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Surface di ˜u sion of palladi um , È = 2 M L, on a tantalum micro crystal
w as studied by means of Ùeld electron emission microscopy wit hin the tem -
p erature ran ge 665{ 790 K . T he observed sharp mo ving b oundary- di ˜u sion

pro ceeds w ith an activ ation energy ranging from 1.25 to 1.7 eV /atom, de-
p ending on the crystallograp hic direction .

PACS numb ers: 79.70.+ q, 68. 37.V j , 68.43.Jk, 05.40.C a

1. I n t rod uct io n

D i˜usi on is a com mon phenomenon on sol id surfaces. It plays an importa nt
ro le in m any surface pro cessessuch as form ati on of subm onolayer superlatti ces,
nucl eati on and crysta l growth, faceting, surface reacti ons, and so on. Studi es of sur-
face di ˜usi on pro vi de inf orm atio n concerni ng vari ety of intera cti ons in adsorpti on
system s e.g. mutua l intera cti on wi thi n the adsorba te or tha t ari sing between adsor-
bent and adsorbate. W e have been parti cul arl y interested in expl oring intera cti on
between Pd layers (adsorba te) and ta nta lum (substra te). Several m etho ds have
been used to investi gate physi cs of surf ace di ˜usi on [1{ 6]. Accessibl e inf orm ati on
concerni ng the adsorpti on of pal ladi um on ta nta lum describes m ainly electro nic
pro perti es and ato mic structure [7{ 10]. Investi gatio n of Pd di ˜usi on on Ta has
been focussed m ainly on the mobi li t y of sing le Pd ato m s and the ini ti al stages of
cl uster form ati on on the (110) facet of T a micro crysta l observed by m eans of Ùeld
ion m icroscopy (FIM) [11]. The system Pd / Ta was also exam ined by the combi ned
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techni ques of FIM and Ùeld emission m icroscopy (FEM) in the aspect of faceting
and al loy form ati on [12, 13].

The di ˜usi on of pal ladium on microcrysta l of tung sten was m ore frequentl y
studi ed by FIM [14{ 16] and FEM [17]. FEM is a good metho d to study the m assive
tra nsport of adsorbates on a curved surface of a m icrocrysta l , at the apex of the
emi tter ti p, since thi s al lows di rect observati on of spreading the adspecies. Such
m easurements pro vi de inform atio n concerni ng the di ˜usi on parameters f or vari ous
crysta l lographi c di recti ons and regions of the surface. R ecently FEM has been used
to study the faceting process for adsorpti on system s such as Pd/ W , Rh/ W [18],
Pt/ W , Pd/ Mo and Pt/ Ir [19, 12] as wel l as di ˜usi on under condi ti ons when faceting
pro cess occurs [12, 20]. The presented work wa s ini ti al ly underta ken to study the
faceti ng process.

2. E x per i m en t a l

The FEM observati ons were perform ed under ul tra high vacuum condi ti ons
(to ta l base pressure below 2 È 1 0 À 1 0 T orr) in a standard glass m icroscope tub e,
atta ched to a sta inless-steel vacuum system . The tub e was equipped wi th a T a
emi tter ti p assembly, Ti getter, a Bayard{ Al pert gauge and a source of pal ladium .
The ta nta lum emitter ti p wa s electrochemical ly prepared from wi re (of 0.1 mm in
di ameter) and spot wel ded onto a tung sten wi re loop. The emi tter ti p curvature
radi us was estim ated to be about 300 nm . The emi tter was therm al ly cleaned
in ul tra high vacuum by resistive heati ng a tung sten loop. The temperature of
the emi tter wa s determ ined on the basis of m easurements of the resistance of
the apex segment of the tung sten wi re loop [1, 21]. Pal ladium was deposited on
one side of the emi tter ti p (the angle between the pal ladium Ûux and the emi tter
axi s was about 90 degrees) m ainta ined at room temperature from a wel l -outg assed
evaporati on source. The source consists of Pd wi re ti ghtl y wo und around a tung sten
wi re. Resisti ve heati ng the W wi re al lowed evaporati on of pal ladium .

