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A dsorpt ion of A u on W ( 001) at 450 K up to multila yer stru ctures w as

in vesti gated . Temp erature programmed desorption tec hni que was used in
determination of coverage dependent desorption energy (region up to one
monolayer). Results were discussed in terms of comp etitive interactions of
A u{A u and Au{W atoms. Simple pro cedure for prediction of faceting b ehav-

ior on the interf ace, basing on the desorption data, w as p ostulated. I t w as
deduced that the A u/W(001) interf ace should not show faceting tendency
af ter thermal treatment.

PACS numb ers: 68.43.V x, 68.55.A c, 68.60.Dv

1. I n t rod uct io n

Investi gatio n of metal adsorpti on and condensati on on m etal surfaces are of
great importa nce from techno log ical (appl icati on) and scienti Ùc (basic research)
point of vi ew. The Au / W (001) interf ace, an fcc/ bcc typ e wa s investigated in the
past [1, 2]. It is kno wn tha t on the (001) surface an adsorpti on layer has peri -
odicity determ ined by the substra te. Gold grows in pseudom orphi c layer growth
m anner, i .e. the Ùrst adlayer has the density of 1 È 1 0 1 9 at/ m2 close to the sub-
stra te rather tha n to Au(0 01). The second Au layer forces the rearra ngement of
the distorted hexa gonal Ùrst layer (p ( 2 È 2 ) low energy electro n di ˜ra cti on (LEE D )
pattern) to another di storted hexa gonal packing (p (3 È 1 ) ) wi tho ut change in the
covera ge. For Au the fcc/ bcc interf acial ori enta ti on relati onshi p was establ ished as
( 111) fcc k ( 001) bcc and [110 ]f cc k [001]bcc. Fi nal ly, these layers are m etastable and
coalesceinto three- di mensional crysta ls up on heati ng above 800 K. Understa ndi ng
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of the stabi l it y and m orpho logy of the Au/ W interf ace helps in the other stud-
ies wi th the sandwi ch structures as well . For exam ple, investigati ons of surface
di ˜usi on of water over gold Ùlm on tung sten ti p by m eans of the Ùeld electron
m icroscopy (FEM) techni que could be perf orm ed [3, 4].

T emperature pro gramm ed desorpti on (TPD ) measurements showed qui te
resolved desorpti on peaks for the Ùrst and second monolayer at the interv al of
1400À 1 5 0 0 K and around 1240 K, respecti vely. In addi ti on, near Ùrst m onolayer,
the desorpti on peak had structure indi cati ng two di ˜erent intera cti ons between
Au and W ato m s. Publ ished v alues of the desorpti on energy E d , whi ch is a good
m easure for the streng th of bondi ng, and of the desorpti on frequency ¡ are rewri t-
ten in the form of the ta ble (T able I). The E d and ¡ param eters determ ined f rom
FEM studi es [5] are also incl uded in Tabl eI. The best Ùt for each desorpti on curve
wa s obta ined by varyi ng both E d and ¡ wi th coverage ˚ (the com plete analysis of
the fam i ly of desorpti on curves [6]). The coverage dependence of the desorpti on
energy and the pre-exp onenti al (f requency) factor are understo od on the basis of
latera l intera cti ons between adsorbed ato m s. For the Au/ W (001) case, E d and
¡ showed the com pensati on e˜ect, i .e. these values fol low l inear covera ge depen-

T ABLE I

Selected T PD results of the A u/W | micro crystal (micro cr. ), i. e. tung-
sten tip as the substrate, the A u/W(p oly) and the A u/W(001) interf ace

publi shed in [1] and [5]: desorption energy E d and frequency ¡ . R | Red-
head' s analysi s w ith the standard value of ¡ ; RI | Redhead' s analysi s w ith
the pre- assumed ¡ value; C A | complete analysis. T he data of W(001)
were analy zed using di˜erent metho ds; the results of CA w ere read from

the publi shed graph. T he co verage is expressed in adsorbate monolayers,
A M L, i.e. 1 A ML corresp onds to the most dense gold overlayer on W(001).

