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The rotational and vibrational distributions of H, and D, recombinatively desorbing from clean
Cu(110) and Cu(111) surfaces following atomic permeation are studied using multiphoton
ionization combined with time-of-flight mass spectrometry. Rotational distributions are found to
be non-Boltzmann and to possess mean rotational energies which are 809,—90% of the surface
temperature, T,. These distributions are identical to within the experimental accuracy for H, and
D, and also for desorption from the (110) and (111) faces. Moreover, the ortho and para nuclear

spin modifications of both isotopes are statistically populated. In contrast, the vibrational
population ratio, P, _, /P, _,, is found to be as much as 100 times greater than the ratio
corresponding to a Boltzmann vibrational population at 7. Specifically, the P,. _,/P,. _, ratio
for H, (D,) is 0.052 + 0.014 (0.24 4 0.20) desorbing from Cu(110), and 0.084 4 0.030

{0.35 + 0.20) desorbing from Cu(111). For comparison the Boltzmann-at-T ratios would be
0.0009 for H, and 0.0063 for D, at 7= 850 K. Simple models are discussed which attempt to
account for the qualitative trends of these results. Detailed balance arguments applied to the
vibrational distributions measured in recombinative desorption are unable to predict correctly the
dissociative adsorption probability as a function of vibration, indicating that these two processes

are dynamically different for this system.

I. INTRODUCTION

In the desorption of gases from surfaces, the escaping
species are commonly described by a Boltzmann distribu-
tion at the surface temperature, T,. However, there are some
outstanding exceptions.! One such case is the activated re-
combinative desorption of hydrogen from copper.””~’ The re-
verse process, dissociative adsorption, also shows strong var-
iations of the sticking probability as a function of incident
velocity and angle® for this system. When desorption or ad-
sorption processes show such nonequilibrium behavior, then
a detailed study of the quantum state distributions may yield
information regarding the dynamics of these simple hetero-
geneous reactions.

The adsorption of molecular hydrogen on copper was
first demonstrated to be activated and dissociative by Prit-
chard and co-workers,’'* who studied adsorption on eva-
porated copper films. They found isosteric heats of adsorp-
tion for H, in the range of 10-12 kcal/mol on these
polycrystalline samples and an activation energy for disso-
ciative chemisorption of approximately 9 kcal/mol. More
recently, results of Wachs and Madix'? have shown that the
second order preexponential factor for D atoms recombina-
tively desorbing from Cu{110) is approximately 10* times
smaller than typical values on other metals. This suggests
that unusual dynamics control the escape of D, from the
surface. The important role of the dynamics was demon-
strated by Balooch and Stickney® who found that the recom-
binative desorption flux of H, from the three low index faces
of Cu exhibited angular distributions which were strongly
peaked along the surface normal. The distributions could
empirically be fit to the form cos” 6 where n values were 2.5,
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5, and 6 for the (110), (100), and (111) faces, respectively.
These workers tentatively ascribed their observations to a
model originally suggested by Lennard-Jones'* in which a
potential curve-crossing between atomic and molecular po-
tentials is thought to occur above the surface.

Supporting evidence was presented in a beautiful experi-
ment by Balooch, Cardillo, Miller, and Stickney® who deter-
mined dissociative adsorption probabilities of H, and D, on
the (100), (110), and (310) faces of Cu as a function of incident
molecular velocity and angle. They found that the activation
barriers to dissociative adsorption could be surmounted by
the incident Kinetic energy projected along the surface nor-
mal, suggesting that the barriers associated with the transla-
tional degree of freedom were approximately one dimension-
al. This had originally been proposed by van Willigen."
Values of 3, 5, and 5 kcal/mol for these barrier heights were
assigned to the (110), (100), and (310) faces, respectively.

Cardillo, Balooch, and Stickney® later analyzed these
results using detailed balance. This approach assumes that
the microscopic rate of desorption into a given state is equal
to the reverse rate of adsorption from that state. They used
the angle and velocity dependence of the sticking probabil-
ity® to predict successfully the velocity-integrated post-per-
meation desorption angular distributions.? Indeed, calcula-
tions employing detailed balance have proven useful in a
number of gas-surface reactions.'®

More recently, Comsa and David* have measured the
velocity distributions of D, recombinatively desorbing from
the (111} and (100) faces of Cu following atomic permeation.
They found that the correlation expected between velocity
and desorption angle for the simplest one-dimensional bar-
rier model did not exist, i.e., the velocity did not increase
with increasing angle from the surface normal. Their results
seem to contradict the detailed balance arguments of Car-
dillo et al.,” suggesting that post-permeation recombinative
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desorption is governed by different potentials than is disso-
ciative adsorption.

In the present study we measure the rovibrational distri-
bution of H, and D, recombinatively desorbing after atomic
permeation through Cu(111) and Cu(110). We find that the
rotational distributions are non-Boltzmann. They have a
mean energy slightly less than the surface, and this quantity
is independent of crystal face and isotopic variation. On the
other hand, the P,. _ , /P, _ , population ratio is dramatical-
ly increased over that expected for equilibrium at 7. Var-
ious simple models are considered for interpreting these
findings. The validity of detailed balance is critically exam-
ined by calculating the dynamics in the adsorption direction
from our desorption results, and comparing these predic-
tions to existing results. We present further evidence that
detailed balance is unable to relate correctly dissociative ad-
sorption and post-permeation recombinative desorption for
the H,(D,}/Cu system.