D i ˜usi on measurements were carri ed out as fol lows. The ti p was cleaned by
increasing i ts tem perature to 2500 K for a few seconds. Then the temperature was
decreased to 760 K to reduce the roughness of surface [22] (Fi g. 1a). A dose of Pd
correspondi ng to an avera ge coverage È = 2 M L was deposited onto one side of the
cl ean emi tter. A gradient of Pd popul ati on wa s form ed on the surface as a resul t
of shaded depositi on, wi th a sharp bounda ry between cl ean and adsorbate-covered
regions. The di recti on of the Pd Ûux is shown by the arrow in Fi g. 1b. The emi tter
surf ace and the therm al spreadi ng of the adsorba te wa s FEM- m oni tored and the
Ùeld emission (FE) patterns recorded (Fi g. 1c{ j ), whi ch could be observed di rectl y
ei ther on the m icro scope screen or by using a TV camera and vi deo moni to r.
Af ter vi deo-ta pe recordi ng the patterns were com puter analysed. The di ˜usi on
exp eriments were carri ed out at several tem peratures in the range 665{ 790 K. As
the spreadi ng pro ceeded wi th a sharp di ˜usi on bounda ry (Fi g. 1c{ j ), the ti m e
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Fig. 1. T ypical sequence of Ùeld emission patterns of palladi um di˜usi on on tantalum:

(a) clean Ta, (b) w ith initial Pd deposit È = 2 ML at room temp erature, (c){(j ) af ter

heating at T = 66 5 K ; di˜usi on time t | listed under the patterns. A rrow in (b) show s

the direction of Pd depositi on Ûux.
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dependence for the m ovi ng boundary at vari ous tem peratures could be plotted
(Fi gs. 2 and 3) and the acti vati on energy for di ˜usi on determ ined (Fi gs. 4 and 5).
It was assumed tha t evaporati on ti m e of pal ladium at whi ch the di ˜usi on of Pd
layer started to proceed wi th a sharp bounda ry separati ng clean and covered parts
of the substra te surface corresp onds to uni ta ry covera ge È = 1 ML. The di ˜usi on
parameters were determ ined for three crysta l lographi c zone l ines of T a surface:
(110){ (111), (110){ (101) and (110){ (100).

3 . R esul t s an d d iscu ssio n

In contra st to the adsorpti on of Pd on W [18] and Mo [19] m icrocrysta ls,
the Pd layer on the T a emi tter ti p does not inÛuence the faceti ng tra nsiti on of
the substra te surface. If any, only a weak rearra ngement of the region around
the (110) pole could be indi cated in the FE im ages for È > 1 ML after heati ng
the ti p in the temperature range 995{ 1340 K. Form ati on of a surface al loy in
som e crysta l lographi c regions [12] was deduced in an FIM study [13]. Di ˜usi on
wa s m oni to red in the presence of the electri c Ùeld (FEM m ode) at a strength of
38 MV/ cm, but i ts inÛuence on pal ladium ato m s mobi li t y can be neglected.

Fi gure 1 shows a typi cal sequence of FE patterns whi ch reÛect stages of the
di ˜usi on of a Pd layer (È > 1 ML) over the T a emi tter ti p at a tem perature
of 665 K. R egions of the T a surf ace covered by the Pd layer are displayed in
the FE patterns as a dark part of the surf ace because the Pd adsorbate reduces
electron emission from ta nta lum . Under thi s condi ti on di ˜usi on is observable in
the FE im age owi ng to the m oti on of the sharp bounda ry separati ng the cl ean
and the adsorbate covered parts of the imaged surface. At higher tem peratures
the di ˜usi on pro ceeds simi larl y to tha t at 665 K. Plots of the squared di stance
of the di ˜usi on bounda ry X 2 versus ti m e t are shown in Fi gs. 2 and 3 for three
crysta l lographi c zone l ines: (110){ (101), (110){ (111) and (110){ (100). The plots
are consi stent wi th well -known parabol ic relati on for di ˜usi on [2, 4]:

h X 2
i ¿ D t ;

where D i s the chemical di ˜usi on coe£ cient.
Exp erim ental results are usual ly expressed in term s of the acti vati on barri er

