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The H, adsorption and absorption properties of monolayer and ultrathin Pd films deposited on Ta(ll0) were studied with AES, 
LEED, and temperature programmed desorption (TPD). The interaction of H, with the fee (111) Pd monolayer (Ord = 1) at 100 K 
is characterized by an initially high value of the H, dissociative sticking coefficient, S = 0.6, that decreases rapidly to - 0.04 with 
increasing H, uptake. Only a very small amount (< 1% of a monolayer) of hydrogen desorbs from chemisorption sites on the 
fIPd = 1 film although there is substantial desorption of hydrogen from bulk absorption sites. We also observed desorption at 150 K 
from a near-surface hydride or interface state from the fee (111) Pd monolayer. The absence of any appreciable amount of 
desorption from a Pd-H chemisorption state on the Pd monolayer is due to destabilization of the Pd-H bond and diffusion of 
hydrogen into Ta to populate energetically more favorable sites. Increasing the temperature of the Pd monolayer to 500 K caused S 
to increase to only 0.1 for large Ha exposures. We attribute this relatively small value of S to the population of hydrogen 
absorption sites just below the Ta surface which, in effect, create a barrier to further Ha uptake. LEED observations following Ha 
exposures on the or.,, = 1 film showed that hydrogen, unlike CO, had no effect on the observed LEED pattern, i.e., no large change 
in the geometric structure of the Pd film occurred. The Ha chemisorption properties of the pseudomorphic bee (110) Pd monolayer 
(tIPd = 0.7-0.8) were almost identical to the fee (111) Pd monolayer with only a slightly smaller value of S and no desorption peak 
at - 150 K. As the Pd film thickness was increased beyond one monolayer, the H, sticking coefficient and desorption from the 
H-Pd chemisorption state increased. If adsorption experiments were carried out on these thicker Pd films at 100 K, S reached a 
value of only 0.23 for large Ha exposures even for films as thick as Ord = 50. We propose that slow diffusion into the bulk at this 
low temperature limits the uptake rate. Increasing the temperature of thick Pd films to 500 K caused a large increase in the H, 
dissociative sticking coefficient to S - 0.4 for ePd = 10 and large H, exposures. 

1. Introduction 

Studies of the interactions of hydrogen with 
metal surfaces advance critical technologies and 
aid in a fundamental understanding of chemical 
reactions at surfaces [l]. Hydrogen plays an im- 
mensely important role in the chemistry of het- 
erogeneous catalysis where hydrogen is often a 
reactant, intermediate, or product. Also, penetra- 
tion of hydrogen atoms into the bulk of metals is 
an important process in hydrogen storage and 
hydrogen-induced embrittlement of metals. From 
a fundamental point of view, dissociative 
chemisorption of hydrogen on metal surfaces is 
one of the most simple heterogeneous chemical 
reactions and is a useful probe of surface reactiv- 
ity. 

Our interest in this area was drawn by the 
work of Strongin and coworkers with monolayer 
and ultrathin Pd films deposited on Nb and Ta 
recrystallized foils [2-51. Using bulk resistivity 
measurements, they found that Pd film coverages 
less than or equal to one pseudomorphic Pd 
monolayer (with a surface atom density equal to 
the bee (110) surface layer) caused no change in 
the hydrogen uptake or slightly inhibited hydro- 
gen uptake compared to hydrogen absorption into 
clean Nb and Ta. At Pd coverages slightly greater 
than one monolayer they observed a phase transi- 
tion from a pseudomorphic Pd monolayer to an 
incommensurate fee (111) monolayer structure. 
An increased hydrogen uptake rate was observed 
after this phase change occurred. They proposed 
that the increased H, uptake was a direct conse- 
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quence of the difference in the number of nearest 
neighbors between the two Pd structures and the 
different electronic structures in the two cases. 
The rate of hydrogen uptake increased further 
with Pd film thickness and reached a maximum 
value at a Pd thickness of about 5 layers. The H, 
uptake rate remained at this maximum value for 
Pd films up to 100 layers thick. The sticking 
coefficient for hydrogen was estimated to be unity 
for these thicker films. They concluded that by 
combining the surface properties of Pd with the 
bulk properties of Nb or Ta, the barrier for 
hydrogen migration into the bulk of the latter 
metals was reduced and this lead to an order of 
magnitude increase in the solution rate. We now 
seek to extend this work to less defective, single 
crystal substrates with additional probes of the 
chemical nature of the sorbed hydrogen. 

The Pd-hydrogen system is a classic metal-hy- 
drogen system, and it has received a great deal of 
attention [6,7]. Small H, exposures on Pd(ll1) at 
room temperature produce a single H, peak at 
370 K in temperature programmed desorption 
(TPD) [8,9]. A second desorption state occurs 
near 673 K upon increasing the exposure. These 
peaks were attributed to chemisorbed hydrogen 
(p-state) and hydrogen which was originally ab- 
sorbed in the bulk, respectively. Stulen and 
coworkers [lO,lll have extended the H, TPD 
experiments to include H, exposure at substrate 
temperatures as low as 5 K. A H, multilayer 
desorbs by 9 K leaving a molecular H, species 
adsorbed on the surface. Desorption of this 
species occurs at 16 K, denoted as the I-H, 
desorption state [lo]. The dissociative chemisorp- 
tion state (p-state) desorbs at 300 K. For H, 
exposures at 80 K, only desorption from the p- 
state was observed [9]. However, for exposure 
temperatures between 90 and 140 K a new des- 
orption peak, designated as cy, appeared with a 
desorption temperature of 170 K. The a-state did 
not saturate with increasing H, exposure and 
exhibited zero-order desorption kinetics. This 
state was attributed to absorption into Pd to 
populate a near surface hydride state. Population 
of the a-state was found to be thermally activated 
with a maximum population rate at an exposure 
temperature of 115 K. It was also shown that 

roughening the surface by Arf ion bombardment 
enhanced the rate of population of the a-state by 
up to a factor of 4 at 115 K, suggesting that 
surface defects are important in the absorption 
kinetics [9]. 

