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Materials 8Ild Molecular Research Division, Lawrence Berkeley Laboratory, 
and 

Department of Chemistry, University of California, Berkeley, CA 94720 

Abstract 

The angular and velocity distributions of NO scattered from the Pt(lll) 

surface have been studied in the temperature range of 475 K - 1200 K. Three 

different kinetic energy nozzle beams were used. Both angular and velocity 

distributions confirm the coexistence of inelastic and trapping-desorption 

scattering processes. Trapping probability decreases as incident beam energy 

increases, indicating that the adsorption is not activated. For beams with a 

kinetic energy of <KE)/2k equal to 265 K and 615 K, the trapped molecules were 

found to be equilibrated with the surface for Ts between 475 K and 900 K. 
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,... Washington, DC 20545 
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Introduction 

The molecular beam-surface scattering experiment is well suited to explore 

the magnitude and the nature of energy transfer between the incident gas atoms 

or molecules and the surface. In the past, most of the energy exchange information 

was obtained by monitoring the angular distribution of scattered molecules [1,2]. 

Recently, however, velocity distributions and energy distribution in internal ro

tational and vibrational states have been mea~ured for the incident and scattered 

beams in various laboratories [3-9]. Ultimately, one would like to determine the 

angular, velocity and internal energy state distributions for the same molecular 

beam-surface system to be able to fully describe the gas-surface int.eraction. 

We have developed instrumentation to measure the velocity distribution of 

both incident and scattered molecules from single crystal surfaces under ultra

high vacuum conditions. Using supersonic or atomic beams we can determine the 

angular distribution of the scattered moelcules and the velocity distribution 

at each angle of scattering. 

In this paper we report the velocity and angular distributions of nitric 

oxide, NO, scattered from a Pt(lll) single crystal surface. We chose NO because 

its high sticking probability (0.7-0.8) and high heat of adsorption (~H ~ 29 kcal/ 

mole, without substantial dissociation to its atomic constituents that makes 

strong energy transfer very probable [11,12]. In addition, several groups 

[8-10] measured the internal energy state distribution of NO after surface 

scattering by laser induced fluorescence. Three different kinetic energy 

nozzle beams were used in our experiments to determine how the incident beam 

velocity influences the energy transfer process. 
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Experimental 

A schematic diagram of the molecular beam-surface scattering aparatus is 

shown in Figure 1. While this instrument has been described in detail else-

where [13,14], a brief review of its essential features is appropriate here. The 

two incident beams could originate from either 0.003" diameter nozzle or 0.039" 

diameter effusion sources, depending on the experimental requirements. For NO 

scattering from the platinum crystal surface, only one nozzle source is used 

with the pressure behind the nozzle of 200 torr. The scattering chamber, which 

is pumped by a noble ion pump, a titanium sublimator, and a liquid nitrogen 

trapped diffusionpump,is equippped with instruments for Auger electron spec-

troscopy (AES), low energy electron diffraction (LEED), ion sputtering of the 

crystal surface, and the crystal manipulator. The sample is heated by electron 

bombardment, and a Pt-Pt 10% Rh thermocouple is used to monitor its temperature, 

Ts. The background pressure in the scattering chamber is in the 10-10 torr range. 

The two-stage differentially pumped detector chamber, which is enclosed in 

the scattering chamber, is rotatable about sample at the center of the scattering 

chamber. A quadrupole mass spectrometer in the detector chamber is used for 

signal analysis. A pseudo-random slit chopper, which is mounted on the detector 

chamber, is used for time-of-flight analysis. Since the scattered beam is 

chopped instead of the incident beam, the time-of-flight distributions are not 

affected by unknown surface residence times. The flight path from the chopper 

to the mass spectrometer ionizer is about 12 cm. To obtain the angular scattering 

~, distribution, 150 hz tuning fork chopper is used to modulate the incident beam. 

Note that the mass spectrometer is density sensitive rather than flux 

sensitive. Thus to calculate the flux mean kinetic energy and the sp'read of the 

velocity distributions, we" calculated the velocity moments Ml, M2, and M3 

, .'/ 

4.~ . 
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from the time-of-flight data. The moments, MI (1=1,2,3) are defined as follows: 

(1) 

where P(v)is the density velocity distribution of the scattered molecules in 

the detector. Ml is proportional to the flux into the detector. The flux mean 

kinetic energy, <KE), and the spread of the velocity distribution, « 2 ), are 

given by 

<KE) = (1/2)m<v2) = (1/2)m M3/Ml 

« 2 ) = «v2)_<v2»/<v)2 = M1M3/M2 - 1 

(2) 

(3) 

where m is the mass of the molecule. For a beam with a Maxwellian density dis-

tribution at temperature T, the flux mean kinetic energy will be 2kT instead of 

(3/2)kT and « 2 ) will be 0.132. Hereafter the term "a beam energy T K" will mean 

that the beam mean kinetic energy is equal to 2kT. 

