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The structure and growth of Pd films formed by vapor-deposition on Ta(ll0) have been studied using AES and LEED over a 
wide range of substrate temperatures. The thermal stability of monolayer, bilayer and trilayer Pd was examined also. At 300 K, the 
growth of Pd on Ta(ll0) is best described by a Frank-van der Merwe (layer-by-layer) growth mode. Initially, the first Pd layer 
grows in 2D pseudomorphic islands up to a Pd coverage of end = 0.65 (defined relative to the atomic density of the (111) surface of 
bulk Pd, 8,, = 1). Subsequent deposition of Pd atoms induces a phase structural phase transition; for 0.65 <B,, < 1.0 the 
monolayer growth proceeds through formation of 2D islands of Pd fee (111) structure. At 125 K, the growth mode of Pd/Ta(llO) is 
similar, but seems to deviate slightly from the layer-by-layer mode. For a substrate temperature of 500 K the growth mechanism 
changes. The first layer is still pseudomorphic initially, but the phase transition to the Pd fcc(ll1) structure occurs at ePd = 0.82. 
After completion of the Pd monolayer, additional Pd deposition results in the formation of 3D crystallites 2-3 layers thick on top 
the first Pd layer, i.e., a Stranski-Krastanov growth mode occurs at 500 K. Annealing studies show that the pseudomorphic Pd 
monolayer is stable to very high temperatures (up to 1350 K), but the growth of Pd crystallites occurs upon heating thicker Pd 
layers above 3’70 K, 

1. Introduction 

Over the last decade metal overlayers (ultra- 
thin films) grown on single crystal surfaces of 
other metals have received increasing interest 
since these overlayer surfaces exhibit many chem- 
ical and physical properties which differ dramati- 
cally from the surface properties of the bulk 
metals. These properties depend on the film 
thickness, chemical nature of the overlayer, sub- 
strate, substrate structure, and deposition condi- 
tions (rate and substrate temperature). A deter- 
mination of the nucleation and growth mecha- 
nism of these metal layers growing on the sub- 
strate is the basis for subsequent investigation of 
the properties of the ultrathin films. Uftimately 
one would like to produce metal overlayers to 
selectively enhance or create a desired surface 
property. 

Our interest in Pd overlayers on transition- 
metal crystal surfaces stems from the alterations 

that occur in the chemical properties of these 
overlayers. Several studies have been conducted 
on Pd thin films on substrates such as MO [1,2], 
Nb [3-101, Ta [4,11-171 and W [B-231. These 
studies show that the Pd monolayer interaction 
with CO molecules is weakened considerably and 
is very similar to that of the Group Ib metal 
surfaces (Cu, Ag, and Au). For example, on 
Pd/Ta(llO) Ruckman et al. [12,13] observed us- 
ing UPS that CO chemisorption on the Pd mono- 
layer was characterized by a reduced sticking 
coefficient at room temperature and a weak 
CO-metal interaction, as evidenced by a de- 
creased shift of the CO.56 orbital binding energy 
measured for CO adsorption at low tempera- 
tures. Using TPD, Keel et al. 1111 have estimated 
the desorption activation energy to be 14.4 
kcal/mol, which is equal to the heat of adsorp- 
tion of CO adsorbed on a monolayer of Pd on 
Ta(ll0). In contrast, the heat of adsorption of 
CO on bulk Pd(ll1) single crystals is 35.5 
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kcal/moi [24,251. TPD studies of CO adsorption 
on Pd monolayers on Mo(100) [26], Nb(ll0) [27], 
and W(110) [21l substrates also show a weakening 
of the CO-Pd bond strength. In addition, recent 
studies by Heitzinger et al. 126,271, show that the 
CO desorption energy can be tuned as a function 
of Pd film thickness. For Pd films on Nb(ll0) and 
Mo(100) that have been annealed to 500 K, the 
CO desorption energy increases gradually with 
Pd film thickness but does not reach that of the 
bulk Pd(ll1) surface until after B,, 2 5. 