Il. EXPERIMENTAL

A schematic diagram of the apparatus is depicted in Fig.
1. The basic experimental procedure will only be summar-
ized, as detailed descriptions of each important apparatus
element may be found elsewhere.”!” Recombinative desorp-
tion fluxes of H, and D, are provided by atomic permeation
from a pressurized gas line (1-3 atm) through heated single-
crystal copper sample membranes having nominal thick-
nesses of 0.5 mm. Sample cleanliness and geometric order
are accomplished by Ar* bombardment and annealing cy-
cles and are verified by Auger electron spectroscopy (AES)
and low energy electron diffraction (LEED), respectively.
The desorption flux is crossed by a 3 ns pulsed laser beam
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FIG. 1. Diagram of the overall experimental apparatus used to determine
rovibrational state distributions of molecular hydrogen desorbing from
clean copper surfaces.

focused approximately 1.25 cm from the sample surface and
is ionized via resonance enhanced 2 + 1 multiphoton ioniza-
tion.'* Ions are extracted into a time-of-flight mass
spectrometer. Mass segregation occurs due to differences
between ion mass flight times which are proportional to the
square root of a given ion’s mass. Ions are detected with a
high-gain multiplier array as a function of laser wavelength
to obtain an ionization spectrum. Comparison of the vibra-
tionally and rotationally resolved line intensities of the de-
sorbing species with those from an oven source allows the
rovibrational state populations to be determined.

A. Single-crystal permeation source

The (110) sample permeation source consists of a single-
crystal Cu cylinder, 99.999% pure 1.25 cm long, and 1.25
cm in diameter. An interior 3 mm channel is electro-dis-
charge milled to within 0.8 mm of the oriented cylinder front
face. This face is oriented to within 1° of the (110} plane as
quoted by the crystal manufacturer (Monocrystals Co.,
Cleveland, OH). Electro-discharge milling was chosen for
channel construction to avoid creating defects in the sample
substrate, a problem to which copper is extremely suscept-
ible due to its softness.’® The (111) sample source was con-
structed using a slightly different procedure in which an ori-
ented {1°)99.999% pure, 1 cm diameter, 1 mm thick disk was
electron beam welded to a channeled, 99.999% purity cylin-
der. After welding, the disk was sanded carefully and chemi-
cally etched to a final 0.3 mm thickness.

The Cu sample surfaces were both chemically polished
to mirror finishes using the method of Mitchell and
Ahearn,? although the (111) face had to be repolished at a
later time with 0.25 u diamond paste due to a scratch. Both
faces yielded high contrast LEED patterns after sputtering
and annealing, although the (111) face required a much long-
er annealing period, presumably due to the use of a mechani-
cal rather than chemical final polish.

At asurface temperature of 900 K, a sample thickness of
1 mm, and an H, backing pressure of 1 atm, the calculated
desorption flux is 9 10> molecules/cm?s. This corre-
sponds roughly to a density of 1X 10 ® molecules/cm® as-
suming that the mean H, velocity is 8 x 10° cm/s. Under
these conditions the hydrogen coverage is calculated to be
less than 10~* of a monolayer. Hence, the post-permeation
desorption measurements are performed in the zero-cover-
age limit.

B. Laser excitation and ion detection

For two-photon excitation of the H, E, F '3 state the
wavelength combinations employed are 193 and 211 nm for
the {0,0) band and 2211 nm for the (0,1) band, enabling
spectra of both vibrational bands to be acquired simulta-
neously. The laser source is comprised of a pulsed dye laser
(Quanta-Ray, PDL) with single stage amplifier, pumped by
the frequency-doubled output of a pulsed Nd**:YAG laser
(Quanta-Ray, DCR-1A). The doubled dye output, tunable in
the region near 285.63 nm, is focused with an f = 600 mm
quartz lens into a cell containing 5.5 atm of H, gas. Stimulat-
ed Raman scattering occurs within the focal volume to pro-
duce wavelengths of light which are shifted by integral mul-
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tiples of the H, Q, vibrational quantum of 4155.0cm . The
third and fourth anti-Stokes lines, denoted by AS; and AS,,
are generated at 211 and 193 nm, respectively. Table I iists
the relevant operating conditions.

The input lens is an uncoated f= 600 mm quartz lens
which focuses both the dye (vertically polarized) and dou-
bled dye {horizontally polarized} laser wavelengths within
the 72 cm Raman cell.?! A 500 mm Suprasil lens recolli-
mates the output which is sent without dispersion to a beam
splitter and then to a beam-steering prism. The prism is
mounted on a precision mount so that accurate beam steer-
ing into the chamber is possible. The beam splitter picks off
~8% of the undispersed Raman cell output and sends it to
two matched 60° dispersing prisms placed so that the second
prism is in the mirror image configuration to the first. In this
way, the AS, and AS, orders can be spatially separated with-
out beam walking during a dye laser wavelength scan. The
beams at ~ 193 and ~211 nm are then mildly focused on
separate pyroelectric detectors {Molectron P1-12) which
produce currents that are linearly proportional to pulse en-
ergy. The pyroelectric outputs are amplified with fast 10X
pre-amps (LeCroy VV100BTB]) and sent to a gated integra-
tor/computer system for power normalization. Inside the
chamber the two laser wavelengths at ~193 and ~211 nm
are focused with a 75 mm focal length Suprasil lens. These
wavelengths have slightly displaced foci, but the degree to
which the two colors do not overlap is fairly small.