TPD studies of H, adsorbed on the Pd(100) 
and Pd(ll0) surfaces show that the desorption 
temperature of chemisorbed hydrogen is only 
slightly different on these crystal faces [12,13]. An 
interesting effect is seen on Pd(ll0) where two 
subsurface hydrogen states, denoted as (or and 
(Ye, are populated and desorb at 160 and 225 K, 
respectively [ 131. 

In the present paper we discuss H, adsorption 
and absorption studies on ultrathin Pd films on 
Ta(ll0). We used a Ta(ll0) single crystal sub- 
strate and we investigated the effects of the Pd 
film preparation procedures, both of which are 
important extensions of the previous work on H, 
uptake by this system [33. H, TPD was used in 
our work since it is much more sensitive to the 
amount of hydrogen and the type of hydrogen 
sorbed than the bulk resistivity measurements 
used previously [3]. We show that the hydrogen 
chemisorption state is destabilized on the 8,, = 1 
film relative to bulk Pd(ll1) surfaces and that it 
is only populated in substantial amounts for films 
with 8,, > 3. The H, uptake is also reduced on 
the Ord = 1 film relative to thick (ePd = 50) Pd 
films. A low-temperature (- 150 K) TPD peak is 
clearly observed for Ord 2 1 and the population 
of this state is highly dependent on the Pd film 
preparation procedures. This peak is the a-state 
due to a near-surface hydride for thick Pd films, 
but may be due to an interface state for the Pd 
monolayer. 

2. Experimental information 

The experimental apparatus has been de- 
scribed previously [ 141. The instrumentation in- 
cluded a double-pass CMA with a coaxial elec- 
tron gun, LEED optics, and a shielded 
quadrupole mass spectrometer. The base pres- 
sure of the chamber was 1 X 10-l’ Torr. The 
Ta(ll0) single crystal was rectangular with di- 
mensions 6 X 8 X 1 mm. It was supported by two 
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0.5 mm diameter Ta wires between two large Ni 
posts (4.8 mm diameter) that connect to a Cu 
block containing liquid nitrogen. The sample was 
cleaned by Ar+ ion bombardment followed by 
repeated flashes to 2500 K using electron beam 
heating from a filament mounted behind the sam- 
ple. The heating rate during TPD experiments 
was 5 K/s using resistive heating of the sample. 
The temperature of the sample was measured by 
a W-5%Re/W-26%Re thermocouple spot- 
welded to the side of the sample. The accessible 
temperature range for the sample was 100 K to 
either 1700 K using resistive heating (during TPD) 
or 2700 K using electron beam heating (during 
cleaning). The temperature variation across the 
sample during experiments was not large, proba- 
bly less than 10 K, as judged from the narrow 
TPD peaks observed in some of these studies and 
in previous work using the same experimental 
configuration. 

Pd was deposited on the front face of the 
Ta(ll0) sample by resistively heating a 0.5 mm 
tungsten wire which was wrapped with 0.1 mm Pd 
wire (Aesar, 99.99% pure). All Pd coverages are 
referenced to the fee (111) Pd monolayer, with 
8,, = 1 corresponding to a Pd coverage equal to 
the Pd(ll1) surface atom density, as described in 
our previous paper [15]. High purity H, (Mathe- 
son, PP Grade, 99.9%) was used without further 
purification. H, exposures were carried out with 
the aid of a glass capillary array doser resulting in 
a small flux enhancement. Exposures are re- 
ported in Langmuir units (1 L = 1 X 10e6 Torr * s) 
and have been corrected for ionization gauge 
efficiency (S(H,)/S(N,) = 0.42 [161 and doser en- 
hancement factor. 

Hydrogen uptake by the Ta(ll0) crystal will 
not become saturated under our experimental 
conditions, since hydrogen penetration into the 
bulk of Ta occurs even for temperatures as low as 
78 K 1171. In order to estimate the amount of Hz 
desorbed during H, TPD experiments, we made 
a comparison between the H, TPD area and the 
CO TPD area following CO adsorption on a thick 
Pd film. We have shown previously that a thick 
Pd film has bulk Pd(ll1) chemisorption proper- 
ties for CO. The H, TPD area corresponding to 
8, = 1 was determined by measuring the CO 

TPD area from a saturation coverage of CO, 
dividing by the saturation coverage (eco = 0.8) of 
CO on Pd(lll), and correcting for the differences 
in ionization efficiency and mass spectrometer 
transmission for the two molecules. This method 
should be accurate to within at least a factor of 
two. In our studies, approximately one monolayer 
of hydrogen desorbs from clean Ta(ll0) following 
a 4.6 L H, exposure at 100 K. 

At the high temperatures required for H, des- 
orption, another issue is the possibility that hy- 
drogen diffuses from the supports. This is a diffi- 
cult problem to resolve cleanly, although the sam- 
ple supports are obviously much smaller than the 
Ta sample. We observed no differences in the 
TPD spectra for H, exposures performed by 
backfilling the chamber compared to using the 
doser other than the expected flux enhancement. 
Since backfilling increases the ratio of H, dosed 
to the supports versus the sample, this is consis- 
tent with minimal interference by the supports. 

The growth and structure of Pd films on 
Ta(ll0) have been studied by several groups with 
a number of techniques including AES (including 
AES signal versus deposition time plots), LEED, 
TPD, and UPS [4,15,18,19]. At room tempera- 
ture, the growth is best described by a Frank-van 
der Merwe (layer-by-layer) growth mechanism. 
Initially, the first Pd layer grows in two-dimen- 
sional pseudomorphic islands. This continues up 
to e,, = 0.65, with near completion of the Pd bee 
(110) monolayer. Subsequent deposition of Pd 
causes a structural phase transition to occur, 
forming Pd fee (111) islands. This transition causes 
“beat” spots [4,15,18,19] aligned parallel to the 
short axis of the distorted hexagon of the sub- 
strate to appear in the LEED pattern. For 8,, = 
1.0 an fee (111) Pd monolayer is formed with a 
surface atom density approximately equal to that 
of bulk Pd(ll1). As further Pd is deposited, the 
film continues to grow with an fee (111) structure. 
The beat pattern observed in LEED fades and a 
symmetric hexagon characteristic of the Pd fee 
(111) structure is observed. The growth of Pd on 
Ta(ll0) at 125 K is similar to that at 300 K 
although the growth deviates slightly from the 
layer-by-layer mode. Through annealing experi- 
ments it was shown that the bee (110) pseudomor- 
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phic Pd monolayer is stable to 1350 K, but the fee 
(111) monolayer is stable only to 550 K. Near this 
temperature, the beat pattern begins to fade and 
streaking is observed. Films thicker than this may 
agglomerate into three-dimensional clusters two 
to three layers thick at temperatures as low as 
370 K. 