Substrate Descriptio n E d in eV /at ¡ in 1/s Metho d

W(micro cr. ) ˚ < 0 : 12 A ML 3: 3 Ï 0: 2 1 FEM

W(micro cr. ) ˚ > A ML : : FEM

W(p oly) : : R

W(p oly) I state : : R

W(p oly) I I state : : R

W(p oly) : : RI

W(001) low coverage limit 4.40 : RI

W(001) : A ML 4.13 R

W(001) : A ML 3.90 R

W(001) : A ML 3.46 R

W(001) : A ML 3.36 R

W(001) : A ML 5.80 CA

W(001) : A ML 3.40 CA

W(001) : A ML 5.00 CA
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dence alongln[ ¡ ( ˚ )] = b E d ( ˚ ) + c ; wi th constants b and c (e.g. [7]). In other words,
E d and ¡ vary wi th coverage in the way to keep the product ¡ exp (À E d =R T )

appro xi m atel y consta nt (e.g. [8]).
The aim of thi s work was to re-exam ine the Au/ W (001) system m ainl y by

careful TPD measurements wi th minor supp ort of Aug er electron spectro scopy
(AE S) and LEED observati ons. For as sure obta ini ng a uni f orm gold adlayer,
the depositi on tem perature of 450 K wa s chosen. The adsorpti on was extended
to higher coverages, exceeding tw o adsorbate m onolayers (AML ' s). In addi ti on to
usual TPD procedure wi th a sing le rate of heati ng for changing coverage, a varyi ng
heati ng rate for one covera ge scheme (e.g. [9]) was made. A deta i led sight into the
adsorpti on system wa s obta ined on the basis of considerati on of subtl e changes of
desorpti on energy wi th coverage, especial ly in low coverage l imi t.

2 . E x per i m en t a l

The exp eriments were perform ed in the hom e-m ade mul ti -m etho d ul tra high
vacuum (U HV) chamb er pum ped by an ion pum p wi th cold catho de (500 l / s,
Leyb old-Heraeus) and a subl imati on pum p wi th possibi l ity of liqui d ni tro gen (LN 2 )
cool ing. The base pressure was better tha n 1 È 1 0 À 1 0 Torr, duri ng the exp eriments
i t was always less tha n 5 È 1 0 À 1 0 T orr. The chamb er was equipp ed wi th 4-grid
LEED / AES assembly, a quadrup ole mass spectrom eter (QMG 412, Balzers) and
the Au ato mic beam source of sim ple constructi on.

The W (001) crysta l wa s atta ched to the m anipul ato r using four spot- welded
tung sten wi res (â 0.4 m m); such constructi on enables heati ng the sam ple up to
1900 K by passing the dc current (up to 25 A) thro ugh the holder. Fl ashi ng the
sam ple over 2700 K was perf orm ed by electro n bom bardment from addi ti onal
tung sten Ùlam ent (â 0.1 m m). T emperature of the sam ple was m easured using a
W { 5%R e/ W { 26%R e (C- typ e) therm ocoupl e spot- welded to the rear side of the
specim en. D esigned tem perature program mer uti l izes the pro porti onal- integra l -
-derivati ve (PID ) feedback algori thm , wri tten on PC, worki ng wi th the power sup-
pl y of the m odel SM 1540-D (D elta El ektro nika). For the sam ple under study , heat-
ing rates, Ù of the range of 0.1{ 20 K/ s wi th a l inear heati ng schedule (Ù = dT =dt )
could beachi eved. The sam ple surface was cleaned by al terna te anneal ing in oxygen
am bient (1 È 1 0 À 8 T orr) and Ûashi ng over 2700 K in UHV. The surface cleanl iness
wa s checked by AES and the m ain conta m inant | carbon | had content lower
tha n 0.01 monolayers.

Au was evaporated from tung sten Ùlam ent heated by dc current passing
thro ugh the source assembl y. Ev aporati on on the crysta l was perf orm ed in repeat-
abl e cycl es (source current, ti me) and the di stance between Au source and crysta l
in depositi on positi on was appro xi m atel y 10 m m. Assum ing the sticki ng coe£ cient
equal to uni ty , the Ûux could be changed from 0.001 to 0.003 AML/ s. An aperture
in the f ront of the m assspectrom eter lim i ted the Ûux accepted by i t to the centra l
area (2 m m of di ameter) of the sam ple.
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3. R esul t s

The W (001) surface wa s kept at T = 4 5 0 K duri ng expositi on at di ˜erent
dosesto ensure su£ ci ent m obi li t y of Au adato ms to reach thei r equi l ibri um sites.
Fi gures 1 and 2 show two series of TPD spectra after background subtra cti on and
smoothi ng, corresp ondi ng to di ˜erent ini ti al adsorbate coverages (param eter of the
curve). Tho se sets of spectra was measured wi th the heati ng rate of Ù = 9 :1 4 K/ s.
Fi gure 1 represents the spectra for coverages ranging from 0 to around one adsor-
bate m onolayer and Fi g. 2 for hi gher ones. Ini ti al ly sing le, well -deÙned desorpti on
peak increases in intensi ty and i ts maxi mum shifts to wards higher and next to

Fig. 1. T hermal desorption spectra w ith initial coverages (parameter of the curve) in

adsorbate monolayers, A ML. H eating rate w as 9.14 K /s. See text for further details.