As shown in Fig. 2, ions formed at the laser foci are
accelerated into a 16 cm long time-of-flight mass spectrom-
eter tube by an extraction field of ~400 V/cm. A channel
electron multiplier array (CEMA, Galileo FTD 2002) lies 1
cm below the exit grid of the flight tube and is used to detect
the temporally resolved ions which strike it. Temporal dis-
crimination of the ion masses is critical in this experiment,
even at pressures of 107'° Torr, because of the abundant
nonresonant production of background hydrocarbon masses
in the tightly focused ionization region. Typical mass resolu-
tion, ¢ /4¢, is about 30in a time-of-flight spectrum. H;" flight
times are ~ 1.5 us.

The output of the CEMA is processed by gated integra-
tion (LeCroy models 2249SG and 2323) in a CAMAC crate
and is stored in a computer (DEC LSI 11/23). A resonance-
enhanced multiphoton ionization (REMPI) spectrum is ob-
tained by tuning the wavelength of the laser while integrat-
ing the CEMA output at the fixed delay from the laser pulse
appropriate to the desired mass. Because the spectrum is so

TABLE I. Implementation of stimulated Raman scattering for H,, D, de-
tection.

Scattering gas: H,

Gas pressure: 65 psig
Focal length of input focusing lens: 600 mm

Dye wavelength: 57123 nm
Dye energy: 70 mJ/pulse
Doubled dye energy: 18 mJ/pulse
AS, wavelength: 193.68 nm
AS, energy: 118 uJ/pulse
AS, wavelength: 210.63 nm
AS, energy: 311 u3/pulse

H, /Cu(110)
1.3 ATM
H
2
{
Cu(110)
DESORBING l
Hy PERMEATION
SOURCE

LASER IONIZATION
VOLUME

ION CgLLECTION

ION DETECTOR
{CEMA)

ION TIME-OF-FLIGHT
MASS SPECTROMETER

v /4

b

FIG. 2. Time-of-flight mass spectrometer used to collect laser-ionized mo-
lecular hydrogen.

sparse, the data acquisition program scans the dye laser
quickly through empty regions of the spectrum and slowly
through regions where transitions occur. Spectra are ac-
quired in 45 min scans following hour-long Ar* bombard-
ment at an ion energy of 1000 eV and a current density of ~ 3
#A/cm?. Three sequential scans are performed after which
point an AES spectrum is taken. The Auger spectra show
that small amounts of carbon accumulate on the sample sur-
face during data acquisition [/(272 eV)/1,(920 eV)=x1]
but this seems to have no effect on the rovibrational state
distributions.

. RESULTS

A. H; and D, rovibrational population standards

The general use of REMPI to determine quantum state
populations requires that both the excitation and ionization
steps be fully characterized. Toward that end REMPI spec-
tra of both H, and D, supplied by a 25 1 heated tungsten free
jet have been recorded as a function of the stagnation tem-
perature. These measurements are compared with the re-
sults of Gallagher and Fenn?? who studied rotational relaxa-
tion of molecular hydrogen in heated free jets. In this way,
the accuracy of the methods adopted for rotational popula-
tion analysis may be verified. Moreover, the nozzle can be
used as a source of well-defined vibrational distributions to
calibrate the REMPI technique for use in vibrational popu-
lation analysis.

The nozzle is resistively heated along approximately 5
cm of its length and the resulting temperature, 7, is mea-
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sured with a W-5% Re/W-26% Re thermocouple spot-
welded 2 cm behind the nozzle orifice. Hydrogen flows are
sufficiently slow that molecular dwell times within the heat-
ed region of approximately 0.5 s are expected. The 10! colli-
sions which each molecule is calculated to experience during
this time ensures that full rotational and vibrational equili-
bration to the source temperature is achieved. The source is
mounted so as to provide three translational degrees of free-
dom, allowing molecular beam alignment to be dynamically
maintained during experiments. The nozzle and its associat-
ed manipulation hardware are mounted in a triply differen-
tially pumped source chamber assembly previously de-
scribed.?

Rotational relaxation of molecular hydrogen in a jet has
been studied using time-of-flight methods by Gallagher and
Fenn.??> We have employed stagnation conditions which, ac-
cording to their measurements, yield terminal rotational
temperatures, 7,, equal to 0.9 7. Vibrational temperatures,
T,, are expected to be at least this high,?* but are probably
even greater.’ Ordinarily it can be safely assumed that
T, = T, for light diatomics. The possibility of near-resonant
vibration to rotation energy transfer has been suggested for
H,,** however, and so we adopt the position of Gallagher
and Fenn on this point and tentatively assume that 7, ~ T,.

Examples of both H, and D, REMPI spectra are shown
in Fig. 3 for the stagnation conditions as listed. Such data
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FIG. 3. Resonance-enhanced multiphoton ionization spectra of {aj H, and
{b) D, expanded from the nozzle. The stagnation temperature, T, is as list-
ed. The stagnation pressure, P, is 1 atm for H, and 2 atm for D,

were collected only for stagnation pressures of 1 atm for H,
and 2 atm for D,. Notice the prominent v” = 1 signal. Be-
cause the pulse energy of AS, is generally three times greater
than that of AS, and since their foci do not exactly overlap,
the relative detection sensitivity for v” = 1 is far greater than
that for v” = 0. These spectra are analyzed in the following
manner: (1) each Q-branch J member which is not over-
lapped with another line is integrated and any underlying
background is subtracted, and {2) the integrated intensity,
denoted as IQ;, is divided by the product of the simulta-
neously measured laser pulse energies {e.g., AS;-AS, for
v” = 0 detection), and by the combined nuclear and rota-
tional degeneracies appropriate to the state J. In general,
these ratios must also be divided by the corresponding two-
photon transition line strengths (see for example Bray and
Hochstrasser®®). Previous measurements'®*® have demon-
strated that the second rank contribution to the
125 « '2; two-photon line strength is small and therefore
the J dependence of the overall line strength is weak. To a
good approximation (~ 19%) therefore, these quantities need
not be included. The power and degeneracy normalized in-
tensities are plotted logarithmically vs the rotational energy
E; of the state J. The resulting Boltzmann plots are present-
edin Fig. 4 for H,v" =0andin Fig. Sfor D, v" = 1.