The origins of the observed alterations in the 
chemical properties of these Pd films are still not 
well understood. However, two of the possibilities 
are: (i> physical structure, mostly pertaining to 
the lattice strain in the Pd layers; and (ii) elec- 
tronic structure, focusing on the alteration in the 
electronic structure of the Pd monolayer induced 
by the Pd-metal substrate interaction. Lattice 
strain obviously induces changes in the Pd elec- 
tronic structure, but other Pd-substrate interac- 
tion effects (which could occur in the absence of 
large strain) can be described in terms of rehy- 
bridization of the Pd d states at the Pd-metal 
substrate interface and/or charge transfer across 
the interface. The Pd/Ta(llO) system is suited 
well for exploring the relative importance of some 
of these effects. Previous data indicates that Pd 
deposited OR Ta(ll0) initiahy forms a pseudo- 
morphic layer which undergoes a structural phase 
transition at a Pd coverage of approximately one 
bee monolayer, i.e., a Pd coverage equal to the 
substrate atom density 163. LEED observations by 
Ruckman et al. (131 indicate that this phase tran- 
sition takes place within the Pd monolayer at a 
coverage equal to 0.5 bee monolayer. The phase 
transition is marked by the appearance of fee 
(111) spots and a linear array of extra spots along 
the shorter axis of the distorted hexagon formed 
by the bee (110) spots. The Pd film has a fee (111) 
structure after the phase transition takes place. 
These structural changes are also observed for a 
Pd monolayer on Nb(l10) [271. The lattice strain 
present within the pseudomorphic and the fee 
(111) Pd monolayers are dramatically different 
and, therefore, this is an excehent system on 
which one can test the effect of lattice strain on 
the chemistry of the Pd monolayer. In addition, it 

is very important to test the effect of Pd film 
thickness on the chemisorptive properties of the 
Pd film surfaces. In this paper we reinvestigate 
the growth mechanism and the structure of ultra- 
thin Pd films vapor-deposited on Ta(ll0). We 
have used AES to study the growth properties of 
Pd on Ta(ll0) single crystal. We greatly extend 
previous LEED [6] and UPS [13] studies of Pd on 
Ta(120) in which recrystallized Ta foils were uti- 
lized to prepare the Ta(ll0) surface. This work is 
also a much more extensive AES study than de- 
scribed by KoeI et al. [11] since we investigate the 
growth properties of Pd on Ta(ll0) at different 
temperatures and study the Pd film thermal sta- 
bility. We present a detailed Pd coverage charac- 
terization and temperature dependent structural 
studies of the Pd films on TaGlO). This informa- 
tion is required for a correct interpretation of the 
chemisorptive properties of Pd ultrathin films on 
Ta(l10). 

2. Experimental method 

The apparatus which was used for these exper- 
iments is described in a previous paper [28]. AES 
is used to check for contamination and to moni- 
tor Pd deposition, and is carried out using a 
double pass CMA with a coaxial eiectron gun 
operating at 3 keV and incident current of lo-20 
PA. The incident electron beam is normal to the 
sample and a 6 V peak-to-peak modulation is 
used. The base pressure of the chamber is 5 X 
lo-” Torr. Pd deposition is carried out by resis- 
tively heating a 0.25 mm diameter tungsten wire 
wrapped with 0.1 mm Pd wire (AIfa, 99.997%). 
During Pd deposition, the pressure in the cham- 
ber remains below 2 x lo-” Torr. The Ta single 
crystal surface (0.5 cm x 1.0 cm> is cleaned by 
repeated flashing to temperatures of 2400-~00 
K in vacuum. The temperature of the sample is 
measured by a W-5%Re/W-26%Re thermo- 
couple spot-welded to one side of the sample. A 
few high temperature flashes are required to re- 
duce C and 0 contamination below 1% as deter- 
mined from monitoring the C (KW) and 0 
(KW) AES signals. Oxygen contamination on 
the Pd films is estimated to be less than 2%. 
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3. Results 

3.1. Pd deposition at 125, 300, and 500 K 

The growth mode of the deposited Pd film can 
be determined from AES uptake curves which 
are constructed from peak-to-peak intensity 
measurements of the Ta(179 eV> and Pd(330 eV> 
transitions in AES as a function of Pd deposition 
time. Figs. 1 and 2 show the Pd and Ta AES 
uptake curves at substrate temperatures of 125, 
300, and 500 K. The Pd and Ta AES signals are 
normalized to their respective bulk values. This 
value for Pd AES signal was determined as the 
saturation value of the Pd AES signal obtained at 
very large Pd deposition times. The rates of Pd 
deposition during the AES uptake experiments at 
125 and 500 K are normalized to the Pd deposi- 
tion rate for the uptake at 300 K by measuring 
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Fig. 1. Pd(330 eV) AES signals as a function of Pd deposition 