In our experiments, NO supersonic beams by three different flux mean 

kinetic energies <KE)/2k=265, 615, and 1390 K were used. The corresponding « 2) 

are 0.026,0.038, and 0.024, respectively. Beams of 265 and 1390 Kwere obtained 

by anti-seeding NO with xenon and seeding with helium while keeping the nozzle at 

room temperature. A TOF distribution for one of the direct beams is shown in 

Fig.2. 

The single crystal Pt(lll) was cleaned with argon ion sputtering, oxygen 

treatment, and annealing. The cleanliness was checked by AES before and after 

the experiment. In all of our experiments, the angle of incidence was - 51°. 

TOF was taken by moving the detector either to 7° from the surface normal or to 

specular and the surface temperature (Ts) was varied from 475 K to 1195 K. The 

pseudo-random chopper was operated at 180 h%. It took 15 to 25 minutes to 

obtain each TOF distribution depending on the incident beam energy. 

• 
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After some of the NO scattering experiments, AES showed slight oxygen con

tamination for crystal temperatures below 900 K and minor calcium and oxygen 

contamination for crystal temperatures above 1000 K. The typical oxygen surface 

concentration was about .1 monolayer, and the calcium contamination was about 

.05 monolayer. 

To check how the small amount of Ca and 0 contamination might affect the 

results, we carried out the scattering experiment in the presence of different 

amounts of oxygen and calcium on the platinum surface in the coverage range of 

zero to about 0.5 monolayer. We did not find any clear difference in TOF dis

tribution. Thus the energy transfer does not appear to be affected by the 

presence of small concentrations of low weight atoms of oxygen and calcium. 

Since the commercially available nitric oxide purity is only 99%, there 

is some possibility that the oxygen contamination is from N02 impurity [15]. 

To check this possibility, we purified NO gas by distillation from a LN2/n

pentane slush at 113 K into a LN2 trap, but found not clear change in the level 

of the oxygen contamination when using 99.98% or 99% NO beams. It appears that 

a very small amount of NO does dissociate on the Pt(lll) surface during scattering 

and is the source of the surface oxygen. 

The angular distribution of scattered helium beams was found to be 

sensitive to the surface roughness and cleanliness [16]. In order to determine 

the structural roughness of our Pt(lll) single crystal sample, we scattered 

helium beams when pure and when mixed with NO. For pure helium scattering, 

the full width at half-maximum (FWHM) is below 2°, while the resolution of the 

detector is 1.5°. For the helium seeded mixture, all FWHM of the reflected helium 

beams are about 1.5°, for Ts varied from 475 K to 1110 K. These narrow angular 

distribution are indicative of clean and flat surfaces. 
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A TOF distribution of NO from an effusive source at 300 K is shown in 

Fig. 3. The solid curve is the corresponding Maxwellian distribution at 300 

K. As one can see, the agreement between the theoretical curve and the data 

points from the effusive source is excellent. Several TOF distributions of 

effusive thermal beams were taken in order to calibrate the flight path and 

also the zero flight time channel. 

Results 

Typical time-of-flight distributions for NO scattered from the (Ill) 

crystal face of platinum under different experimental conditions are displayed 

in Figs. 4 and 5. The experimental variables are the crystal temperature, Ts ' 

the incident beam energy, and the detection angle, either specular or near the 

surface normal. All the solid curves cores pond to the Maxwellian distributions 

at the respective crystal temperature. Although the average energies for Figs. 

4a and 4b are about equal, 505 K and 487 K, respectively, their <02 ) values are 

different since Fig. 4b has a sharper peak than Fig. 4a. Fig. Sa and 5b are 

examples of the lack of equlibration of scattered NO with the platinum crystal 

surface. 

We have taken about 100 spectra at various experimental conditions. 

Instead of presenting the complete body of data, we present the two important 

parameters of the TOF distribution, the average flux mean kinetic energy in 

units of K, and the velocity spread, <02)~«v2)_<v)2)/<v)2, as a function 

of the different experimental variables. In Figures 6,7, and 8, these parameters 

are plotted as a function of crystal temperature for the three different NO 

incident beam velocities. 

