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ABSTRACT

Results of angle resolved thermal desorption spectroscopy (ARTDS)

measurements for the adsorption of 02 and H2 on Fe(110) are

presented. A detailed model of the interaction process has been developed

using these results in combination with results obtained using thermal

energy atom scattering (TEAS), reported in Part I of this work. ARTS was

used to measure the desorption flux as a function of surface polar angle

during temperature programming following adsorption at a low temperature.

Second order desorption kinetics, as observed with TEAS in part I, were

confirmed. H2 and 02 were found to adsorb directly, dissociatively

and with an activation energy for adsorption of 700 cal/mole. The

sticking coefficient was observed to decrease with increasing coverage as

(1 - e)2 for e greater than 0.1.
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1. INTRODUCTION

In this study we have applied two techniques to the investigation of

the adsorption and desorption of both hydrogen and deuterium on Fe(11O).

These two techniques are thermal energy atom scattering (TEAS), as

previously described in Part I of this work [1], and angle resolved

thermal desorption spectroscopy (ARTDS). In this paper we present the

results of the ARTDS study and show the detailed picture of the

adsorption-desorption process that can be obtained from the combination of

the two techniques.

Thermal desorption spectroscopy (TDS) is an experimental technique

wherein the emission of a gas from an adsorbate-covered surface is

monitored as the surface is heated. Redhead £2] has presented the basic

mathematical and experimental techniques used in the study of simple

desorption kinetics. The details of performance and analysis techniques

of thermal desorption experiments have been greatly expanded on by many

authors [3-5].

2. EXPERIMENTAL PROCEDURE

All thermal desorption experiments were performed utilizing the same

ultra-high vacuum system and sample discussed in Part I of this work [1].

In all thermal desorption experiments, the iron crystal was cleaned as

previously described, annealed and cooled to 200 K. The surface was

monitored by AES before and after each set of TDS experiments and by

specular helium scattering before each run. The sample was exposed to a

given isotropic pressure of hydrogen or deuterium for a given time, to

reach the desired exposure. The sample was then heated at a linear rate

of 15 K per second through the range where desorption occurred. The
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desorbing species was monitored by the mass spectrometer in the detector

chamber. This mass spectrometer saw only those molecules which left the

surface of the sample on a direct line of sight through two

differentially-pumped orifices and into the ionizer. This eliminated any

effects due to adsorption at the sample edge and uncleaned backside, as

well as any desorption occurring from the sample support assembly. Due to

the geometry of the ionizer and mass analyzer in the detector chamber and

the high pumping speed in the chamber, any gas molecules which entered

this chamber by passing directly through the two orifices, but were not

ionized, made one unhindered pass through the detector and were then

pumped away.

The sensitivity of the detector mass spectrometer was calibrated by

introducing a known pressure of the desired gas into the main chamber and

measuring the response of the detector mass spectrometer. The sensitivity

was measured in this way after each desorption run.

Two types of TOS experiment were performed. In one set of

measurements, the sample was first centered on and oriented perpendicular

to the line of sight from the sample center to the ionizer. TDS spectra

for various exposures of hydrogen and deuterium were obtained. In the

other set of measurements, the sample was given a deuterium exposure of

either 522 L or 6.5 L. Thermal desorption spectra were then recorded at

various angles of the sample with respect to the line of sight from the

sample to the ionizer.

3. RESULTS AND ANALYSIS

3.1 Angle Resolved Thermal Desorption Spectroscopy

In the first set of measurements, in which the sample was oriented



normal to the line of sight from the sample to the ionizer, deuterium

thermal desorption experiments were performed for exposures ranging from

2L to 1500 L. rypical desorption spectra are shown in Figure 1. The

temperature was measured by the thermocouple, the output of which is

plotted on the X axis.

The spatial distribution of the desorbed deuterium was studied at

exposures of 6.5 and 522 L. Typical desorption transients are shown in

Figure 2. A plot of the desorption flux as a function of desorption angle

normalized to the flux perpendicular to the surface, is shown in Figure

3. The 6.5 L and 522 L exposures exhibit identical behavior as a function

of angle, and are well described by a cosd e dependence where d =2.03 t

0.11.