time for substrate temperature of 125 (O), 300 (a), and 500 

(ml K. The Pd AES signals are normalized to bulk Pd AES 

values obtained from very thick Pd films. 
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Fig. 2. Ta(179 eV) AES signals as a function of Pd deposition 

time for substrate temperatures of 125 (cI), 300 (*), and 500 

( W) K. The Ta AES signals are normalized to bulk Ta AES 

values obtained from the clean Ta(ll0) substrate. 

the initial growth curve at 300 K before each of 
the other AES uptake experiments, permitting 
any corrections that should be made in the time 
axis in the uptake plots in figs. 1 and 2 due to any 
changes in Pd deposition rate. 

Fig. 3 shows more clearly the initial stages of 
the Pd growth at a substrate temperature of 300 
K. The Pd AES signal increases with well-defined 
and nearly equally spaced (in time) “breaks” or 
changes in slope of the curves at 335, 670, and 
1000 s. The Ta AES signal decreases in a similar 
fashion with all the breaks occurring at approxi- 
mately the same time. These observations clearly 
indicate a layer-by-layer growth mode of Pd at 
300 K. 

Close examination of the monolayer deposi- 
tion stage (O-335 s> of both the Pd and Ta curves 
reveals that they can be divided into two seg- 
ments: the first one extending from 0 to 220 s, 
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and a smaller one extending from 220 to 335 s. 
This behavior has been previously observed for 
Ni on W(110) [29] and Rh on Mo(ll0) [30]. The 
significance of these two segments is revealed by 
inspection with LEED. Observations of the LEED 
pattern during the growth of Pd at 300 K reveal 
two distinct LEED structures before and after 
the occurrence of the first AES break at 220 s. 
The clean Ta(ll0) surface shows a sharp (1 X 1) 
LEED pattern. Increasing Pd doses up to 220 s 
does not affect the (1 X 1) structure, but it does 
reduce the intensity of the (1 x 1) spots and in- 
crease the background intensity, i.e., the Pd layer 
grows pseudomorphically with the Ta(ll0) sub- 
strate in this deposition range. Increasing the Pd 
doses slightly above 220 s induces changes in 
LEED with the formation of a linear array of 
very diffuse extra spots (i.e., “beat” pattern [6]). 
These extra spots sharpen with additional Pd 
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Fig. 3. Pd(330 eV) and Ta(179 eV) AES signals versus Pd 
deposition time for a 300 K substrate. The evolution of the 
LEED pattern as a function of Pd deposition time is also 

indicated on this figure. 

deposition. These LEED observations, in connec- 
tion with the AES observations, indicate changes 
in the structure within the pseudomorphic Pd 
monolayer. The most intense extra spots are at- 
tributed to a Pd fee (111) surface net with the 
unit cell size equal to the bulk Pd(ll1) lattice 
spacing. 

The LEED pattern from the ordered structure 

at ‘Pd = 1.0 is shown in fig. 4a. We attribute the 
origin of the extra LEED spots to multiple scat- 
tering of electrons from the Pd/Ta(llO) surface, 
as did Sagurton et al. [6]. Thus, the pattern can 
be regarded as a superposition of two diffraction 
patterns: one from the substrate alone, and one 
due to the overlayer alone [31]. The additional 
weak beams are due to additional diffraction of 
the substrate beams by the Pd overlayer. Aherna- 
tively, the beat structure can also originate from a 
wave-like distortion propagating in the [OOl] di- 
rection which, as suggested by Bolding and Carter 
[32], relieves interfacial strain due to misfit dislo- 
cations at the fee (lll)/bcc (110) interface. The 
real space unit meshes are shown in fig. 4b. The 
Pd pseudomorphic structure corresponds to a 
highly distorted fee (111) structure extended by 
20% in the [OOl] direction and compressed by 
1.7% in the [liO] direction. This structure corre- 
sponds to a packing density of 1.30 X 1015 
atoms/cm2. The perfect Pd fee (111) structure 
corresponds to a higher packing density of 1.5 X 

1015 atoms/cm2. A complete, pseudomorphic, 
single layer of Pd corresponds to a coverage of 
8,, = 0.86 (0,, = 1.0 is defined as the coverage of 
a perfect Pd fee (111) single layer). The breaks 
observed in the Pd and Ta AES uptake curves at 
220 s correspond to a Pd coverage of epd = 0.65. 
Since this coverage is less than the saturation 
coverage of a pseudomorphic Pd single layer, 
nucleation of islands of Pd fee (111) must occur 
prior to the completion of the pseudomorphic 
monolayer. 