The incident beam energy for the data of Fig.6is 1390 K. From Fig. 6a 
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it is clear that for Ts<900 K the scattered beam energy at the specular scattering 

angle is larger than that at the surface normal, and both are different from 

the surface temperature. For Ts)900 K, the scattered beam energies at both 

specular and normal angles are similar to the surface temperature •. However, 

.. the identity of the· scattered beam kinetic energy with the surface temperature 

(~ 

does not imply equilibration with the surface as can be seen from Fig. 6b. The 

<02 ) are too small in the specular direction compared with that of a Maxwellian 

distribution. Fig. 5b clearly shows that the scattered beam distribution is 

narrower than a Maxwellian distribution at the specular angle. An important 

feature of Fig. 6b is that <a2 ) for the normal detection have the value of the 

Maxwellian distribution, while <a2 ) for the specular detection are all smaller 

than 0.132 and decrease at Ts increases. 

The incident beam kinetic energy for the data of Fig. 7 is 615 K. At the 

surface normal the kinetic energy· of the scattered NO beam is equal to Ts for 

Ts<900 K, and becomes smaller than Ts above 900 K. In the specular direction, 

the scattered beam kinetic energy shows the same trend and in general it has 

less kinetic energy than at the surface normal, especially at high surface tem

peratures. Fig. 7b shows that <a2 ) in the specular direction is smaller than 

near the surface normal at low Ts ' but <a2 ) at the two scattering angles become 

almost equal at high Ts' The difference in the widths of the distributions at 

low surface temperature is visually evident in Fig.4. 

The incident beam energy for the data of Fig. 8 is 265 K. The scattered 

beam energy shows the same trend as a function of Ts as that shown in Fig. 7a. 

In general, the scattered beams in Fig. 8 have less kinetic energy than the 

corresponding beams in Fig. 7a at high Ts for both specular and normal scattering. 

For Ts below 800 K, the scattered beams' kinetic energies at normal are independent 
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of incident beam energies, 265 Kvs. 615K, and equal to the corresponding surface 

temperatures; <02 ) of the scattered beams for this incident beam energy, 265 K, 

are not shown because of large errors due to the weaker signal. 

The angular distributions for different surface temperatures and incident 

beam energies are shown in Fig.s 9, 10, and 11. Since the mass spectrometer 

detects particle density and not flux, the data in these figures are angular 

density distributions. The important features of the angular distribution are 

as follows: For a fixed incident beam energy, the degree of specularity increases 

as the surface temperature increases. For a fixed Ts ' the degree of specularity 

increases as the incident beam energy increases. 

Discussion 

We find that NO scattered from the platinum (111) surface produces a 

diffuse angular scattering distribution with an additional broad peak near the 

specular angle. The degree of specularity increases with increasing incident 

beam energy or increasing crystal temperature. 

The time-of-flight distributions observed at 7° from the surface normal 

approximate the shape of the Maxwell-Boltzmann distribution for the corresponding 

crystal temperature. At the specular angle the TOF distributions are generally 

narrower and shifted in energy from the corresponding Maxwell-Boltzmann 

distribution, the shift being more evident for high incident beam energy, low 

crystal temperature, and for low incident beam energy, high crystal temperature. 

The scattered NO translational energy, as determined as a function of crystal 

temperature, clearly shows these trends for the specular scattering, and shows 

deviations from full accommodation for scattering near the surface normal. 

The velocity and angular distributions of the sattered NO beam can be 
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qualitatively discussed in terms of three general scattering mechanisms [1,17]: 

elastic, inelastic, and trapping desorption. The classification of the scattering 

behavior is made according to the strength of interaction with the surface. 

Scattering in which the molecule is in the region of the surface for a long 

time, relative to a vibrational period, is classified as trapping desorption. 

Such scattering is characterized by angular distributions' which are diffuse and 

often cosine, and by velocity distributions which are independent of the incident 

energy, often Maxwell-Boltzmann at the surface temperature. 

Scattering in which the molecule experiences a rapid change in normal 

momentum, what has been called direct scattering [5], and in which there is 

measurable energy exchange, is classified as inelastic scattering. Direct in

elastic scattering generally has narrow angular distributions centered near the 

specular angle and velocity distributions which are incident energy dependent 

but only weakly surface temperature dependent. 