E for a di ˜usi ng adsp ecies and the di ˜usi vi ty D 0 :

D = D 0 exp(À E =k T ) :

The dependence of ln( Â X 2 =Â t ) on recipro cal temperature is shown in Fi g. 4.
The acti vati on energies of di ˜usi on f or the zone l ines: (110){ (101), (110){ (111),
(110){ (100) amount to 1.25 eV, 1.45 eV, and 1.70 eV, respecti vely. The average
acti vati on energy of the di ˜usi on was also determ ined by measurement of the ti m e
t t o t for spreading a Pd adsorpti on layer on the who le surf ace of the emi tter ti p in
the tem perature range 665{ 790 K. In Fi g. 5 the dependence of lnt to t versus 1 =T i s
presented, and the corresponding avera ge acti vati on energy amounts to 1.45 eV.
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Fig. 2. Squared displacemen t of sharp di˜usi on boundary versus di˜usi on time t at

temp erature 665 K along the chosen crystallograp hic zone lines.

Fig. 3. T ime dependence of squared displace ment along the zone lines:

(a) (110) ! (101), (b) (110) ! (111), (c) (110) ! (100), at the chosen temp eratures.

Al tho ugh di ˜usi on in the covera ge range È < 1 ML was not studi ed in detai l , the
spreading of Pd adatom s wa s observed to occur wi tho ut a sharp bounda ry. The
estim ated avera ge acti v ati on energy of di ˜usi on was around 1.45 eV in thi s case.

Simi larl y as in the case of other adsorpti on system s, two typ es of di ˜usi on
have been observed f or pal ladium on ta nta lum . One, wi tho ut a sharp bound-
ary observed for Pd doses correspondi ng to an average covera ge È < 1 ML,
and another | wi th a sharp di ˜usi on boundary for Pd deposit corresp ondi ng to
È Ñ 1 ML. The second typ e is well kno wn and pro ceedsaccordi ng to the so-cal led
\ unro l l ing carp et" m echanism [1, 3, 4]. (The sharp boundary is observed when the
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Fig. 4. A rrhenius plots for Pd di˜usion of Fig. 3.

Fig. 5. A rrhenius plot for time of spreading over total surf ace: Pd on Ta.

jum p di stance of adato ms does not exceed the resoluti on of microscope 2 nm .)
Thi s mechanism works f or the di ˜usi on of ato ms in the upp er layer to the edge
of the covered region, where they are tra pp ed onto the bare surf ace over whi ch
the di ˜usi on barri er is high. The di stincti on can also ari se owi ng to the e˜ect of
intera cti ons between adatom s [1{ 4].

In T abl e there are col lected values of the acti vati on energy determ ined by
the FIM and FEM m etho ds for the Pd/ W and Pd/ Ta system s. The energy de-
pends on substra te structure and covera ge. The di ˜usi on of sing le ato m s has been
exam ined in the past for an ato m ical ly smooth and perfect substra te surface ob-
ta ined by Ùeld evaporati on [1, 5]. It is understo od tha t the acti vati on energy in
such condi ti ons is much lower tha n tha t for m ul tia to mic di ˜usi on on a therm al ly
rough surface by FEM. Al tho ugh the di ˜usi on of a large dose pro ceeds m ainly
over the Ùrst Pd m onolayer, the substra te structure is not compl etely shielded by
the Ùrst layer and a hi gh anisotro py of di ˜usi on is observed. The hi ghest mobi li t y
of Pd (the lowest acti vati on energy) occurs along the ato micall y smoothest zone
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T ABLE

C omparison of results.