Considering the Pd uptake at 300 K, the ratio 
of the slope of the third segment (S,) to that of 
small linear segment (S,) gives S,/S, = 0.67. The 
ratio of the slope of the fourth segment (S,) to 
that of the third segment gives S,/S, = 0.69. As- 
suming the layer-by-layer growth of Pd(lll) 
planes with the bulk Pd spacing of d(ll1) = 2.25 
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A, the ratios of these slopes yield mean free 
paths of 7.8 and 8.1 A for the Pd(330 eV) Auger 
electrons. The result that these two values are 
similar is consistent with a layer-by-layer growth 
of Pd on Ta(ll0). In addition, these mean frez 
paths compare very well with the value of 8 A 
obtained from the semi-empirical calculations of 
electrons mean free paths in solids [331. 

We now consider the Pd and Ta AES signals 
for deposition at a substrate temperature of 125 
K, which were also shown in figs. 1 and 2. The Pd 
and Ta signals are extremely close to the signals 
recorded for Pd deposition at 300 K, indicating 
therefore a very similar growth mode (layer-by- 
layer) at a substrate temperature of 125 K. The 
uptake curves at 125 K do not exhibit clear breaks, 
which is most likely due to increased importance 
of imperfect layering (or localized condensation) 
at this deposition temperature. This occurs at 125 
K because of the reduced thermal energy avail- 
able for the activated growth of 2D islands. The 
growth of Pd at 125 K is similar to the Pd growth 
at 300 K, i.e., pseudomorphic, but the structural 
phase transition occurs at tiPd = 0.72. These con- 
clusions are based on our monitoring of the LEED 
pattern during Pd deposition at 125 K. The “beat” 
structure observed at 125 K is characterized by 
diffuse spots; the pattern sharpens only when the 
Pd layer is annealed above 300 K. Here again, 
reduced thermal energy inhibits the reconstruc- 

tion of the pseudomorphic single Pd layer to form 
Pd fee (111) 2D islands. 

Deposition at 500 K causes the Pd uptake 
curve, as shown in fig. 1, to be markedly lower 
above t = 340 s than the curve for 300 K. In the 
340-1000 s deposition range, the Pd signal for 
500 K is fairly linear. These observations are 
consistent with a growth of a Pd monolayer fol- 
lowed by growth of Pd crystallites, i.e., the Stran- 
ski-Krastanov (SK) mechanism. The LEED pat- 
tern monitored during Pd deposition at 500 K 
shows only (1 x 1) spots for ePd 2 0.83. Pd de- 
posited on Ta(ll0) at 500 K grows by formation 
of 2D pseudomorphic islands up to t9rd = 0.83, 
forms 2D islands with Pd fee (111) structure until 
the monolayer is completed, and then proceeds 
through nucleation of bulk-like Pd crystallites on 
top of the Pd monolayer. The size of these crys- 
tallites can be estimated within the framework of 
the model described by Taylor et al. [34]. In figs. 
1 and 2, the dashed line represents an idealized 
clustering mode where no intermediate growth 
process is encountered between one monolayer 
and the formation of a three layer thick continu- 
ous film. F,“r this case, clusters protruding two 
layers (4.5 A) above the Pd monolayer are nucle- 
ated on top of the monolayer and grow laterally 
to give a continuous film. This dashed line ac- 
counts very well for the Pd on Ta(ll0) data up to 
3 monolayers. 