In this paper, we show H, desorption data to 
1700 K. Multilayers of Pd start to diffuse in, or 
alloy, at about 800-1000 K, and the final mono- 
layer diffuses away or desorbs at about 1350 K. 
The interpretation of the H, TPD spectra over 
this temperature range must include that the Pd 
thickness changes due to alloying. This may ex- 
plain similarities in the very high temperature 
behavior to clean Ta. 

3. Results 

The H, TPD spectra obtained subsequent to 
H, exposures on a clean Ta(ll0) surface at 100 K 
are shown in fig. 1. The majority of H, desorp- 
tion occurs in the region 800-1600 K after small 
H, exposures (0.09 L). With increasing exposure, 
the state at 1100 K increases in size, becoming 
extremely broad, and gradually shifts to about 
1000 K. This H, desorption feature is not satu- 
rated by a 22 L H, exposure at 100 K and 
desorbs over an 800 degree temperature range. 
The behavior of this peak with increasing H, 
exposures suggests that it is due to desorption of 
hydrogen which is absorbed in the bulk of the 
Ta(ll0) crystal. A small amount of H, desorption 
is also seen at 150, 385, and 615 K. The H, TPD 
from Ta(ll0) is in good agreement with previous 
work [19}. 

3.1. Znteraction of Hz wits the inco~~~~~r~te fee 
(111) monolayer Pd film, OPd = 1 

Studies of H, adsorption on 6,, = 1 films de- 
posited on the Ta(ll0) surface at 100 K were 
carried out. The Pd films were not annealed prior 
to exposure to H, and clearly showed the ““beat” 
pattern characteristic of the incommensurate fee 
(111) monolayer structure in LEED observations. 
Fig. 2 shows H, TPD spectra for increasing H, 

X,iTa( 1 IO) 

T Exp = 100 K 

Temperature (K) 

Fig. 1. H, TPD spectra foliowin~ H, exposure on clean 
Ta(ll0) at 100 K. 

exposures on the Pd monolayer at 100 K. Two 
spectra from clean Ta(ll0) are also shown as 
dashed curves for comparison (we estimate that 
the amount of H, desorption in the upper (22 L 
H,) and lower dashed curves (0.09 L H,) corre- 
sponds to fir., = 2.2 and 8r.r = 0.5, respectively). 
For a small H, exposure of 0.09 L, new H, TPD 
peaks are observed at 1400 and 150 K, clearly 
enhanced relative to the clean Ta(ll0) surface. 
Approximately twice as much H, desorbs at 150 
K following deposition of the 8,, = 1 film. How- 
ever, the overall shape of the H, TPD spectrum 
appears to be largely unaffected by deposition of 
the ePd = 1 film. 

As the H, exposure is increased, the peak 
near 1100 K increases in size and shifts to lower 
temperature similar to what was observed on 
clean Ta(ll0). Slightly less H, desorbs in this 
peak for 8, = 1 compared to clean Ta(ll0) for 
equivalent H, exposures. The small peak at 1400 
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K is constant in size and desorption temperature 
as the H, exposure is increased, while a slight 
increase is observed in the amount of H, desorp- 
tion at 150 K. Increased desorption is also ob- 
served near 250 K for the 22 L H, exposure. 

A comparison of the total H, TPD area as a 
function of H, exposure on clean Ta(ll0) and 
the ePd = 1 film at 100 K is shown in fig. 3. The 
total H, TPD area increases with H, exposure 
mainly due to increased desorption near 1100 K, 
as was discussed above. The amount of H, des- 
orbing from clean Ta(ll0) and the ePd = 1 film 
are nearly the same, however, slightly more hy- 
drogen desorbs from clean Ta(ll0) than for the 
Pd monolayer for larger exposures. We can ob- 
tain the H, dissociative sticking coefficient, S, as 
a function of H, exposure from the slope of the 
curves in fig. 3. An estimate of the absolute value 
of S was obtained by normalization with H, TPD 

H,/Pd/Ta( 110) 

epj = 1 

,,“‘d” 

; H, Exposure (L) 

8’ 
: 
. 22 

T ,,p=lOOK .:’ 46 
: 
: 2.2 

Clean Ta(1 lo)-/ : 1.2 

037 

0.16 

0.09 

0 1 I I I I I I I I I I I, I 
300 500 700 900 1100 1300 1500 1 

Temperature (K) 

Fig. 2. H, TPD spectra following H, exposure at 100 K on a 
fee (111) monolayer Pd film deposited on Ta(ll0) at 100 K. 
The dashed curves reproduce the H, TPD spectra following 

0.09 L (lower) and 22 L (upper) H, exposures. 

160L 
H, Uptake on Ta(ll0) and Pd/Ta(l 10) 

140 _ T~xp = ‘00 K 

120- 

Oll.,,,.,,,.,.,.,.,.,,,,,,,,,.,,~~~~~~~,~~~~~~ 
0 2 4 6 6 10 12 14 16 16 20 : 

H, Exposure (L) 

J 
!2 

Fig. 3. H, uptake for H, exposure at 100 K from the TPD 
areas of figs. 1 and 2. 

areas following H, exposures on clean Ta(ll0) at 
300 K (not shown) and assuming that S = 0.05, 
which is the value determined on recrystallized 
Ta foils at this temperature [3]. For small (0.09 L) 
H, exposures, S is 0.41 for clean Ta(ll0) and 
0.58 for the 19,~ = 1 film. The value of S reaches 
0.04 for both clean Ta(ll0) and the 8,, = 1 film 
after 4.6 L H, exposures, and remains constant 
as the H, exposure is increased further. This 
indicates that S is dominated by diffusion into 
the bulk of the sample at this exposure tempera- 
ture and hydrogen coverage regime for both clean 
Ta(ll0) and the 8,, = 1 film. 