Desorption of molecules in equilibrium with the surface leads to a

cos 6 spatial desorption distribution. More peaked desorption patterns

are an indication of an activation barrier for adsorption. As an

approximation, it was assumed that molecules desorbing from a potential

well which has an activation barrier for adsorption acquire an excess

translational energy normal to the surface. Consider the qualitative

effects of this excess translational energy upon the signal intensity

measured by a density sensitive detector such as the mass spectrometer

used in this study. Molecules desorbing normal to the surface will have a

higher velocity than those desorbing at larger angles, and all will have

velocities greater than in the case of equilibrium desorption. Thus, the

observed intensity of all desorption spectra will be decreased by some

amount from their true values. The amount of this decrease increases for

desorption angles closer to the surface normal. Therefore, the overall

effect of this excess energy is the underestimation of both the number of

desorbed molecules and d, the exponent of the spatial distribution.



Coverages calculated from the raw TDS data yielded lower values than

those obtained from helium scattering experiments performed under

identical conditions. The saturation coverage calculated from the raw TDS

data was lower than the accepted value of 1.7 X 1015 atoms / cm2 [6].

It is thought that this discrepancy is due to the excess velocity of

desorbed molecules, as discussed above. Unfortunately, there was no way

to measure directly the velocity of the desorbed molecules in the present

study. It was found that the addition of a small excess velocity normal

to the surface, equivalent to 0.18 7, where Iv is the mean molecular

velocity at the desorption temperature, increased the saturation coverage

calculated from the TDS data to 1.7 X 1015 atoms/cm2 . This velocity

correction narrowed the spatial distribution from cos 2 "03e to

cos 2 .18e.

Figure 4 presents corrected desorption spectra for deuterium

desorption along the surface normal for exposures ranging from 2L to

522L. Each spectrum is a smoothed average of three thermal desorption

runs performed under identical conditions. Above about 8 L, a small peak

begins to appear on the low temperature side of the deuterium desorption

peak. Similar behavior has been observed in the adsorption of hydrogen on

Fe(110), and has been attributed to a more weakly bound state arising from

weak repulsive adsorbate-adsorbate interactions [6].

Figure 5 is a plot of deuterium coverage as a function of exposure at

a surface temperature of 200 K, showing both the corrected ARTS results

and the HeTDS results described in Part I. This figure reveals excellent

agreement between the two sets of data. Further evidence of this

agreement is shown in Figure 6. Differentiation of the HeTDS data yields

an independent measure of the desorption rate as a function of



temperature. The results of this process are shown as solid circles in the

figure, the corresponding ARDS data as X's.

These two sets of desorption transients are well described by the

equation for second-order desorption with constant Ed and Vdeveloped by

Redhead [2], namely

(rd)p/rd = [exp [-(Ed/2R)(1/Tp - l/T)]

+ (T/Tp)2[(Ed/2R)(1/T - 1/Tp)]1 2  (1)

in which (rd)p is the maximum valued rd, the desorption rate.

The activation energy for deuterium desorption from the strongly bound

state (when the second peak was not visible) was calculated by plotting

n(opT2p) versus 1/Tp, where ao  is the initial coverage and Tp

the temperature at which the desorption rate is a maximum. This plot was

found to be linear, indicating second order desorption kinetics. The

activation energy for desorption and second order pre-exponential were

found to be Ed = 27.3 ± 1.8 kcal/mole andS = (5 ± 2) x 10-2 cm2 /

molecule sec, respectively.

3.2 Studies with Hydrogen

The range of exposures that could be studied in ARTDS measurements of

adsorbed hydrogen was limited to exposures greater than 250 L by the

presence of a high hydrogen background pressure in the detector chamber

The spatial distribution deduced from measurements as a function of polar

angle, using the same type of velocity correction factor as was used for

deuterium, was cos2 .2 5±O.3 6. Exposure to 1000 L of hydrogen at 200K

yielded a saturation coverage of (1.9±0.3) x 101 5 atoms/cm 2 , within

experimental error of the accepted value of 1.72 x 1015 atoms/cm2 .



3.3 Permeation Measurements

An additional set of experiments was performed which will be briefly

described. In these experiments, hydrogen at atmospheric pressure flowed

past the high pressure side of a thin iron crystal ((110) orientation)

which was coated with palladium. The hydrogen dissociated and diffused

through the crystal. Upon reaching the other side of the crystal, which

was maintained in an ultrahigh vacuum system, the hydrogen reassociated

and desorbed. This system has been described in detail elsewhere [71.

From 373K to 773K, the activation energy for permeation was found to be

8.16 kcal/mole, in good agreement with previous studies [8]. The spatial

distribution of the desorbing hydrogen molecules was also monitored and

exhibited a cos 2 "35 8 dependence.