These two figures show that:

{i) the data for all T, are well described by straight lines,
implying that the distributions are Boltzmann and can be
accurately fit by rotational temperatures, T,;

(ii) the values of 7,, summarized in Table iI, are typical-
ly within 10% of and are systematically lower than 7;

{iii) the ratio of T,/ T, averaged over all values of Ty, is
0.94 + 0.15 for H, and 0.89 + 0.08 for D,, very close to the
value of 0.9 expected from the results of Gallagher and
Fenn.?

As a final test, we analyze a room temperature static gas
sample of H, and obtain T, = 298 + 3 K when the chamber
temperature is 295 K. These results demonstrate that rota-
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FIG. 4. Boltzmann plot of jet-expanded H,, v” = 0. The ordinate is the log-
arithm of the laser power- and degeneracy-normalized rotational line inten-
sities and the abscissa is E,, the rotational energy. Values of T, and T, are
listed in Table I1.
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FIG. 5. Boltzmann plot of jet-expanded D,, v” = 1. Values of T, and 7, are
listed in Table II.

tional population determinations can be accurately accom-
plished using REMPI of molecular hydrogen. However,
since we have not verified our procedures for transitions in-
volving J> 5 for H, and J> 7 for D,, in all results which
follow we use only those rotational transitions which have
been shown to be free from any possible J-dependent detec-
tion bias.

To calibrate REMPI detection of molecular hydrogen
vibrational populations we have used the nozzle source as a
vibrational population standard. Recall that T, is expected
tobe atleast 0.9 T, A calibration curve is developed vs T, by
measuring the signal intensity in selected Q@ (0,1) and Q(0,0)
members and determining the population ratio

P, EJ:IQJ(OJ)

" =1

Pr=o 3.10,00)

where the range of J is 2<J<5 for H, in both v” levels and is
J =2 for v" =0 of D,, and 0<J<7, J #2 (because of line
blending), for v” = 1 of D,. The ratio formed for D, is multi-
plied by the quantity

Pv"=0,J=2(T0)

> P —04(To)
J

(1)

TABLE II. Values of T, as a function of T, for H, and D,.

H, (v =0) D" =1)
Ty(K) T,(K) T4(K} 7,(K)
1224 961 1142 964
1352 1209 1335 1062
1465 1326 1578 1502
1575 1445 1957 1876
1693 1621
2015 2430
(T,/Ty) 0.94 +0.15 (T./Ty) 0.89 + 0.08

Ll

5.0 7.0 9.0 1.0
(1/74) x 10*

FIG. 6. Logarithmic plot of the (v” = 1)/(v” = 0) intensity ratio vs {T) ™"
for jet-expanded H, and D,. The lines drawn correspond to the least squares
fits to the data.

to correct for the decrease in partition function-normalized
population in J = 2, v” = 0, denoted by P,- _,,,_,, as tem-
perature increases. The logarithms of the ratios expressed in
Eq. (1) vs(T,)~ ' are plotted for H, and D, in Fig. 6. To a good
approximation these plots yield straight lines and their re-
sulting slopes are equal to within 10%-20% of the energy
difference, E,. _, — E,. _,. This is the expected result when
full molecular vibrational equilibration to T, occurs and vi-
brational relaxation in the jet is either insignificant or inde-
pendent of Tj,. Combined with the assumption that T, ~ T,
{in our view, a lower limit), we conclude that the true vibra-
tional population ratio can be predicted to within 109% from
knowledge of T,

(a) Hy/Cu(111)
T, =850 K
1.251 Q,0,0) S
{ T T 1
o 1 2 3 5
i Q0,1
[ T ] T 1
oh 2 3 4 5
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6
& 0.00 J " VU P S
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z () Q,(0,1) DT.‘,/c:éy;)
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Sozomps 4 5§ & 7 s
0.101 Q,(0.0)
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000{ I Il n il il 44 nl l W I L‘; l 1 ll 1
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FIG. 7. Resonance-enhanced multiphoton ionization spectra of (a) H, de-
sorbing from Cu(111) at T, = 850 K and (b) D, desorbing from Cu(111) at
T, =960 K.
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B. Rotational distributions in post-permeation
desorption

Representative spectra of H, and D, desorbing from
Cu(111) are shown in Fig. 7 at the specified values of T,. All
spectra of recombinatively desorbing molecular hydrogen
are collected such that they represent an average over de-
sorption angles ranging from 0°-20" from the surface nor-
mal. No attempts have been made to search for correlations
between desorption angle and internal state. Similarly, possi-
ble effects of anisotropy of molecular rotational angular mo-
mentum have been ignored. For future reference, we have
chosen a detection geometry in which the angle between the
surface normal and laser polarization direction is fixed at
approximately 40°.

To prove unambiguously that spectra such as those in
Fig. 7 correspond to the direct flux of recombinative desorp-
tion from the clean sample surface we have performed two
tests. The first test is to determine the spatial profile of the
signal at 05{0,1). We find this peaks near the surface normal,
as expected. As a second test the copper surface is contami-
nated with sulfur through exposure to H,S. We find that the
recorded spectra change drastically.’