In cases where there are broad, relatively weak specular scattering or 

lack'of equilibration for apparent trapping desorption scattering, there is a 

theoretical mechanism which may be important but which would be difficult to 

confirm experimentally. Theoretical trajectory calculations [18] have suggested 

that roughness of the surface potential can deflect incident molecules into 

trajectories along the surface allowing the molecules to slowly transfer momentum 

and energy to the surface leading the long term trapping. If molecules are de

flected again into the gas phase within a short time of the incident collision, 

they retain memory of their incident energy and, to some extent, direction. 

One could expect that such scattering would have more energy exchange with the 

surface and a broader angular distribution than direct inelastic scattering. 
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Following the definition used in many theoretical papers we define 

inelastic scattering to be only direct scattering and classify scattering by 

multiple deflection to be trapping-desorption scattering or short-time trapping 

desorption scattering when it is necessary to make a distinction. 

With the strong interaction potential between NO and the Pt(lll) surface, 

and with exchange of tanslational energy to NO internal energy [10], elastic 

scattering is only a negligible fraction of the total scattering. 

Associating the diffuse portion of the angular distributions with trapping

desorption scattering we see that trapping-desorption is the predominant 

scattering mechanism. This is consistent with modulated molecular beam kinetic 

studies [11,12] that found coverage dependent NO sticking probabilities for 

Pt(lll) of approximately .70 to .85 at low coverages. 

The broad angular width of the specular peak makes separation of the two 

components inaccurate; however, we can estimate that the diffuse fraction contri

butes about 90% of the total scattering in the most diffuse case (Fig.lla) to 80% 

of the total scattering in the most specular case (Fig.9). The specular peak 

could originate from broad angle inelastic scattering or possible short time 

trapping-desorption scattering as defined above, or a combination of the two. 

The degree of specularity increases with increasing incident beam energy 

(Figs. 9c, 10c, lIb) due to the additional energy transfer required for trapping. 

This indicates that if there is any activation energy barrier to adsorption, 

it must be less than 0.6 Kcal/mole, our lowest beam energy. The degree of 

specularity increases with increasing crystal temperature (Fig.9). 

To determine whether this effect is due to decreasing roughness from de

creasing NO surface coverage, we measured the angular distributions as a function 

of crystal temperature of the scattered He present in the He seeded NO beam. 
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From Ts=475 K to Ts=850 K the intensity of the peak in the scattered He angular 

distribution increased with crystal temperature due to decreasing NO coverage. 

Above 850 K the scattered He 1ntensitydeclined with increasing temperature due 

to increasing thermal disorder of the platinum. In contrast the NO specular 

peak shows a monotonic increase in intensity. The increased specularity with 

increasing surface te~perature is primarily due to a temperature dependence in 

the trapping probability as seen for N2 on W [4] and Ar on W [6]. 

From the angular distributions we anticipate that there will be two 

contributions to the time-of-flight distributions, the more accommodated 

molecules from trapping desorption and the molecules in the specular peak which 

are from inelastic and/or incompletely accommodated scattering. From angular 

measurements we have concluded that we can observe predominantly accommodated 

trapping-desorption scattering only near the surface normal and only for low' 

crystal temperature and incident beam energy, and that there is no condition 

under which we can observe predominantly specular scattering behavior. In 

general, the TOF distributions will be a sum of two distributions,the average 

energy will be the average of the separate average energies, the width,<a2~ 

will be determined by the individual widths, and the separation of the average 

energies. 

A search by varying detector angles and incident angles and crystal 

temperature failed to produce any conditions under which the two. scattering 

mechanisms are distinguishable or separable in the TOF distributions. In this 

respect, NO scattering from Pt(lll) is similar to N2 from W [4], and Ar from 

W [6], and unlike Xe from Pt(lll) [5], for which a bimodal velocity distributon 

was observed. 

With the above considerations, the trends in average energy and width,~a2>, 
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of the TOFdistribtions of the scattered NO can be readily explained. For the 

1390 K incident beam (Fig.6), the equivalent temperature of the scattered beam 

is higher than the. surface temperature from Ts=475 K to Ts=900 K, with less 

accommodation for molecules scattered at specular than for those scattered at ~ 

7° from the surface normal. From Ts=900 K to Ts =1195 K, the equivalent temperature 

is nearly equal to the surface temperature. From the energy one might conclude 

that the scattered molecules are equilibrated with the surface. The width,.;;o2), 

(Fig.6b) of the distribution for molecules scattered near 7° is near .13, the 

value for a Maxwell-Boltzmann distribution, but ';;02) for the distribution for 

scattering at the specular angle is much narrower. Thus moleucles scattered 

near the specular angle are clearly not equilibrated. The width of the specularly 

scattered distribution increases with decreasing temperature due to the increasing 

separation in energy between the accommodated molecules and inelastically scattered 

and incompletely accommodated molecules. At Ts =1195 K the average scattered 

energy appears to be less than the incident energy and crystal temperature. 