Fig. 2. T hermal desorption spectra w ith initial coverages (parameter of the curve) in

adsorbate monolayers, A ML. H eating rate w as 9.14 K /s. See text for further details.
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lower tem perature. Then, increasing in intensi ty peak shows doubl e structure and
the low temperature ta i l increases. For higher ini ti a l coverages, the second peak
starts to grow up on the low tem perature tai l . Com pleti on of the Ùrst Au mono-
layer corresp onds to the curve whi ch should be constructed between two highest
ones of Fi g. 1. The last spectrum of Fi g. 1 has already a slight maxi mum indi cati ve
of the second adsorba te layer.

The cal ibrati on point was extra cted from the dependence of the TPD peak
height versus the area under the peak (not shown here). The peak height repre-
sents to some extent the degree of Ùll ing of the given adsorbate state and the area
under the desorpti on spectrum corresp onds to the num ber of desorb ed (adsorb ed)
ato m s. At the beginni ng, the height shows l inear increase wi th the area. Then,
two changes of slope coul d be seen and the cro ssing point of tw o last l ines was
attri buted to the area (covera ge) correspondi ng to a compl ete Ùrst layer. It could
be seen from Fi gs. 1 and 2 tha t wi th increasing numb er of doses, the high tem -
perature f eature sti l l slightl y increases. It indi cates tha t at the beginni ng the Ùrst
Au monolayer has smal ler density tha n i t could have to gether wi th the second
layer. It seems tha t wi th adsorpti on into second lay er the Ùrst one rearra nges into
m ore dense layer. The area corresp ondi ng to the dense Au layer wa s establ ished
on the basis of the height{ area graph as wel l. Surf ace coverage was then evalu-
ated usi ng the m entio ned above cri teri on on the area under desorpti on peak. It is
wo rthy m enti oning tha t such pro cedures are comm only used in TPD (e.g. [10]).
For covera ges greater tha n one monolayer, the spectra show wi de peak, whi ch
slightl y sharp ens wi th ˚ and Ùnal ly i ts maxi mum shifts to wards higher tempera-
ture. The to p spectrum of Fi g. 2 corresp onds to the ini ti al Au coverage evaluated
as 2.26 AML. The spectra of hi gher gold coverages, not presented here, show tha t
contri buti ons of the indi vi dual lay ers ( ˚ > 2 AML) are not resolved. The m ulti -
layer desorpti on peak reachesi ts maxi mum tem perature corresp ondi ng to the gold
heat of subl imatio n.

A com mon m etho d to determ ine the order of the desorpti on ki neti cs is to
construct so-called \ order pl ots" deri ved from a famil y of desorpti on spectra at
di ˜erent ini ti al covera ges [11{ 15]. The starti ng point of the derivati on involves the
appl icati on of the Polanyi { Wi gner equati on

R = ¡ ( ˚ )˚ n exp ( À E d =k T ) ; (3 .1)

where R i s the desorpti on rate and n i s the order of the reacti on of desorpti on. The
slope for a plot of lnR as a functi on of ln ˚ at constant tem perature (\ isotherm s" )
reÛects the order n . Fi gure 3 shows the order-pl ots constructed for TPD spectra of
Fi g. 1. For coverages lower tha n 0.4 AML, the slope of 1.05{ 1.21 was determ ined.
At higher covera ges and lower tem peratures the slope seems to increase and as i t
wa s determ ined appro aches 1.5 value. Because of functi onal dependence of E d ( ˚ )

and ¡ ( ˚ ) , order plots are valuable for exam ining desorpti on phenom ena at low
covera ges and hi gher tem peratures [12]. On the basis of above results, for the
Au/ W (001) interf ace there is no doubt tha t Ùrst-order process is involv ed. Thi s
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Fig. 3. O rder plots for points of constant surf ace temp erature constructed from the

data presented in Fig. 1. The parameter is the desorption temp erature.

statem ent is in agreement wi th the FEM study [5] whi ch also pro vi ded the resul t
n = 1 for the Au submonolayer covera ge range.