Several comments about H, desorption from 
the e,, = 1 film can be made. First, the H, TPD 
peak at 150 K on the 8,, = 1 film is at the 
temperature where the (Y state due to H, desorp- 
tion from decomposition of a near surface Pd 
hydride is observed for bulk Pd(ll1) surfaces. 
This may indicate that we have populated the 
a-state for the 8,, = 1 film, or, since a bulk-like 
hydride is inherently unlikely for one monolayer 
of Pd, H, desorption occurs from an interface 
state. Secondly, there is only a very slight increase 
in H, desorption between 200 and 400 K from 
the e,, = 1 film relative to clean Ta(llO), and 
then only for a large (22 L) H, exposure. This is 
the temperature range where we would expect to 
observe desorption due to hydrogen chemisorbed 
on Pd. The absence of a distinct peak could mean 
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that hydrogen does not chemisorb on the ePd = 1 
film even though there is hydrogen uptake into 
the bulk. This could be due to an activation 
barrier to H, dissociative chemisorption on the 
Ord = 1 film, but this would imply a small initial 
sticking coefficient which is not observed. A more 
likely explanation is that H, chemisorbs on the 
8,, = 1 film but then diffuses into Ta to occupy 
energetically more favorable sites. Finally, be- 
cause absorption into Ta occurs even at 78 K [17], 
the observed value of S will be a function of both 
the adsorption coefficient, Sads, and the absorp- 
tion coefficient, SSO,. At 100 K, SSO, and the rate 
of hydrogen diffusion into the Ta bulk is small 
[6,171. Thus, the observed high value of S at low 
(0.09 L) hydrogen exposures reflects Sads, while 
absorption into the bulk is rate limiting at higher 
H 2 exposures. 

LEED observations were made after H, expo- 
sure on a ePd = 1 film at 100 K. For this experi- 
ment, Pd was deposited at 100 K and then an- 
nealed to 300 K to improve the quality of the 
LEED pattern. The characteristic beat spots were 
observed prior to H, exposure. Exposure of up to 
22 L of H, to this surface caused no change in 
the LEED pattern (no new spots nor increase in 
the background intensity). 

3.2. Interaction of H, with Pd films of increasing 
thickness 

H, TPD spectra following constant 4.6 L H, 
exposures at 100 K are shown in fig. 4 for several 
Pd film thicknesses. These Pd films were de- 
posited on Ta(ll0) at 100 K and were not an- 
nealed prior to exposure to H,. The H, TPD 
spectrum after 4.6 L H, exposure on clean 
Ta(ll0) is also shown as the dashed curve in fig. 4 
for comparison, and we estimate that this corre- 
sponds to OH = 1. Results for the pseudomorphic 
bee (110) Ord = 0.71 film are almost identical to 
the fee (111) ePd = 1 film, with the peak at 1000 K 
broadened towards higher temperature due to 
increased desorption near 1400 K but no evi- 
dence of H, desorption from the a-state at 150 
K. Overall, slightly less H, desorbs from the 
0,, = 0.71 film compared to clean Ta(ll0) and 
the e,, = 1 film. One brief report of hydrogen 

Ii PdiTa(ll0) 

Unannealed Pd Films 

Y0 
4.6 L H, 

/+, T,,,=lOOK 

-.*.*,e, 

I I I I 1 I I I I I I 

300 500 700 900 1100 1300 1500 1; 

Temperature (K) 

10 

Fig. 4. H, TPD spectra following 4.6 L H, exposures to 

several Pd films on Ta(ll0) at 100 K. 

adsorption on a thin Pd film deposited on Ta(ll0) 
studied by TPD has shown a similar result for this 
Pd film thickness [19]. Increasing the Pd film 
thickness to 8,, = 2 caused an increase in the 
total amount of H, desorbing, with increased 
desorption at 150 (a-state) and 1000 K. There 
was also a small shoulder at 250 K on the high 
temperature side of the a-state. At a Pd film 
thickness of 8,, = 3.5, the amount of H, that 
desorbed from the a-state more than doubled 
relative to the ePd = 2 film and the total amount 
of H, desorption also increased. The shoulder on 
the high temperature side of the a-state became 
a very small peak at 312 K. The origin of this 
latter peak (p-state) is attributed to desorption of 
hydrogen chemisorbed on Pd(ll1) sites. For 8,, 
= 15, the a-state increased further in size, the 
p-state increased in size and shifted up to 324 K, 
and the peak due to desorption from bulk Ta 
increased in size and shifted down to 907 K. 
Increasing the Pd film thickness to 0,, = 50 
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caused large increases in all of the H, desorption 
peaks. In addition, a new peak appeared at 1640 
K. This peak may be related to Pd desorption 
which occurs in this temperature range [19]. The 
total amount of H, desorption from this thick 
film was more than a five times that seen from 
the f3,, = 1 film. 