The background H,(D,} pressure in the vacuum
chamber increases to approximately 5 X 10~° Torr during a
permeation run and this diffuse background component
contributes significantly to the signal measured along the
permeation flux spatial maximum. We subtract this contri-
bution after each set of three scans in a manner which as-
sumes that the background molecules have an equilibrium
rovibrational distribution at the chamber temperature of 295
K {i.e., there is no background contribution to the v" =1
signal). This assumption is based on the fact that desorbed
molecules on average undergo many wall collisions before
returning it to the ionization region.

1 1 H ] i i
Cu(110) cu(111) 1]
2 Hy 2 Hz )
a o Vv'=1 T=850K| v v v'=1 T=850K]|
) 1 960 K| 1 960 K|
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ti o 0 980K
L ]
¥
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[
= I 1
e 2
001 ::
8 g 7
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[¢] 600 1200 1800
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FIG. 8. Boltzmann plot of H, and D, recombinatively desorbing from
Cu{110) and Cu{111). The dashed line 7, == T, = 850 K is drawn for refer-
ence. The curve through the data is simply to aid the eye.

Following background subtraction, rotational analyses
for bothv” = 0andv” = 1 are performed as described above
for the heated nozzle data. The results are plotted for both
H, and D, desorbing from Cu(110) and Cu(111) in Fig. 8.
Data were collected at two values of 7, for each surface and
these results are plotted as well. Figure 8 is a plot of the
logarithm of the quantity 1Q,/[g,(2J + 1)] vs E,, where
IQ, is the power-normalized intensity of the O branch mem-
ber, g, is the nuclear spin degeneracy, (2J + 1) is the corre-
sponding rotational degeneracy, and E, is the rotational en-
ergy, all of the state J. The line corresponding to 7,

= T, = 850 K is included in this figure for reference. The
following conclusions may be immediately drawn from Fig.
8:

(i) the H, and D, rotational distributions are not accura-
tely represented by a temperature although the deviation
from Boltzmann behavior is not dramatic;

{ii) the mean rotational energy is less than 7;

(il the H, and D, distributions are identical to within
the accuracy of the data;

(iv) the Cu(110) data are identical to the Cu(111) data to
within the experimental accuracy;

(v) the H, data forv” = Oand v” = 1 show no systematic
differences (this comparison cannot be made for D, because
the signalinv” = Q1is too weak to allow its characterization];

(vi) ortho and para modifications of both H, and D, lie
along common curves, implying they are populated statisti-
cally;

(vii) no systematic differences are noted for the two sur-
face temperatures studied.

Tables ITI and IV list the normalized rotational popula-
tions for all of the data appearing in Fig. 8. Also tabulated is
the quantity (E,)/(E,(T,)). This ratio corresponds to the
mean rotational energy in recombinative desorption, (E, ),
divided by the mean rotational energy predicted for equilib-
rium at T,, (E,{T,)). Error estimates are included paren-
thetically after each data entry.

C. Vibrational distributions in post-permeation
desorption

Examination of Fig. 7 demonstrates that the vibrational
excitation of the desorbing hydrogen is substantially greater
than the amount that would be expected for equilibrium at
T,. A coarse estimate of thev” = 1 population may be gained
simply by comparing the H, spectra in Figs. 3and 7. Wenote
that the temperature of the beam source is almost twice that
of the surface and yet the relative fraction of v” = 1 is only
slightly less in the desorption spectrum than in the beam
spectrum.

The quantitative determination of the vibrational popu-
lation ratio, P, _ /P, _,, is established by first subtracting
off the background contribution to the v” = 0 signal as de-
scribed above. The remainder of the procedure differs slight-
1y for H, compared to D,. In the case of H,, the sum over
power-normalized Q, to Qs lines is determined for both
members of the v” progression (0 and 1) and the ratio calcu-
lated. This empirical ratio is then entered as the variable in
the equation of the best-fit line to the free jet data appearing
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TABLE II1. Normalized rotational populations for H, desorption. Also tabulated are the resulting mean rota-

tional energies divided by the equilibrium-at-7, prediction.

T, =850K T, =960 K
H,/Cu(110) " =0 v =1 v =0 v =1
J P,
0 0.19(0.11) 0.15(0.06) 0.19(0.11) 0.14{0.03)
2 0.25(0.06) 0.21(0.03) 0.16(0.05) 0.21(0.03)
3 0.39(0.07) 0.38(0.04) 0.50(0.07) 0.39(0.03)
4 0.07(0.02) 0.09(0.02) 0.07(0.04) 0.13(0.04)
5 0.10{0.01) 0.16(0.06) 0.10(0.06) 0.13(0.01)
£ 0.81 0.91 0.77 0.81
P,(T,)-E,
JT#Y
H,/Cu(111) T, = 850
v =0 " =1
J P,
0 0.29(0.17) 0.12(0.05)
1
2 0.23(0.11) 0.27(0.07)
3 0.29(0.11) 0.39(0.06)
4 0.07(0.05) 0.09(0.03)
5 0.12(0.05) 0.14(0.06)
_ B 0.76 0.90
> PiAT)E,
JT#1
in Fig. 6 and the true population ratio calculated. The D, IV. DISCUSSION

ratio is determined in a similar manner which accounts for
the change in the fractional population inJ = 2 as a function
of temperature.'” We find that the vibrational population
ratios in desorption are 0.052 4- 0.014 and 0.24 4 0.20 for
H, and D,, respectively, from Cu(110). On the Cu(111) sur-
face these ratios are 0.084 4 0.030 for H, and 0.35 +0.20
for D,. In contrast, the vibrational population ratios in equi-
librium at 7, = 850 K are 0.0009 and H, and 0.0063 for D,.
Note, therefore, that the activated recombinative desorption
of molecular hydrogen results in vibrational excitation some
50 times the value predicted if the molecules were desorbing
in equilibrium from Cu(110). On Cu{111) we see ~ 100 times
the amount in v” = 1 than the equilibrium prediction.