0 Pd(ll1) UNIT CELL 

I- [ii01 
l Ta( 110) UNIT CELL 

Fig. 4. (a) LEED pattern obtained using E, = 51 eV from a Pd film with 8,,, = 1.0 deposited on Ta(ll0) at 300 K. (b) Pd(ll1) and 
Ta(ll0) surface unit cells in the NW orientation. 
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3.2. Annealing experiments 

The thermal stability of the 2D and 3D struc- 
ture of these Pd films is probed by annealing 
experiments. The curves in figs. 5 and 6 are 
constructed from AES analysis of Pd films that 
have been annealed successively to higher tem- 
perature. AI1 of the Pd fiIms are deposited at 125 
K. Fig. 5 shows a plot of the Pd AES signal versus 
annealing temperature, and fig. 6 shows the Ta 
AES signals obtained at the same time in the 
same experiments. In general, the Ta signals 
shows behavior complimentary to the correspond- 
ing Pd AES signals. 

The pseudomorphic single layer of Pd on 
Ta(ll0) is extremely stable over the temperature 
range of 125-1350 K, as illustrated by the fairly 
constant Pd and Ta AES signals for f?,, = 0.65 in 
figs. 5 and 6. The Pd AES signal drops precipi- 
tously above 1350 K, due to a large reduction of 

I 

0 300 so0 700 900 1100 1300 lSO0 
TEMPERATURE (K) 

“BEAT” AES ANNEALING EXPERIMENTS 
PATTERN y 

0.65 \B 

Fig. 5. Pd(330 eV) AES signals as a function of annealing 
temperature for several Pd film thicknesses. The evolution of 

the LEED pattern is also shown on this figure. 

I AES ANNEALING EXPERIMENTS 

TEMPERATURE (K) 

Fig. 6. Ta(179 eV) AES signals as a function of annealing 

temperature for several Pd film thicknesses. 

the Pd coverage. This is attributed mainly to 
desorption of Pd atoms from the Ta(ll0) surface. 
The Pd AES signaf is reduced to zero at N 1550 
K. During this annealing sequence, the (1 x 1) 

LEED pattern remained unchanged until, above 
1350 K, the pattern shows increased sharpness 
and reduced background. No evidence of Pd-Ta 
intermixing is apparent from the AES data for 
the case of a pseudomorphic Pd layer. Heavy 
clustering of Pd on top of the Ta surface to 
account for the large decrease in Pd signal at 
high temperature is excluded, since desorption of 
Pd begins at a temperature of 1350 K, which is 
150 K higher than the sublimation temperature of 
buik Pd [21]. While this is consistent with surface 
free energy ~nsiderations, i.e., the Ta surface 
with relatively high surface free energy (2.6 J m2> 
[35] tends to remain covered by low surface free 
energy Pd (1.63 J m2) [35], the main driving force 
that stabilizes the Pd monolayer against cluster- 
ing is the strong Pd-Ta interaction. The relatively 
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high temperature at which Pd desorbs from the 
Ta(ll0) surface indicates the increased stabiliza- 
tion of Pd atoms on the Ta(ll0) surface. 

The Pd and Ta AES signals from the incom- 
mensurate layer with 6,, = 1.0 as a function of 
annealing temperature behave similarly to the Pd 
and Ta AES signals from the pseudomorphic Pd 
layer with 8,, = 0.65. The Pd and Ta Auger sig- 
nals remain relatively constant from 125-900 K, 
increase for 900-1350 K, and then the Pd AES 
signal decreases and the Ta signal increases 
rapidly above 1350 K. The Pd AES signal disap- 
pears only after the sample is annealed to tem- 
peratures above 1550 K. As described previously, 
the beat structure from the OPd = 1.0 overlayer 
has diffuse spots. The Pd deposited at 125 K is 
likely to consist of a mixture of 2D islands of the 
pseudomorphic and fee (111) structures, with a 
small amount of Pd atoms dispersed on top of 
these structures. Upon annealing, the fee (111) 

islands grow larger by incorporation of second Pd 
layer atoms into the pseudomorphic structure. 

The beat pattern disappears upon annealing 
the ePd = 1.0 monolayer to 550 K and LEED 
shows the (1 x 1) pattern. This structure stems 
from a pseudomorphic Pd single layer with a 
coverage close to its saturation value of ePd = 
0.86. This coverage is obtained by removal of Pd 
atoms from the monolayer to form clusters on top 
of the pseudomorphic Pd single layer. The Pd 
and Ta AES signal do not seem to be sensitive to 
such a process since only a small amount of Pd 
atoms are displaced to form the Pd clusters. 