Some experiments were also carried out with a 
substrate temperature of 500 K in order to com- 
pare with the previous work of Strongin and 
coworkers [2-51. H, TPD spectra following 4.6 L 
H, exposures on several Pd films at 500 K are 
shown in fig. 5. All of the Pd films were annealed 
to 500 K prior to H, exposure to minimize struc- 
tural changes during the exposure and subse- 
quent TPD experiments. A new Pd film was 
deposited for each exposure and TPD experiment 
conducted, and the samples were cooled to 100 K 
just prior to TPD. The H, TPD spectrum after a 
4.6 L H, exposure on clean Ta(ll0) is shown by 
the dashed curve in fig. 5. In this spectrum, two 
peaks are seen at 940 and 1535 K. On the pseu- 
domorphic Pd monolayer with 8,, = 0.8, the peak 

615 
PdiTa(ll0) 

4.6 L H, 

T Ew= 500 K 

Temperature (K) 

Fig. 5. H, TPD spectra following 4.6 L H, exposures 
several Pd films on Ta(ll0) at 500 K. 

to 

700 

600 

7 

TExp = 500 K 

ti 
500 _. 

m 
z 400 z 

D 0.2 s 

F 300 

(D 

2 
r" 200 (D 

T Exe = 100 K 
0.1 

3 

ob ’ ’ ’ ’ 1 3 ’ 0 5 10 

Pd Thickness (ML) 

Fig. 6. H, uptake on Pd films at 100 and 500 K measured by 
H, TPD area. Also shown on the right-hand axis are our best 
estimates of the values of the dissociative H, sticking coeffi- 

cient. 

at 940 K is decreased in size and increased des- 
orption occurs at 1400 K. Increasing the Pd cov- 
erage to 8,, = 1.0 caused a small increase in the 
amount of H, desorption. For a film with 19r,, = 
2.0, the amount of H, desorption nearly doubled 
relative to the f3,, = 1 film. A similar increase in 
H, desorption was seen after increasing the Pd 
film thickness to 8 r,, = 3 and again for the 8,, = 5 
film. The peak maximum of the main desorption 
peak shifted down to about 815 K for this sur- 
face. Increasing the Pd film thickness to 8,, = 10 
resulted in only a small increase in the amount of 
H 2 desorbing. 

Fig. 6 shows the H, TPD areas plotted as a 
function of the Pd film thickness for 4.6 L H, 
exposures at 100 and 500 K. The H, TPD area 
initially decreases as Pd is deposited for both 
exposure temperatures. The TPD area then in- 
creases slightly for a Pd film thickness of 8,, = 1. 
For H, exposures at 100 K, a gradual increase of 
the H, TPD area is observed as the Pd film 
thickness increases. This trend continues even for 
films as thick as or,, = 50. For H, exposures at 
500 K, the H, TPD area increases rapidly for 
1 I 8,, I 5 and reaches a constant value near 
e pd = 10. 

These TPD areas measure the relative values 
of the H, dissociative sticking coefficient, S, be- 
cause equal amounts of H, were exposed on each 
of the Pd films. The value of S represents an 
average value integrated over the hydrogen cov- 
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erage obtained (which is near one monolayer 
equivalent). S is much higher for H, exposures 
on clean Ta(ll0) and all the Pd films at 500 K 
relative to that at 100 K. By normalizing the data 
to the uptake on clean Ta(ll0) at 300 K (not 
shown) and assuming S = 0.05 [3], we can esti- 
mate at 500 K that S = 0.10 for clean Ta(llO1, 
S = 0.09 for the pseudomorphic Pd monolayer, 
while S = 0.11 for the fee (111) Pd monolayer. 
For the ePd = 10 film at 500 K, S = 0.43 which is 
close to the value of S, = 0.5 determined for bulk 
Pd(ll1) at 80 K [l]. For H, exposures on the 
substrates at 100 K, S = 0.04 for clean Ta(llO), 
S = 0.03 and 0.04 for the pseudomorphic and fee 
(111) Pd monolayers, respectively, and S = 0.08 
for the or,, = 15 film. 

LEED observations of the 8,, = 10 film 
showed a symmetric hexagonal pattern indicative 
of a Pd fee (111) structure after annealing to 300 
K. No changes were observed in the LEED pat- 
tern following H, exposures as large as 22 L at 
100 K. 

3.3. The structure and chemical properties of 
annealed Pd films as probed by H, adsorption / 
desorption 

Surface roughness has been shown to be im- 
portant to the rate of population of the a-state 
seen in H, TPD, i.e. the near surface hydride, on 
Pd [9]. In light of this, we have used H, desorp- 
tion from the a-state to probe the Pd film mor- 
phology and chemical properties as a function of 
the film annealing temperature, Tan_,. Fig. 7 
shows the H, TPD spectra following 4.6 L H, 
exposures on Ord = 3 films at 100 K for which the 
annealing temperature prior to the Hz exposure 
was systematically increased. Larger H, expo- 
sures did not cause an increase in the amount of 
desorption from the a-state. This indicates that a 
4.6 L H, exposure is sufficient to saturate the 
a-state at this film thickness. For an unannealed 
8,, = 3 film (Tanneal = 100 K) there is a large 
amount of H, desorbing from the a-state. This 
decreases as the annealing temperature is in- 
creased, and the peak from the a-state is no 
longer seen for annealing temperatures of 400 to 
600 K. H, desorption from the a-state is again 

H,Pd/Ta(llO) 4.6 L H, 
T Anneal 

1100 K 

'300 K 

800 K 

700 K 

600 K 

400 K 

300 K 

200 K 

100 K 

Fig. 7. H, TPD spectra following 4.6 L H, exposures on a 

ePd = 3 film at 100 K for several pre-annealing temperatures 

of the Pd film. 

visible at an annealing temperature of 700 K. The 
a-state increases in size for an annealing temper- 
ature of 800 K and then decreases again as the 
annealing temperature is increased further. No 
desorption from the a-state was observed for 
T annea, = 1100 K. This exact behavior as a function 
of annealing temperature was also observed for a 
Pd film thickness of ePd = 2. The only minor 
differences from the 8,, = 3 film results were a 
smaller amount of desorption overall from the 
a-state and no desorption from the a-state for 

q”“eal = 1000 K rather than 1100 K. 
Fig. 8a quantifies the H, TPD area of the 

a-state for the f?,,, = 3 films. This clearly shows 
the changes in the amount of cu-H, desorption as 
the Pd film is annealed. Fig. 8b shows the total 
H, TPD area as a function of the Pd film anneal- 
ing temperature. There is a small increase in the 
total TPD area as the annealing temperature is 
increased from 100 to 300 K, a plateau region of 
nearly constant area from Tanneal = 300 to 900 K, 
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and then a substantial decrease as the annealing 
temperature exceeds 1000 K. 