We have unsuccessfully attempted to measure the popu-
lation in the v” = 2 level following desorption for both H,
and D,. However, by measuring the {p” = 2}/(v" = 0} signal
ratio in the molecular beam at 7, = 2000 K, upper limits of
~0.01 for H, and ~0.04 for D, can be established for the
v" = 2 desorption populations.

The normalized rotational populations presented in Ta-
bles ITI and IV may be combined with the vibrational popu-
lation ratios presented above to yield relative rovibrational
state populations. Such relative populations are graphed in
Fig. 9 for H, and D, on Cu(111}. To accentuate the differ-
ences between the measured quantum state populations and
those predicted for an equilibrium ensemble at 7, we also
graph the ratio of the two populations. In this way, the dyna-
mical aspects of desorption can be separated from the simple
“thermal” predictions.

As summarized in the Introduction, the activated re-
combinative desorption and dissociative adsorption of mo-
lecular hydrogen on copper surfaces exhibit clear nonequi-
librium angular and velocity distributions. It is known that
the activation barrier to dissociative adsorption is nominally
one dimensional having a height that depends on the surface
crystallographic orientation.> Moreover, velocity measure-
ments suggest that there are dynamical differences between
gas-phase adsorption and post-permeation desorption.*

The present study examines the role played by molecu-
lar internal degrees of freedom during recombinative de-
sorption. Specifically we have determined the rovibrational
state populations of molecular hydrogen desorbing after
atomic permeation. We have made no attempt to determine
the possible correlations between these internal degrees of
freedom and desorption velocity or angle. Such experiments
are possible in principle, but will require signal enhance-
ments of approximately a factor of 10.

In desorption, molecules escaping the surface will ex-
hibit state distributions which derive from at least two dis-
tinct paths. One path is the recombination of hydrogen
atoms and the direct escape of molecules into the vacuum.
The other involves recombination followed by collisions
between the newly born molecule and one or more surface
atoms. Presumably these collisions will tend to thermalize
the direct path distributions. The detailed form of the poten-
tial energy as a function of »”, J, velocity, etc., determines
which molecular quantum states contribute primarily to the
direct desorption flux. In this sense, the copper surface acts

J. Chem. Phys., Vol. 83, No. 5, 1 September 1985

Downloaded 09 Feb 2010 to 171.64.124.75. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



Kubiak, Sitz, and Zare: Recombinative desorption dynamics

TABLE IV. Normalized rotational populations for D, desorption. Also
tabulated are the resulting mean rotational energies divided by the equilibri-
um-at-T, prediction.

D,/Cu(110) T, = 850K
v =1
J P,
0 0.12(0.04)
1 0.12(0.03)
2 0.28(0.06)
3 0.12(0.03)
4 0.15(0.04)
5 0.080.04)
6 0.09(0.03)
7 0.06(0.03)
E,
_(E) 0.93
2}: Py(T,)E,
D,/Cuf111) T, =850K T, =960K
v =1 v" =1
J P, P,
0 0.09(0.03) 0.11{0.03)
1 0.11{0.03) 0.09(0.04)
2 0.31{0.04) 0.27(0.04)
3 0.12{0.02) 0.12(0.04)
4 0.16{0.05) 0.19(0.04)
5 0.05(0.02) 0.07(0.02)
6 0.10(0.03) 0.11(0.02)
7 0.04{0.02) 0.06(0.03)
E,
(E) 0.86 0.88
> P{T.)}-E,

J

as a quantum state “filter.”

We assume in the following discussion that the “direct”
desorption flux dominates the total desorption flux. Rota-
tion is expected to be more sensitive to possible relaxation
than is vibration, although both of these degrees of freedom
should be more difficult to relax collisionally than velocity.
We believe that the narrow, hot velocity distributions mea-
sured by Comsa and David® support the assumption that the
direct flux is predominant. However, we cannot rule out a
minor contribution to the desorption flux from a group of
molecules with partially relaxed internal state distributions.

A. Features of the molecule-surface potential
manifested in molecular rotation

The quantum state distributions of direct recombinati-
vely desorbing hydrogen molecules will reflect the details of
the potential energy surfaces governing the motions of the
constituent H atoms and of the newly born H, molecules.
These potential energy surfaces are expected to vary with the
crystallographic orientation of the copper surface. Recall
that such variations have already been observed in post-per-
meation desorption angular and velocity distributions, as
well as in the apparent activation energy for dissociative ad-
sorption. Specifically, H, angular distributions measured by
Balooch and Stickney vary in the sequence cos>* 8, cos’ 6,
and cos® @ for the (110), {100}, and (111) surfaces, respective-
1y.? More recent angular distributions, measured by Comsa

2545
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FIG. 9. Pict of the normalized rovibrational state distributions of H and D,
desorbing from Cu(111} at 7, = 850 K. The lower panel plots logarithmi-
cally the desorption distributions divided by the corresponding equilibri-
um-at-T, distributions (P(T,)). Solid bars and circles correspond to H,;
open ones to D,,.

and David,* yield cos® 8 for Cu{100). D, velocity distribu-
tions in desorption from Cu{100} and Cu(111) yield mean
kinetic energies of 3950 and 3600 K, respectively.* In ad-
sorption, the apparent activation barrier varies from 3 kcal/
mol on the (110) surface to 5 kcal/mol on the (100) plane.®

80
- He —
40 H, i
>
€ 20 -
et N
Cl
>
z (A
1 2 3 4 5 6
0 f I { | et
~-20H 1

FIG. 10. Comparison of H,/Cu and He/Cu laterally averaged 9-3 potential
energy curves. Potential parameters taken from Perreau and Lapujoulade
(Ref. 26).
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In contrast to velocity and angular distributions in de-
sorption, the results presented in Fig. 8 demonstrate that the
molecular rotational degree of freedom is insensitive to the
surface structural differences between the (110) and (111)
planes. This may be understood using a simple approximate
method to generate the H,~Cu repulsive potentials.