System Region of T yp e of Metho d Pd Temp. A ctiv ation Ref .

surf ace di˜usi on cov. [K ] energy

[ML] [eV /atom]

Pd/ W (110) single atom F IM ¤ 0 190 0. 51 [14]

(110) single atom FI M ¤ 0 173{198 0. 51 [16]

(111) single atom FI M ¤ 0 369{381 1. 02 [16]

(112) single atom FI M ¤ 0 100{140 0. 31 [15]

(112) single atom FI M ¤ 0 110{130 0. 32 [16]

(110) single atom FI M ¤ 0 165{210 0. 51 [28]

(013){(015) moving FEM < 1 470{545 1. 04 [17]

sharp

boundary

Pd/T a (110) single atom FI M ¤ 0 178{197 0. 49 [11]

(110){(101) moving FEM 2 665{790 1. 25 this

sharp paper

boundary

(110){(111) moving FEM 2 665{790 1. 45 this

sharp paper

boundary

(110) À (100) moving FEM 2 665{790 1. 70 this

sharp paper

boundary

average moving FEM 2 665{790 1. 45 this

sharp paper

boundary

between f 110g { f 101g whi ch consists of close-packed terra ces. The hi ghest acti va-
ti on energy along the f 110g Àf 100g zone reÛects the inÛuence of surface roughness
on Pd di ˜usi on. The quasi-ci rcul ar shape of the di ˜usi on bounda ry in the Pd{ T a
system over the region around the (100) pole seen in Fi g. 1i suggests tha t the
m icromorpho logy of the ti p is consti tuted by a set of ci rcul ar and more or less
regular steps around the (100) pole. Thi s indi cates tha t in thi s region di ˜usi on
occurs wi th a low acti vati on energy along the steps (around the (100) pole) be-
tween the terra ces of the (100) facet (whi ch are atom ical ly smooth). W hen these
sites are Ùlled, the di ˜usi on pro ceedsacro ssthe steps to wards the (100) pole. Such
a picture of the di ˜usi on over thi s region is clearly vi sible for Pd covera ge range
È < 1 ML in the f orm of a bri ght, shri nki ng ri ng simi larl y to tha t whi ch has been
observed for other systems, e.g.: CO/ W [23], Ba/ W [24], Ag / W [25], C/ W [26],
Si / Mo [27] and Pd/ W [17].
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Accordi ng to previ ous estimati ons [12] the di ˜usi on distances am ount to
¤ 7 0 nm for the three chosen di ˜usi on di recti ons. As the atom ic structure of the
substra te on whi ch Pd di ˜usi on has been m onito red is di ˜erent, the determ ined
acti vati on energies E corresp ond to avera ge values. In thi s work the di ˜usi on ex-
perim ents were carri ed out f or È = 2 ML, but the results are representa ti ve for
the covera ge range È > 1 ML. At multi lay er deposit the tra nsport of materi al
pro ceeds m ainly on the to p of the Ùrst and/ or higher layers, thus the intera cti on
between the adsorb ent and substra te weakl y depends on coverage. In thi s cover-
age range an expected attra cti ve intera cti on in the adsorbate contri butes to the
increase in acti vati on energy of di ˜usi on. Ano ther questi on concerns the inÛuence
of the adsorbate di ˜usi on on the substra te surface structure. As was mentio ned
above, some inÛuence in the high tem perature range can be exp ected. Ho wever,
on the basis of the analysis of FE patterns thi s e˜ect can be neglected under our
exp erimenta l condi ti ons.

In order to better understa nd the pro cessof di ˜usi on of pal ladium on ato m -
ically rough (therm al ly trea ted) regions of the Ta m icrocrysta l a m obi lit y of Pd
ato m s wi thi n covera ge range È < 1 ML shoul d be careful ly studi ed by m eans of
FEM, FIM, and STM.

4. Co n cl u si on

D epositi on of a large dose of pal ladi um corresp onding to a coverage
È = 2 ML on one side of the ta nta lum m icrocrysta l results in surf ace di ˜u-
sion whi ch proceeds over rough regions wi th a sharp ani sotro pi c bounda ry in the
tem perature range 665{ 790 K. The acti vati on energy for the di ˜usi on increases
from 1.25 eV, 1.45 eV to 1.70 eV for the zones (110) À (101), (110){ (111) and
(110){ (100), respectivel y. The avera ge value of the acti vati on energy f or di ˜usi on
reaches 1.45 eV (as com pared to the mean 1.475 eV of the three values). The ti m e
of di ˜usi on at a distance of about tho usand angstrom s at a tem perature of 790 K
is of the order of tens of seconds whereas at a tem perature of 665 K i t is tens of
m inutes.
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