4. DISCUSSION

Differentiation of the coverage vs exposure data (Figure 5) yields the

sticking coefficient as a function of coverage, s(e). S(G) is plotted vs

(1 - e)2 in Figure 7. The dependence of the sticking coefficient on

(1 - 8)2 is similar to that previously reported [6]. In direct

dissociative adsorption, each incident molecule must encounter two

adjacent vacant sites in order to adsorb. Thus, for direct dissociative

adsorption, the probability of adsorption is expected to be linearly

dependent on (1 - 8)2. Figure 7 exhibits this linear dependence of the

sticking coefficient on (1 - 8)2 for values of 8 between 0.11 and 1.0.

The curve deviates from linearity at low coverage. The cause of this

deviation is uncertain, but may be due to the presence of a small number

of surface defects, as proposed by Bozso [6]. These defect sites enhance

the rate of adsorption at low coverage. The defect sites rapidly



saturate, and do not affect the remainder of the adsorption process. In

addition, the rate of adsorption in direct dissociative adsorption is

directly proportional to the molecular impingement rate and independent of

the surface temperature. The initial sticking coefficient for direct

dissociative adsorption is also independent of the surface temperature.

This is exactly the observed behavior.

This enhanced rate of adsorption at low coverages due to defect sites

is similar to the concept of "holes" in an activation barrier where

non-activated adsorption may occur, as has been proposed by Comsa and

David [9). Indeed, step sites on close packed metal surfaces have been

observed to exhibit non-activated hydrogen adsorption, whereas hydrogen

adsorption on the close packed terraces is activated [10-12]. The "holes'

in the Comsa and David model may correspond to defect sites on the surface

where the activation barrier is reduced or nonexistent. Alternatively,

the "holes" may be inherent in the energetic structure of the surface, as

recently suggested by Karikorpi et al [13].

Assuming that the linear dependence of the sticking probability on

(1 - 0)2 extends to zero coverage on those sites for which a barrier to

adsorption exists, (as shown by the dashed line on Figure 7) leads to an

initial sticking coefficient of 0.10 for direct dissociative adsorption on

these sites. However, the actual initial sticking coefficient is greater

than this value. This difference, 0.05, is the fraction of incident

particles adsorbed through holes in the activation barrier, either

inherent or associated with defects. The Comsa and David model predicts

that the spatial distribution of the desorbed molecules will obey the

following relation:

La a . . . .~...



N(G')/N(O) = (1-r)(1+X/cos2e')rexp(-X/cos2 e')]+r [cose'] (2)

(1-r)(l+X)[exp(-X)]+ r

where r is the fraction adsorbed without activation, X is Ea/kT (Ea is

the activation barrier for adsorption), N(O) is the number of molecules

desorbed normal to the surface, and N(') is the number desorbed at some

angle, ', with respect to the surface normal. Fitting the observed

thermal desorption spatial distribution to this equation, with r = 0.05,

yields an activation barrier for adsorption, Ea, of 710 ± 80 cal/mole.

The spatial distribution was also fit to the Van Willigen [14] model

which states that,

N(e')/N(O) = E +kT cos2e' {expE-(Ea/kT)tan?8']) (3)

(Ea+kT) cos('

where all parameters are as previously described. (Note that if r = o in

the Comsa model, it reduces to the Van Willigen model.) This yields a

value of 580 ± 70 cal/mole for the activation barrier. As expected, this

is close to the value predicted by the Comsa and David model, since r is

small.

The slightly lower value of Ea predicted by the Van Willigen model

is consistent with the concept of non-activated adsorption occurring at a

small number of sites. Molecules desorbing from these non-activated sites

should exhibit a cos 0 spatial distribution, whereas those desorbed from

activated sites should exhibit a narrower distribution. The Comsa model

separates the two effects, while the Van Willigen model assumes a uniform
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samples. The cleanness of toe permeatior sampe *as mon'tored by AES

alone, whereas the cleanness of the TDS sample was monitored by both AES

and helium beam specular scattering. Differences in surface cleanness

probably exist between these two surfaces, and contaminants have been

shown to narrow the desorbed spatial distribution and hence increase the

apparent activation energy for adsorption.

The heats of adsorption determined for hydrogen (24.2 kcal/mole) and

deuterium (24.7 kcal/mole) adsorption using TEAS are in reasonable

agreement with the previous work of Wedler et al. C15], who have

investigated hydrogen and deuterium adsorption on polycrystalline iron

films. The difference between the two values is also in qualitative

agreement with theoretical harmonic oscillator calculations which yield a

deuterium zero point energy 1.8 kcal/mole lower than that calculated for

hydrogen. The lower zero point energy for deuterium is consistent with

the slightly smaller scattering cross section observed for deuterium as

compared to hydrogen. However, a meaningful evaluation of this dependence

cannot be performed from the data obtained in the present study, as the

scattering cross sections for hydrogen and deuterium are well within a



standard deviation of each other.