The simultaneous increase of Pd and Ta AES 
signals at 900 K is intriguing. An increase in the 
size of Pd clusters is ruled out as a major effect 
for the explanation since only a small amount of 
Pd is involved in the process. We tentatively 
attribute this behavior to angular effects, such as 
forward scattering [36] or shadowing [37], from 

8 0 

l 

[OOll 
0 

tf ii01 

Fig. 7. (a) LEED pattern at E, = 65 eV obtained from a Pd film with B,, = 2 annealed to 700 K. (b) Reciprocal lattice structure 
inferred from the LEED structure in (a). Cc) Illustration of the relative orientation of the Pd cluster surface unit cell (plain) and 

Ta(ll0) surface unit cell (dashed). 
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the Pd/Ta surface. At these high temperatures, a 
near-surface Pd-Ta alloy could possibly be 
formed. The formation of a surface Pd-Ta alloy 
(with Ta atoms in the first surface layer) is ruled 
out based on the previous experiment. However, 
a near-surface Pd-Ta alloy could form when the 
Pd layer thickness exceeds one layer. 

In order to understand some of the chrstering 
and alloying properties we carried annealing ex- 
periments on B,, = 2 and 3 films. These studies 
are crucial inasmuch as changes in the structure 
of the film induced by annealing can strongly 
affect the chemical properties of the surface. The 
Pd and Ta AES signals in figs. 5 and 6 show a 
strong temperature dependence. The changes that 
occur in the annealing curves can be divided into 
three temperature intervals in which the Pd and 
Ta AES signals change smoothly or remain con- 
stant: (i) 12.5-375 K, (ii) 350-850 K, and (iii) 
850- 1250 K. 

completely at about 850 K and a (1 x 1) LEED 
pattern is observed. The new LEED structure is 
associated with 2-3 layer thick Pd clusters with a 
structure very close to a bulk Pd(100) surface on 
top of the pseudomorphic Pd monolayer on 
Ta(llO1. The streaking is most likely due to re- 
duced long range order in the [ill] directions. 
The structure illustrated in fig. 7c represents the 
relative orientation of the unit cell of the fee 
000) surface to the Ta(llO1 surface unit cell. This 
orientation corresponds to a one-dimensional 
pseudomorphic structure with row matching in a 
direction perpendicular to the [ 1111 direction. 
This structure induces a 4% lattice strain in the 
Pd clusters. This can be contrasted to the 20% 
lattice strain in the [liO] direction induced by 
formation of a pseudomorphic structure. 

We will discuss the i3,, = 2.0 film results first. 
The two-monolayer film structure is stable in the 
125-375 K temperature range since the Pd AES 
signal remains constant. No noticeable alteration 
occurs in the LEED beat pattern from this film, 
apart from some sharpening of the pattern at 350 
K. This behavior is observed on the monolayer 
film and is attributed to increased long range 
order. 

In the 350-450 K temperature range, the Pd 
AES signal decreases sharply with increasing 
temperature. Complimentary behavior is seen for 
the Ta AES signal. The Pd signal continues to 
drop from 450-850 K, but more slowly. The value 
of the Pd AES signal decreases to about 85% of 
its initial value at 125 K after annealing to 850 K. 
This is attributed to increased clustering of sec- 
ond layer Pd atoms on top of the first Pd mono- 
layer. We assume that these crystallites are the 
same as those formed from the Pd uptake at 500 
K, the average cluster thickness is estimated at 
two layers. 

At 850 K, the Pd AES signal begins a steep 
decrease. The signal then stabilizes at 70% of its 
initial value in the 900-1300 K temperature range, 
This value is relatively close to the Pd AES signal 
in the annealing curve for ePd = 1.0. We at- 
tributed the rapid drop in the Pd AES signal to 
increased Pd crystallite growth on top of the 
pseudomorphic Pd monolayer. However, at this 
relatively high temperature, alloying could also 
explain this behavior, and the correct interpreta- 
tion will only be possible following additional 
work using LEISS. The LEED pattern remained 
(1 X 1) in this annealing temperature range, 
showing that the pseudomorphic Pd ML remains 
unaltered and no ordered intermetallic com- 
pound is formed. 

Above 1250 K, the AES Pd signal drops sharply 
to zero at N 1600 K, consistent with the observed 
desorption of Pd atoms from TaGlO) [ill. 