This is probably due to transfer of translational energy to initially cool NO 

rotational modes as has been observed on Ag [10]. 

It can be seen that the degree of accommodation is greater for scattering 

7° from the surface normal than for scattering at the specular angle which is 

expected due to the greater contribution from inelastic scattering near specular. 

However, for scattering near the surface normal, Ts=475 K (Fig. 6b) the lack of 

accommodation is unusual given the weakness of specular feature in the angular 

distribution (Fig.9a). From this we conclude that the inelastic scattering has 

as extremely broad angular distribution, or that there might be significant 

contribution from short-time trapping-desorption scattering. 

At lower incident beam energies, TB=615 K (Fig.7), the scattered beam 

equivalent temperature is equal to the surface temperature up to Ts=725 K, 
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then becomes increasingly lower than Ts with increasing temperature. From the 

width of the distributions (Fig. 7b), it can be seen that at lower crystal 

temperatures the molecules scattered near the surface normal are essentially 

.• equilibrated with the crystal, but the time-of-flight distributions of molecules 

scattered at the specular angle are too narrow for equilibrated scattering. 

This is again due to the greater contribution of inelastic scattering at the 

specular angle. 

For the 265 K equivalent temperature incident beam, the scattered energies 

(Fig.8) show the same trends as observed with TB=615 K. The lack of equilibra-

tion for scattering at 7° and Ts>900 K is pronounced for TB=265 K and TB=6IS 

K. Since the probability of trapping, as evidenced in the degree of specularity 

and in the velocity distributions, decreases with increasing beam energy, by de-

tailed balance arguments there must be a deficiency in the high energy part of 

the desorption flux. Therefore, the lack of equilibration may be partially 

due to non-equilibrated desorption. However, the degree of accommodation for 

scattering near the surface normal at Ts=IOOO·K and Ts =1195 K is lower for 

TB=265 K than for TB=615 K incident beam, so there is significant contribution 

from inelastic scattering and incompletely accommodated molecules. 
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Figure Captions 

1. Schematic diagram of molecular beam scattering apparatus. 

2. Time-of-flight distribution for direct nozzle beam with beam energy 
<kE>/2k=1390 K. 

3. Time-of-flight distribution for an effusive 300 K direct NO beam. 
The solid curve is the Maxwellian distribution at 300 K. 

4. Time-of-flight distributions for (a) TB=615 K, TS=475 K; detector sits at r 
from normal, (b) TB=615 K, Ts=475 K, specular detection. The solid curves 
are the Maxwsel1ian distributions at the corresponding surface temperature. 

5. Time-of-flight distributions for (a) TB=1390 K, Ts=475 K, 7° from normal 
detection, (b) TB=1390 K, Ts=lllO K, specular detection. The solid curves 
are the Maxwellian distributions at the corresponding surface temperatures 

6a. Correlati'on of <KE)/2k of the scattered beam with respect to surface tempera
ture, TB=1390 K. 

6b. Correlation of <e2 ) of the scattered beam with respect to surface tempera
ture, TB=1390 K. The arrow on the left specifies the value of a Maxwellian 
distribution. 

7a. Correlation of <KE)/2k of the scattered beam with respect to surface 
temperature, TS=615 K. 

7b. Correlation of <e2 ) of the scattered beam with respect to surface temepra
ture, TB=615 K. The arrow on the left specifies the value of a Maxwellian 
distribution •. 

8. Correlation of <KE)/2k of the scattered beam with respect to surface 
temperature,TB=265 K. 

9. Angular distributions for TB=1390 K, (a) Ts=475 K, (b) Ts=725 K, 
(c) Ts= 1195 K. 

10. Angular distributions for TB=615 K, (a) Ts=475 K, (b) Ts=725 K, 
(c) Ts= 1195 K. 

11. Angular distributions for TB=265 K, (a) Ts=725 K, (b) Ts=1195 K. 
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