The closed-shell character of molecular hydrogen gives
rise to primarily repulsive interactions with metal surfaces.
A pertinent example of this lies in selective adsorption and
elastic scattering measurements of H, from Cu(110) and
Cu(115).%8 These results yield an H,/Cu(110) well depth, D,
of only 22.0 + 0.5 meV or ~0.5 kcal/mol. Therefore D is
approximately 10 times less than the activation barrier to
dissociative adsorption on copper. Also of interest is the fact
that the repulsive limb of the laterally averaged H,/Cu and
He/Cu potentials appear to be quite similar when fit to the 9-
3 form?¢:

Viz)=13*%D [(0/2)° — (0/2)*], (2)
where o, the range parameter, is 2.7 A for He and 2.8 A for
H,,. This is demonstrated in Fig. 10 where it is shown that the
He and H, repulsive limbs appear to be nearly parallel (they

V (eV)

--0.010

4.00¢1 ©+0.100

) - y.000
2.001 .

0.004+—"

4.00"':

ANGSTROMS

2.00f -~

0.004%

are offset due the difference in van der Waals radii, ry,
— rge~0.2 A). We make the chemically plausible assump-
tion that the H,/Cu repulsive potential can be qualitatively
represented by that of He/Cu. We are motivated to make
this approximation because of the extreme simplicity with
which fairly accurate He/Cu repulsive energies can be deter-
mined.

Esjberg and Nérskov,?’ Laughlin,?® and Batra er al.?°
have recently shown that, to a good approximation, repul-
sive interactions between a He atom and a target can be writ-
ten

V= Tptarget’ {3)

where T~ 1.0X 10° meV A~ and p,,,, (charge A~3)is as-
sumed to be uniform over the helium atom.

Equation (3) allows the repulsive He—metal potential to
be trivially calculated once gy, is determined. We approxi-
mate® p,.... using a superposition of Herman-Skillman
atomic wave functions.>’ Although the Herman-Skillman
wave functions are known to be less accurate in their tails
than those wave functions calculated using the Kohn-Sham
form of the exchange-correlation potential,?® we believe that

4.007""

2.00f

0.004—

ANGSTROMS

FIG. 11. Plots of Cu(110) electron isodensity contours calculated from the superposition of Herman-Skillman atomic Cu electron densities. The upper panel
shows the 21 surface atoms used to generate the isodensity contours as well as the relationship between the cuts illustrated and these surface atoms. Distance
normal to the surface is measured from the trough atom center. The X’s approximately locate the H atom threefold binding sites.
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this refinement is unwarranted given the level of the approxi-
mations already made. .

The electron density at the surface is taken to be the sum
of single atom electron densities appropriate to the known
geometric structure of the surface. For the (110) face, 21
atoms are considered {see Fig. 11); 12 in the top atomic layer
and 9 in the second. Figure 11 also shows the isodensity
contour plots corresponding to the cuts sketched on the sur-
face llayer. The contour progression scales in increments of
10173,

We compare in Fig. 12 the approximate H,/Cu repul-
sive energies to those obtained by Madhavan and Whitten,*?
who used a 38 atom cluster and included configuration inter-
action. Figure 12 graphs the potential energy vs z, the dis-
tance above a fourfold site on the {100} face for the full CI
calculations and the distance above sites A and B (see inset of
Fig. 12) for our potential. We have assumed that the H-H
internuclear separation remains fixed as z decreases, al-
though it is likely that as the molecule approaches the sur-
face the H, bond will stretch and the true molecule-surface
repulsion will be reduced. The largest discrepancies between
the Herman—Skillman superposition result and the full CI
calculation occur at H,~Cu distances less than ~1.4 A
where the repulsive energies of the former are approximately
0.6 €V higher above site A and 0.9 eV lower above site B than
the latter. This is to be expected since the atomic superposi-
tion does not allow electron density to “spill out™ over the
surface away from the nuclear cores. The superposition cal-
culation therefore yields metal electron densities which rise
more sharply with decreasing z near a surface atom and
more slowly with decreasing z between widely separated sur-
face atoms (e.g., between atoms 7-8). Nonetheless, Fig. 12

| i i 1 I
o]
3.0 ' -]
\
VA
1
I v/ )
t
i
o @
~ 20 ‘,\ ‘| A Madhavan and Whitten
> a
.9 \ ‘, O Superposition of Herman -
vV Skillman Electron Densities
> - \ {This Work) 1
B
1.0+ tg -
\v
) L 1 OR | |
8] 1 2 3 4 5 3]
H,~Cu z (A)

FIG. 12. Comparison of the simple H,/Cu repulsive potentials shown in
Fig. 10 with that calculated using configuration interaction by Madhavan
and Whitten (Ref. 41) above a Cu{100) fourfold site. The inset shows the
positions of the sites corresponding to curves A and B.

2647

demonstrates that the atomic superposition energies are like-
ly to allow qualitatively meaningful conclusions to be
reached regarding the repulsion experienced by a nascent
hydrogen molecule after recombination.