To help determine what effect, if any, that 
surface roughness and defects play, we carried 
out some experiments using Ar+ ion sputtering. 
We compared H, desorption from an unan- 
nealed t9rd = 3 film, a 8,, = 3 film which had 
been annealed to 400 K, and a 8,, = 3.5 film 
which was annealed to 400 K then briefly sput- 
tered with 0.5 kV Ar+ ions to a thickness of 
8 rd = 3. The sputtering treatment caused a large 
increase in the background intensity in LEED, 
but left a weak beat pattern visible. Fig. 9 shows 
the H, TPD spectra following 4.6 L H, exposures 
on these Pd films at 100 K. The unannealed 
8,, = 3 film shows the cr-desorption state at 150 
K, but the ePd = 3 film annealed to 400 K does 
not. The sputtered film again shows the cr-H, 
desorption state. This is a clear indication that 
the amount of cu-H, desorption is influenced by 

l2000 c 
Pd/Ta(l IO) 

a I 

400 600 800 

Anneal Temperature (K) 

t 

PdfTa( 110) 
120000 

T f&j = 3 

; 100000 

oc I I I I I 

200 400 600 800 1000 

Anneal Temperature (K) 

Fig. 8. H, uptake from fig. 7 as a function of pre-annealing 

temperature. (a) H, TPD area of the a-state. (b) Total H, 

TPD area. 

b I I I I I I I1 I I I I1 
100 300 500 700 900 1100 1300 1500 1700 

Temperature (K) 

Fig. 9. Comparison of H, TPD spectra after 4.6 L H, expo- 

sures at 100 K on an unannealed 0,+, = 3 film deposited at 

100 K, a tIPd = 3 film annealed to 400 K and a 8,, = 3 film 

annealed to 400 K then sputtered with Arf ions. 

defects on the Pd films, a result of the same 
processes that are involved for this state on bulk 
Pd(ll1). Thus, the a-H2 desorption area is a 
probe of the morphology of the Pd films, al- 
though exactly what aspects of the morphology is 
probed is not clear yet. 

4. Discussion 

The H, adsorption and absorption properties 
of Pd are significantly modified by forming ultra- 
thin films on Ta(ll0). The dissociative sticking 
coefficient, S, for H, on the 8,, = 1 film is ini- 
tially high but decreases rapidly as the hydrogen 
coverage increases. We observed only a small 
(< 1% of a monolayer) amount of H, desorption 
from a chemisorbed state for the 19,~ = 1 film. 
This is consistent with electron stimulated des- 
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Fig. 10. Schematic of potential energy diagrams for the inter- 

action of hydrogen with a bulk Pd surface (solid line) and a 

B,, = 1 film deposited on Ta(ll0) (dashed line). 

orption results which point to the absence of 
atomic hydrogen on this film surface [5], but is in 
stark contrast to bulk Pd(ll1) surfaces where the 
chemisorption state is preferentially filled at low 
coverage and desorption occurs from the p-state. 
We propose that the absence of a P-H, TPD 
peak for Ord = 1 is due to a destabilization of the 
chemisorbed state and migration of hydrogen into 
the bulk. 

Fig. 10 shows a schematic potential energy 
diagram for the interaction of H, with a bulk 
Pd(ll1) surface (solid line). A gas phase H, 
molecule impinging on the surface will first en- 
counter a physisorption well of depth EH2. The 
H, molecule will either be scattered back into 
the gas phase or cross over a barrier below the 
zero of potential energy into the chemisorption 
well since there is no evidence for an activation 
barrier for H, adsorption on bulk Pd(ll1) 1201. 
Once the chemisorption sites on Pd(ll1) are sat- 
urated, hydrogen may begin to populate bulk 
absorption sites. The near surface Pd hydride 
state (c-u-state) has not been included in this dia- 
gram since it has been shown that there is no 
exchange between chemisorbed hydrogen atoms 
(p-state) and hydrogen atoms in the a-state for 
bulk Pd(ll1) [211. 

The diagram in fig. 10 also shows a corre- 
sponding curve (dashed line) for a fIPd = 1 film on 
Ta(ll0). We know that the chemisorption state is 
destabilized on the 13,~ = 1 film since the H, 
desorption temperature is only 250 K on the 
or,, = 1 film but is 346 K on a thick (13,~ = 50) Pd 
film. An estimate of the activation energy, E,, for 
H, desorption can be made by using Redhead 
analysis [22]. Assuming second-order kinetics and 
a pre-exponential of 1 X lop2 cm2/s we estimate 
E, to be 13 and 20 kcal/mol on the 8,, = 1 and 
8 = 50 films, respectively for H, desorption 
frtm the p-state. The value obtained for the 
8 = 50 film is close to 21 kcal/mol obtained for 
I-!: desorption from bulk Pd(ll1) [8]. The H-Pd 
chemisorption bond is therefore 3.5 kcal/mol 
weaker on the 8,, = 1 film relative to the thick 

@Pd = 50) film assuming adsorption is not acti- 
vated. Since the bulk of the sample for the Pd 
monolayer is Ta, the barrier to diffusion into the 
bulk will be smaller and the energy of solution 
will be larger relative to bulk Pd. We also pro- 
pose that the absorption well for sites just below 
the Ta surface is substantially deeper than the 
absorption well for sites further in the bulk and 
label the former as subsurface Ta in fig. 10. A 
similar absorption well has been previously pro- 
posed to explain the H, uptake kinetics of 
Nb(ll0) 123-281, as discussed more fully below. 
Based on the values reported for the heat of 
solution of hydrogen in Ta (17 kcal/mol H, [29]) 
and the values estimated from TPD for the ad- 
sorption energy on the 8,, = 1 film (13 kcal/mol 
H,), hydrogen absorption into the Ta bulk is 
energetically more favorable than chemisorption 
on the 8,,= 1 film. Hydrogen will diffuse from 
chemisorption sites to sites below the surface as 
long as no large barrier exists. This is responsible 
for the very small amount of desorption of 
chemisorbed hydrogen for this film thickness. 