In order to evaluate coverage-dependent acti vati on energies for desorpti on
and frequency facto rs, the Bauer procedure wa s adopted [1]. As it is stated above,
assumpti on f or the use of the metho d requi ri ng n = 1 and independence of ˚ is ful -

Fig. 4. Results of complete analysi s of T PD spectra of A u adsorb ed on W(001) at

T = 4 50 K . U pper panel represents activ ation energy of desorption and lower panel log

of frequency factor as a function of gold coverage. T he p oints of the spectra analysis of

changing heating rate at constant initial coverage (squares) are included in the graphs.



T hermal Desorpt ion of Au from W(001) Sur face 791

Ùlled. For the famil y curves of Fi g. 1 both dependenci es E d ( ˚ ) and ¡ ( ˚ ) are drawn
in Fi g. 4. For both f uncti ons we Ùnd a para l lel behavi or whi ch indi cates a com -
pensati on e˜ect. At low coverages, the acti vati on energy for desorpti on increases
from 4.0 to 4.73 eV and then after ca. 0.6 AML decreases to 3.04 eV. Accordi ng ly,
the log of frequency factor changes from 12.8 to 15.3 and then decreases to 10.1.

T o check the consi stence of obta ined data , three addi ti onal sets of desorpti on
spectra were recorded wi th varyi ng of the heati ng rate Ù for a Ùxed ini ti al surface
covera ge. Fi gure 5 shows the data for ini ti al covera ges of 0.10, 0.14, and 0.17 AML
as cal ibrated by previ ous desorpti on experim ent. The e˜ect of changing sweeping
rate is a vari atio n of the peak tem perature, e.g. f or 0.10 AML T p shi fts by 43 K
( ¤ 3% of peak tem perature) wi th Ù ranging from 4.60 to 12.9 K/ s. Increasing the
heati ng rate tends to increase the desorpti on rate, or equivalently the intensi ty as
wel l [11], but the intensi ty{ti m e area f or any peak is consistent from exp eriment

Fig. 5. Thermal desorption spectra of A u from W(001) obtained w ith a variable heating

rate (parameter of curves), in K /s, for three di˜erent initial coverages: (a) 0.1 A ML,

(b) 0.14 A ML and (c) 0.17 A ML. T he adsorption temp erature is 450 K .

T ABLE I I
T he desorption parameters of the

A u/W(001) interf ace determined from ex-
p eriment with the varying heating rate.
T he initial coverage is expressed in ad-

sorbate monolayers (A ML), the desorption
energy E d in eV /at and ¡ in 1/s.

I nitial coverage E d ¡ È 10 1 3 log ¡

0.10 4.32 7.63 13.88

0.14 4.27 4.88 13.69

0.17 4.13 1.25 13.1
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to exp eriment. From the graph i t may be seen tha t two lowest sweeping rates can
give hi gh uncerta inty in T p determ inati on because of the decreased signal -to -noise
rati o. For the rem aining results, from the Arrheni us plot of 1 =Tp versus ln( T 2

p =Ù) ,
the desorpti on energy E d and the frequency factor ¡ are obta ined [9] and the
resul ts are col lected in T abl e I I. The points are added to the plot in Fi g. 4.

4. D iscu ssio n

TPD resul ts can be discussed in term s of intera cti on of Au{ W and Au{ Au
on the ato mic level. The obta ined spectra show wel l -deÙned desorpti on peaks for
the Ùrst and second m onolayer. At the beginni ng of adsorpti on (Fi g. 4), desorpti on
energy increases around 16% of i ts ori ginal value. It means tha t the strength of
Au{ W intera cti on (dom inati ng for ˚ ç 0 : 0 5 AML) is inÛuenced by latera l Au{ Au
intera cti on (l ong range at thi s point) leading to thi s increase in desorpti on energy.
Then, local vari atio ns of E d (˚ ) could be attri buted to m orpho logical changes in
the Ùrst gold ato m ic lay er. For covera ges greater tha n appro xi m atel y hal f a mono-
layer, m onoto nic decrease in E d (wi thi n the exp erimenta l error) is a consequence
of short- range Au{ Au intera cti on. Thi s interpl ay between adsorbate{ adsorbate
and adsorba te{ substra te intera cti on leads to reducti on of Au{ W bond. D esorp-
ti on spectra of the second layer show peak positi oned at lower tem perature, i .e.
further lowering intera cti on of gold adato ms (of 2nd layer) wi th the substra te. D e-
spi te of tha t, the m ul ti layer desorpti on peak, T p ( m ), m oves (ba ck) to wards higher
tem perature. Thi s increase in desorpti on energy is a consequence of the fact tha t
Au ato m s prefer to be bonded to other Au ato ms tha n to tung sten ones. Thi s is
not the case of the ˚ < 1 AML region, where stronger inÛuence of the substra te is
observed (no t bul k- like Au arra ngement).