It should also be noted that the measured values of the activation

energy for desorption, Ed, consistently exceed the corresponding heats

of adsorption, A Ha, by roughly 1 kcal/mol. This difference is consistent

with the calculated values for the activation energies for adsorption, as

Ed = AHa + Ea. (4)

The extent to which this relation can be quantitatively demonstrated in

the present work is limited by experimental uncertainty.

5. CONCLUSIONS

The thermodynamic and kinetic parameters determined in this study, and

the methods used to determine them, are summarized in Table 1. Figure 8

shows the potential energy diagram deduced from this study. The following

conclusions were drawn from this study of hydrogen and deuterium

adsorption on Fe(11O).

1. Hydrogen and deuterium adsorb dissociatively on Fe(11O).

2. Adsorption is activated. An activation barrier for adsorption of

710 cal/mole is predicted by the Comsa and David model. On the

surface examined in this investigation, approximately 5% of the

atoms are adsorbed through a non-activated process, possibly at

or near defect sites.

3. Adsorption proceeds by direct dissociative adsorption into the

chemisorbed atomic state without trapping in a molecular

precursor state.



4. The initial sticking coefficients of hydrogen and deuterium on

Fe(110) were measured to be 0.18 and 0.15, respectively. For

both gases, the sticking coefficient was linearly dependent on

(1 - ()2 when e was between 0.1 and 1.0.
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FIGURE CAPTIONS

Figure 1: Angle resolved thermal desorption transients for desorption

of deuterium from Fe(11O) - detector located normal to

surface. Deuterium exposure: A, 6.5L; B, 3.3L; C, 1.9L.

Figure 2: Angle resolved desorption transients for desorption of

deuterium from Fe(110). Deuterium exposure = 6.5L. Detector

angle relative to surface normal: A, 00; B, 300; C, 500; D,

600.

Figure 3: Summary of desorption flux as a function of detector angle

relative to the surface normal for angle resolved thermal

desorption of deuterium from Fe(110). Deuterium exposure:

(e) 6.5L; (x) 522L.

Figure 4: Summary of thermal desorption transients for deuterium

desorbing from Fe(110) along the surface normal for a range

of initial exposures at 200K. Transients have been

corrected for nonthermal velocity effects. Each curve is

the average of three desorption measurements.

Figure 5: Comparison of results for deuterium adlayer coverage as a

function of exposure of an Fe(110) surface to deuterium at

20OK: (e) Angle resolved thermal desorption; (0) Helium-

monitored thermal desorption.
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Figure 6: Comparison of angle-resolved thermal desorption transient

with results obtained by differentiation of helium

scattering monitored desorption spectrum for a deuterium

exposure of 3.3L. (o) Angle-resolved transient corrected

for velocity effects; (x) helium monitored transient; (solid

line) - fit to Equation 1.

Figure 7: Sticking coefficient for the adsorption of deuterium on

Fe(110) as a function of adlayer coverage at T = 200K,

derived from Figure 5.

Figure 8: Potential energy diagram for the dissociative adsorption of

hydrogen or deuterium on Fe(110). Distances on the

horizontal axis are arbitrary.
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TABLE 1

ACTIVATION ENERGIES

TECHNIQUE SPECIES ENERGY

TOS Deuterium Desorption Energy
(Ed)=27.3±1.8 Pre-
expgnential (%4=(5±2)X
10- 3CM2 /mol1ecule-sec

He TOS Deuterium Ed=26.4±1.2 kcal~mole

molecule-sec

Isothermal Desorption Deuterium Ed=26.1±1 kcal/mqle
v =(8.1±2.3)x10 Jcna/
mol ecul c-sec

Isosteres Deuterium Heat of adsorption
(Al )=24.7±2.9
kcaf/mol*

Spatial Distribution Deuterium Activation energy for
(Van Willigen Model) Adsorption (Ea)358O±

70 cal/mole

Spatial Distribution Deuterium Ea=7lO±8O cal/mole
(Comsa & David Model)

He TDS Hydrogen Ed=25.2±1.5 kcal mole

molecule-sec

Isothermal Desorpt ion Hydrogen Ed=25.1±1.3 kcal~mole

molecule-sec

Isosteres Hydrogen 6Ha=24.2±2.4 kcal /mole

LA1I
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