For the pseudomorphic Pd monolayer, 0,, = 
0.7, the sticking coefficient is slightly lower than 
on the ePd = 1 film, and no desorption is ob- 
served from the a-state. This could be due to the 
larger Pd-Pd distance in this layer. As the Pd 
film thickness increases above 8,, = 1, S at 100 K 
also increases gradually and nearly proportionally 
to the Pd film thickness, never reaches very large 
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values even for ePd = 50. At 500 K, the increase 
in S is rapid above or+, = 1 and S reaches its 
maximum value at approximately 8,, = 5. This is 
in agreement with previous results of Strongin 
and coworkers [2-51 and shows that their results 
were not unduly influenced by grain boundaries 
present in their recrystallized Ta foil sample. 

We propose that the value of S, and thus the 
uptake rate, is controlled by subsurface Ta ab- 
sorption sites just below the Ta surface. These 
sites can be saturated with tightly bound hydro- 
gen thereby blocking the diffusion of hydrogen 
further into the bulk, i.e., filling these sites cre- 
ates a barrier (or enhances an existing barrier) to 
hydrogen penetration into the bulk. This is indi- 
cated in fig. 10 by the arrow pointing from the 
lower dashed curve to the upper dashed curve. 
The effectiveness of this barrier at blocking pene- 
tration of hydrogen into the bulk will decrease 
with increasing temperature and is responsible 
for the higher uptake rate at 500 K relative to 100 
K. The subsurface Ta sites are saturated by a 
relatively small amount of hydrogen and, once 
saturated, S decreases. S can remain high for 
thicker Pd films since absorption sites in the Pd 
film are available even after the Ta subsurface 
sites are filled. This leads to the increase in S and 
H, uptake with increasing Pd film thickness. 
Eventually the Pd film will become thick enough 
so that for a fixed H, exposure the barrier due to 
the subsurface Ta sites will no longer limit the 
uptake, i.e., there will be more hydrogen absorp- 
tion sites available in the Pd film than there is 
hydrogen to fill them. The H, uptake rate will 
then remam constant as 8,, increases further. 
This is clearly observed for substrate tempera- 
tures of 500 K (see fig. 6). A small increase in the 
H, uptake with 8,, beyond 8,, = 5 for a sub- 
strate temperature of 100 K is expected because 
of participation of the a-state in the H, uptake. 
However, the observed increase is too large to be 
accounted for simply by the a-state. This could 
be due to a small increase in the number of 
defects in the very thick (0 2 15) films. 

Our observation that the size of the (y-H2 
desorption peak depends on the annealing tem- 
perature of the Pd film raises interesting ques- 
tions about the Pd film morphology. To help 

explain these effects we considered a kinetic 
model recently proposed by Kay et al. 1301. Within 
the framework of this model, H, molecules im- 
pinging on the Pd surface can be trapped into a 
mobile precursor state. These H, molecules can 
then diffuse across the surface, encounter a de- 
fect site, and absorb. Alternatively, these 
molecules can leave the surface by desorbing. In 
addition to these processes, molecules which di- 
rectly impact on a defect site may absorb. Ab- 
sorption into the bulk occurs only after the 
chemisorption state (p-state) is saturated and it 
has been shown that there is no exchange be- 
tween hydrogen atoms adsorbed in the p-state 
and hydrogen atoms in the a-state for bulk 
Pd(ll1) [21]. Kinetically, the chemisorption state 
can be ignored because of this. Thus, there are 
two routes to absorption into the bulk, precursor 
mediated absorption and direct absorption. This 
model predicts that the absorption coefficient will 
be low for surfaces with low defect densities since 
most H, molecules in the precursor state desorb 
before they have time to diffuse to a defect site. 
Increasing the defect density decreases the 
amount of time required for an H, molecule to 
diffuse to a defect site and therefore increases 
the absorption probability. 

Using this model and the amount of H, des- 
orption from the a-state we can gain some insight 
to the Pd film morphology. A large amount of H, 
is observed to desorb from the a-state for the 
8,, = 3 films deposited at 100 K. This implies 
that the Pd film has defects. This is not too 
surprising due to the low mobility of Pd atoms 
during deposition at such a low temperature. As 
the Pd film is annealed, the defect density de- 
creases and the probability for population of the 
a-state decreases. Previous AES measurements 
of a e,, = 3 film show that it is stable between 
100 and 350 K and LEED observations show a 
sharpening of the beat pattern over this tempera- 
ture range [15]. This implies that the long range 
order of the Pd film increases as it is annealed 
and this is consistent with the decrease in the 
population of the a-state. Between 400 and 600 
K the defect density on the Pd films is low 
enough that the H, molecules in the precursor 
state no longer have a long enough lifetime to 
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diffuse to a defect site and absorb into the a-state. 
A gradual decrease in the Pd AES signal inten- 
sity was observed between 350 and 800 K in 
annealing experiments and this was attributed to 
formation of 3D crystallites on top of the first Pd 
monolayer [153. It may be surprising at first that 
we observe no desorption from the a-state be- 
tween 400 and 600 K when 3D crystallites may 
exist on the surface. However, one needs to keep 
in mind that 3D crystallites can often describe 
simply the population of 2D islands at several 
layer thicknesses without dramatically increasing 
the overall surface area or step density. Also, Kay 
et al. 1301 have pointed out that the surface 
density of defects responsible for absorption into 
the a-state was only 5.39 x 10” defects/cm’ on 
a Pd(lll1 single crystal. This is significantly 
smaller than the density of typical surface mor- 
phological imperfections such as steps or kinks 
and implies that not every defect will be active 
for hydrogen absorption. We can then say that 
for Pd films, 3D crystallites cannot be simply 
equated with active defects. At an annealing tem- 
perature of 700 K, desorption from the a-state is 
again observed. This is likely due to three-dimen- 
sional Pd clusters forming and producing defects 
which are active for hydrogen absorption. These 
clusters persist until 1000 K. Between 850 and 
1000 K a rapid drop in the Pd AES signal occurs 
which is likely due to alloy formation. This gradu- 
ally reduces the size and number of clusters on 
the surface, the-overall thickness of the Pd film, 
and the a-state which vanishes by 1100 K. 