The order am ong the tem peratures at the m axi mum desorpti on

av f T p(0 ç ˚ ç 1 ) g > T p ( m ) > av f Tp ( 1 ç ˚ ç 2) g ; (4 .1)

where an average of Tp ( ˚ ) over indi cated interv al is ta ken as the representati ve
tem perature, coul d be a m easure for the intera cti on in the Au/ W (001) interf ace.
Basing on the rati o

§ = f T 0

p (2 ) À T p ( m ) g = f T 0

p (1 ) À T p ( m ) g ; (4 .2)

where sign \ pri m e" denotes the representa ti ve tem perature of the indicated cov-
erage region, tendency of a given interf ace to faceti ng pro cess can be predi cted.
Faceti ng is deÙned as m assive reconstruct ion from a pl anar morpho logy to a m i-
cro scopical ly faceted surface upon heati ng to T Ñ 7 0 0 K (e.g. [16]). It is worthy
m enti oning tha t the positi on of the desorpti on maxi ma of the second layer rela-
ti ve to tha t of the mul ti lay er is decisive. Certa inl y, a positi ve sign of § , determ ined
from the TPD spectra , predi cts faceting for the interf ace under study . Probably for
smal l negati ve values ( À 2 < § < 0 ) faceting wi ll be observed as well . For § < À 2
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TABLE I I I

T he average desorption temp eratures in K corresp ondi ng to the initi al coverages of
one, T

0

p ( 1) , tw o, T
0

p ( 2) , and multilayer, T p ( m ) of selected interf aces. T p ( m ) is deter-
mined from the heat of sublimati on, Â H s, in eV /at (W eb Elements Perio dic T able;

http: == w w w .shef .ac. uk/chemistry/w eb- elements/). C alculated § ratio (see text for def -
inition ) is correlated with faceting tendency of the interf ace.

A u/W (001) A u/W(001) A u/W(011) A g/W(001) Pd/W (001)

T
0

p 1 1450 1460 1450 1150 1655

T
0

p 2 1245 1235 1330 980 1357

H s 3. 79 3.79 3.79 2.95 3.92

T p m 1405 1405 1405 1103 1450

§ {3. 56 {3. 09 {1. 67 {2. 62 {0. 45

faceting no no yes no yes

[1], this w ork, [17]

the interf ace shoul d not undergo faceti ng due to weak relati ve adsorba te{ substra te
intera cti on.

The quanti ti es needed for estim ati on of are collected in T able I I I for se-
lected interf aces. It is kno wn tha t faceting depends on the crysta l lographic ori enta -
ti on of the surface [16]. As an exam pl e,the Au/ W system shows faceting on W (011)
but no faceti ng on W (001). Accordi ng to the T able I I I i t can be seen tha t evi-
dence of massive reconstructi on is found for Pd/ W (001) but none for Ag/ W (001).
Basing on the presented data correl ati on between and predi cti on of f aceting is
reasonable.

Fol lowi ng concl usions could be dra wn from the reported inv estigatio ns:
(1) Adso rpti on of Au on W (001) at tem perature greater tha n room tem perature,
i .e. at 450 K, shows layer by layer growth m ode wi th stabl e m orpho logy of the
interf ace. (2) Overl ayer growth process coul d be qual i ta ti vely analyzed in term s of
ato m ic intera cti ons. (3) The version of the varyi ng heati ng rate of the TPD gives
appro xi m atel y equivalent inf orm ati on concerni ng desorpti on energy and frequency
facto r to the one obta ined from the compl ete analysis. (4) Basing on TPD resul ts
i t is possible to predi ct tha t the m ulti lay er Au/ W (001) interf ace wi ll not underg o
faceti ng upon heati ng.

Thi s wo rk wa s supp orted by the Uni versi ty of W roc¤aw under Pro ject
No . 2016/ W / IFD /9 8.
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