (111)(23x 1) and the (110) ( lx2) 
structures were observed again on weakly alloyed 
Au crystals [17], This was also conf i rmed in a 
sequence of three cycles of melting and crystallisa-
tion of the specimen. The surface segregation [8] 
would produce a higher Cu concentrat ion; but 
taking in account the self-cleaning of the A u ( l l l ) 
and (001) flats [8], the Cu concentrat ion necessary 
for the surface reconstructions may be lower than 
the weight-in concentrat ion of 45 at p p m Cu. AES 
f rom this extremely weak alloy was without any Cu 
signal. On the o ther hand we did not get satisfying 
results with electron di f f ract ion f rom higher alloyed 
Au-Cu crystals because their homogenei ty in respect 
of composi t ion and surface topography was de-
stroyed by the dendri tes . 

This work was suppor ted by the Deutsche For-
schungsgemeinschaf t . 
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