Brief reports of H, TPD experiments from Pd 
films deposited on Mo(100) [31], W(lOO), and 
W(110) [32,33] have also been published which 
are relevant to our work herein. On Mo(lOO), 
hydrogen chemisorption clearly occurs on the Pd 
monolayer. A small destabilization of the H-Pd 
chemisorption bond was observed for a Pd mono- 
layer on Mo(100) relative to thick ( 2 20) Pd films, 
consistent with the current work on Ta(ll0). A 
decrease in the H, sticking coefficient was also 
observed for the Pd monolayer relative to thick 
Pd films. Desorption from the a-state in H, TPD 
was observed for Pd/Mo(lOO), but only for 8,, r 
5. This could be due to the film preparation 
procedures which included an anneal to 450 K 

prior to exposure to H,. Thus, the extent of the 
alterations from bulk Pd are not as large on 
Mo(100) as on Ta(ll0). This implies that the 
larger lattice strain for Pd on Mo(100) compared 
to Pd on Ta(ll0) is less important than the Ta-Pd 
versus Mo-Pd bonding interaction. 

On a WC1101 surface, H, TPD spectra from a 
monolayer Pd film showed the presence of a 
chemisorbed hydrogen state, which desorbed at a 
higher temperature (400 K) than the chemisorbed 
state for H, adsorbed on Pd(ll1) [9], and a high 
temperature state (510 K) ascribed to interfacial 
hydrogen [32]. As the Pd film thickness was in- 
creased, the intensity of the chemisorbed H, state 
decreased and two new states were observed at 
200 and 275 K. These were attributed to desorp- 
tion of H, from a hydride phase and surfaces of 
three-dimensional clusters of Pd, respectively. 
The desorption temperature of the high tempera- 
ture peak remained constant as the film thickness 
increased. For a Pd monolayer on W(lOO), this 
peak (also attributed to an interfacial H, desorp- 
tion state) was observed at 525 K and a desorp- 
tion peak from the chemisorbed state was seen at 
350 K. The desorption peak from the chemisorp- 
tion state shifted down in temperature to 300 K 
as the Pd film thickness increased. No well-devel- 
oped Pd-hydride state was observed, but a small 
desorption feature at 200 K was attributed to 
Pd-hydride formation for films thicker than one 
monolayer. 

The differences in desorption from the a-state 
for these surfaces compared to the present work 
are likely due to different Pd film preparation 
procedures and the fact that hydrogen will not 
penetrate into the bulk of MO or W under the 
experimental conditions used. Desorption from 
the a-state is not affected greatly by the early 
transition metal used as a substrate. H, desorp- 
tion from the a-state has also been observed at 
approximately the same temperature seen here 
for Pd monolayers deposited on W(110) and 
W(100) (although it is less well defined) [321 as 
well as a Pd monolayer deposited on top of a 
hydrogen pre-covered W(110) surface [33] and 
thick (8,, 2 5) Pd films on Mo(100) [31]. This is 
somewhat surprising because Pd hydride forma- 
tion should be sensitive to the bulk electronic 
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structure, e.g. Rh and Ag do not form similar 
states under UHV conditions [l]. This may indi- 
cate that the a-state is somehow intrinsic to Pd 
and is not influenced by interactions with the 
substrate. Since a bulk-like hydride state is not 
likely to be formed for the Pd monolayer, the 
a-peak in TPD for this case could be due to H, 
desorption from an interface state, as suggested 
by the nice work of Gomer and coworkers [33] on 
Pd/H/W(llO) surfaces. 

The destabilization of the H-Pd bond seen 
here on Ta(ll0) is larger than on Mo(100) and 
much larger than on W(110) and W(100) where 
the H-Pd chemisorption bond strength even 
seems to be increased relative to bulk Pd for the 
Pd monolayer. The Ta(ll0) substrate alters the 
chemistry of the Pd monolayer and its interac- 
tions with H, to a greater extent than MO or W 
substrates. This is consistent with the results of 
CO chemisorption which also show stronger 
chemical alterations for Pd films on Ta(ll0) 
[19,34] compared to Pd films on Mo(100) [35], 
W(110) [32.36], and W(100) [321. The CO-Pd 
bond strength for CO adsorbed on the Pd mono- 
layer on Ta(ll0) 1341, W(110) [33], W(100) [32], 
and Mo(100) [35l are 15, 21, 19 and 20 kcal/mol, 
respectively. This makes the results for H, ad- 
sorption on W(110) and W(100) difficult to un- 
derstand. Certainly CO adsorption and H, disso- 
ciative adsorption probe different aspects of the 
electronic structure of the Pd films, but a reinves- 
tigation of H, adsorption on the W surfaces 
using the same Pd film preparation procedures as 
used here would be useful. 

5. Conclusion 

Pd films deposited on Ta(ll0) show strongly 
modified adsorption and absorption properties 
for H, when compared to bulk Pd. The Pd mono- 
layer showed the largest effects with only a very 
small amount ( < 1% of a monolayer) of H, de- 
sorption from chemisorption sites (probed by the 
P-state in TPD) and a low hydrogen uptake rate. 
The lack of any substantial desorption from the 
p-state on the or,, = 1 film is due to destabiliza- 
tion of the Pd-H bond and diffusion of hydrogen 

into the bulk of Ta to populate energetically 
more favorable sites. Increasing the Pd film thick- 
ness increases the H, uptake rate as well as the 
amount of H, desorption from the p-state. The 
H, uptake rate is controlled by a deep absorption 
well just below the first Ta layer. These sites bind 
hydrogen strongly creating a barrier to hydrogen 
penetration further into the bulk. By increasing 
the Pd film thickness the number of absorption 
sites which are not affected by this barrier in- 
crease and cause an increase in the H, uptake 
rate. We also observed a low temperature desorp- 
tion state denoted as LY, due to a near-surface Pd 
hydride on bulk Pd, even for the or,, = 1 film. 
The amount of H, desorption from this state 
increased with increasing Pd film thickness and 
occurred at the same temperature as observed for 
bulk Pd(ll1). Population of the a-state was found 
to be strongly dependent on the Pd film prepara- 
tion procedures since defects are important in 
controlling the absorption kinetics. 
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