For the Pd layer with 8,, = 3.0, the changes 
that occur in the Pd and Ta AES annealing 
curves and the behavior of the LEED pattern are 
similar to that for fiPd = 2.0. However, the beat 
pattern disappears at a temperature of 650 K 
instead of 600 K. 

LEED shows changes over this temperature The pseudomorphi~ structure of the first Pd 
range. At 550 K, the beat pattern begins to fade layer is thermodynamically stabilized as a result 
and a new pattern with some streaking appears of the relatively strong Pd-Ta interaction. This 
progressively. The beat pattern disappears com- interaction is greatly reduced for 2nd and 3rd 
pIetely at 600 K and the new spots sharpen, but layer Pd atoms. Strain relief and row matching 
remain elongated. This new pattern disappears are the driving mechanism for the formation of 



the Pd(lOO)-like 2nd and 3rd layer structure. In 
this configuration the Pd-Pd interaction is also 
increased and the free energy of Pd/Ta system is 
lowered. 

4. Discussion 

Pd vapor-deposited on Ta(ll0) at room tem- 
perature grows in a layer-by-layer (Frank-van der 
Merwe, or FW) growth mode. The initial growth 
mechanism proceeds through formation of 2D 
pseudomorphic islands. At 8,, = 0.65, a struc- 
tural phase transition takes place and 2D islands 
of fee (111) structure grow with increasing Pd 
coverage until the fee (111) monolayer is com- 
pleted. Subsequent growth of Pd on this Pd layer 
takes place by condensation of fee (111) layers, 
The commensurate-to-incommensurate phase 
transition for Pd overlayers seems to be unique to 
the Pd/Ta(llO) and Pd/Nb(llO) [261 systems. 
The structure of the first Pd layer on W(110) [ISI 
and Mo(ll0) [I] is pseudomo~hic. On both of 
these surfaces the Pd growth mode was best 
described by the FW growth mode. 

The phase transition is either driven by strain 
relief of the pseudomorphic structure and/or a 
tendency toward maximizing the number of the 
Pd-Ta bonds. Bolding and Carter [321 using an 
embedded-atom method (EAM) potential to 
model the Pd-Pd and the Pd-substrate interac- 
tions for the Pd/bcc (110) system, predicted the 
occurrence of the commensurate-to-incom- 
mensurate phase transition after the completion 
of the pseudomorphic monolayer. They also sug- 
gested that since this model describes structural 
changes driven only by lattice strain considera- 
tions, the dominant driving force for the Pd 
monolayer structural phase transition is lattice 
strain relief. The in~mmensurate structure cor- 
responds to the so-called NW (Nishiyama- 
Wasserman) orientation. In this configuration the 
“row matching criterion” [38-401 is met in the 
[l?Ol direction with only 1.7% compression of the 
Pd fee (111) lattice. Row matching can also be 
achieved to a lesser degree in the [OOl] direction. 
In fact, in this direction lattice coincidences can 
occur for every 6 Ta rows perpendicular to the 
10011 direction with only 3% Pd(ll1) lattice ex- 

pansion. The formation of an incommensurate 
fee (111) Pd monolayer with the NW lattice orien- 
tation on the W(110) and Mo(ll0) surfaces would 
require a 6% Pd lattice compression in the 11101 
direction and row coincidence for every 8 W or 
MO rows perpendicular to the fOOlI, with 3.6% Pd 
lattice expansion in the [OOl] direction. Thus for- 
mation of a Pd layer on Ta(ll0) with a NW 
orientation of the unit cells seems to be more 
favored by the reduced amount of lattice strain 
and a higher frequency of row matching in the 
[OOl] direction. 

The growth mode of Pd vapor-deposited on 
Ta(ll0) at 125 K is similar to the growth of Pd on 
Ta(ll0) at room temperature. There is, however, 
clear evidence from LEED of reduced long range 
order in the incommensurate structure of the first 
Pd layer. In addition, the Pd and Ta AES uptake 
curves indicate the presence of roughness and 
imperfect layering for thicker Pd layers. 

The growth mechanism of Pd on Ta(llO) at 
substrate temperatures of 500 K follows the same 
initial stages seen for 300 K substrate tempera- 
tures, but the onset of the structural phase transi- 
tion in the monolayer occurs at 8rd = 0.82, very 
close to the saturation coverage of the pseudo- 
morphic Pd structure on Ta(ll0) at 8,, = 0.86. 
After completion of the fee (111) Pd monolayer, 
2-3 layer thick Pd crystallites grow on top of this 
monolayer (SK growth mode). The crystallites 
structure have an fee (111) structure. Clustering 
of Pd occurs at even lower temperatures (- 370 
K) as inferred form our annealing experiments 
carried out on 2 and 3 monolayer Pd films de- 
posited at 125 K. The pseudomorphic Pd mono- 
layer on Ta(ll0) is very stable thermally. The Pd 
AES annealing curve combined with LEED ob- 
servations indicate no alterations in the Pd struc- 
ture until Pd atoms from this layer desorb at 
relatively high temperatures of 1350 K. The same 
behavior is inferred for pseudomorphic Pd mono- 
layers on W(110) [18] and Mo(ll0) [l], but Pd 
desorption from Pd monolayers on these surfaces 
is observed at slightly lower temperatures of 1150 
and 1200 K, respectively. 

The incommensurate Pd monolayer on Ta(ll0) 
is much less stable thermally and is altered at an 
annealing temperature of N 550 K. The incom- 
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mensurate structure reverts to the pseudomor- 
phic structure by removal of Pd atoms from the 
first layer to form clusters on top of the pseudo- 
morphic Pd monolayer. The fee (111) structure of 
the Pd monolayer is also converted to the pseu- 
domorphic structure by adsorption of CO at 125 
K. The fee (111) structure is, however, regained 
upon desorption of CO [41]. 

Annealing experiments performed on Pd films 
at 0 rd = 2.0 and ePd = 3.0 indicate the formation 
of Pd clusters at 370 K. In addition, the structure 
of these Pd clusters is influenced by the structural 
change in the first Pd layer. In the 550-600 K 
temperature range the fee (111) structure of the 
first Pd layer returns to a pseudomorphic struc- 
ture. This in turn destabilizes the fee (111) struc- 
ture of the Pd clusters into a structure very close 
to that of Pd(100). Pd films of the same thickness 
on W(110) I181 and Mo(ll0) [l] show higher 
thermal stability. On these surfaces Pd clusters 
form at a relatively higher temperature of N 700 
K. The reduced stability of Pd films on Ta(ll0) is 
an indication of reduced Pd-Pd interaction be- 
tween 2nd layer and 1st layer Pd atoms. The 
agglomeration of 2nd layer Pd atoms to form Pd 
clusters on this type of monolayer is therefore 
greatly facilitated. It is well-established now from 
UPS [12,13] and CO TPD [11,26,27,41] experi- 
ments that a monolayer of Pd on refractory metal 
surface such as W, Nb, Ta, and MO, acquires 
electronic and chemical properties characteristic 
of noble metal surfaces. A strong Pd-substrate 
interaction is one of the major factors which 
accounts for this behavior and also accounts for 
the reduced Pd-Pd interaction between 2nd layer 
Pd and 1st layer Pd atoms. 

5. Condusions 

The growth of Pd vapor deposited on Ta(ll0) 
at 125 and 300 K is described well by a layer-by- 
layer (FW) growth mode. At 125 K, the AES 
uptake curves indicate a slight deviation from this 
mode stemming from roughness and imperfect 
layering. As Pd deposition increases above 8,, = 
0.65, the first Pd layer undergoes a structural 
phase transition from the pseudomorphic struc- 

ture to an incommensurate structure close to the 
fee (111) structure of bulk Pd. The Pd fee (111) 
structure reverts irreversibly to the pseudomor- 
phic structure upon annealing to 550 K by forma- 
tion of 3D Pd crystallites on top of the pseudo- 
morphic Pd monolayer. The pseudomorphic layer 
is however stable to 1350 K. At 500 K, Pd exhibits 
a layer-followed-by-c~stallite (SK) growth mode. 
Upon completion of the fee (Ill) monolayer, 
growth proceeds through formation of 2-3 layer 
thick Pd crystallites of fee (111) structure on top 
of the completed fee (111) monolayer. Annealing 
experiments carried out on Pd films at 13,~ = 2 
and 3 indicate that agglomeration of Pd in 3D 
crystallites starts at 370 K. Above 800 K the 
reduction of the Pd AES signals is alternatively 
interpreted in terms of a near-surface Pd-Ta 
alloy. 
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