Computational results of Baskes and Daw>? show that
the threefold site in the (110) trough (shown as X ’sin Fig. 11}
is the most stable H atom binding site on fcc metals such as
Ni and Pt, and by inference Cu. The preferred H atom sur-
face diffusion direction might therefore be along the troughs
(in the [110] directions). The atom—atom encounter during
recombination could then be imagined to occur with low
impact parameter; the troughs impose a partial one-dimen-
sional constraint on atomic diffusion. However this picture
cannot explain our rotational results. Recall that the rota-
tional distributions of H, and D, desorbing from both the
(110) and (111) surfaces are “colder” than T, and are identi-
cal for both faces. This experimental fact, combined with the
{110) repulsive potentials diagrammed in Fig. 11 rules out
this model. Assuming that the H-H internuclear separation
is near its equilibrium value of 0.75 A, in-trough recombina-
tion would form a molecule in a region corresponding to
repulsive energies of 5-10 eV. At 1000 K, these energies are
between 58—116 times greater than k£ T,. Therefore, molecule
formation at 1000 K must occur in regions with far less elec-
tron density than that found in the troughs.

Further inspection of Fig. 11 suggests that the insensiti-
vity of the rotational distributions to crystal face can be un-
derstood from the repulsive—surface potentials as well. For
example, molecule formation at a repulsive energy of 250
meV {~3kT,) occurs 3.75 A above the (110) trough atoms
(Feuss ~2.5 A). The maximum modulation of the potential
in this region is only ~0.25 A (in the [001] direction). On the
close-packed (111) surface the modulation at this value of z
will of course be closer to zero. The point is that the surface
structural signature on the repulsive potential is obscured at
these large values of z. The repulsive potentials, which can
classically give rise to torques on the molecule, appear to be
quite flat in the region where molecule formation probably
occurs. If the torques applied to the nascent molecules are
similar on both crystal faces, their rotational distributions
will also be similar,

B. Vibrational and translational distributions and
implications for detailed balance

In Sec. III C it was demonstrated that the P,. _, /P, _,
population ratio is 58-93 times greater than that predicted
for a Boltzmann vibrational distribution at 7 = 850 K. Simi-
larly, the mean post-permeation desorption kinetic energy
(E,) is known to be ~4 times greater than for equilibrium
desorption. We also know that the adsorption probability in-
creases ~ 7 times as incident normal kinetic energy increases
from 1 to 8 kcal/mol. Analogously, we ask if the post-per-
meation desorption vibrational population ratio implies, by
detailed balance, that the adsorption probability for H, mol-
ecules excited to v” == 1 is 5893 times greater than for their
v" =0 counterparts? This possibility is examined in what
follows.

The concept of detailed balance can be stated in the fol-
lowing manner: for a system at equilibrium, the rate of for-

J. Chem. Phys., Vol. 83, No. 5, 1 September 1985

Downloaded 09 Feb 2010 to 171.64.124.75. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



2548 Kubiak, Sitz, and Zare: Recombinative desorption dynamics

mation of a distinguishable macroscopic state and its reverse
rate must be equal for a quantum system governed by transi-
tions of random phase.3* Notice that detailed balance applies
only to systems at equilibrium. For nonequilibrium systems,
microscopic reversibility allows one to state only that the
forward and reverse transition probabilities connecting two
quantum states are equal. At equilibrium, the summation
over all the discrete transition probabilities is such that the
forward and reverse rates for forming a distinct macroscopic
state are balanced, i.e., the second law of thermodynamics is
obeyed.

Although the concept of detailed balance rigorously ap-
plies only to equilibrium systems, it has been fruitfully ap-
plied to systems which clearly are not in equilibrium. An
example can be found in the determination of the relative
evaporation rates of tungsten and molybdenum oxides dur-
ing molecular beam oxidation of the respective metal sur-
faces.'¢ This “quasiequilibrium’ method successfully pre-
dicted the various oxide desorption fluxes using only metal
oxide thermochemical data, molecular oxygen incident flux,
and 7,. An even more pertinent example is the previously
mentioned detailed balance analysis of the molecular hydro-
gen/copper system.” In this example, adsorption probability
data vs E, ( = cos’0;-E,) was used to predict desorption an-
gular distributions. When detailed balance is unable to pre-
dict the properties of one process from properties associated
with its apparent reverse process, the dynamics of these two
processes must be different. We now reexamine the conclu-
sion of Comsa and David* that post-permeation desorption
and gas-phase adsorption experiments exhibit dissimilar dy-
namics. Additionally, we extend the detailed balance analy-
sis to include molecular vibration.

Let us take the results of Balooch, Cardillo, Miller, and
Stickney® (hereafter referred to as BCMS) for H, scattering
from Cu(100) and attempt to calculate the angular depen-
dence of the D, velocity distributions measured in recombin-
ative desorption after atomic permeation by Comsa and Da-
vid* (hereafter referred to as CD). We assume that the
isotropic variations found in the adsorption probabilities § of
D, and H, on Cu(110) by BCMS ({, ~ 1.4 &) can be ap-
plied to the Cu(100) face. To predict the CD results we take
the flux-weighted dependence of { vs E|, shown in Fig. 13,
and multiply it by the flux-weighted Maxwellian distribu-
tion of velocities P (v) at the surface temperature employed in
the CD experiment. We calculate the equilibrium adsorption
probability per unit area, P (v,8;), as a function of velocity at
each value of the incident angle, 6;, by determining the value
of E, for a given (v,6,) combination, finding the correspond-
ing value of  and multiplying it by P (v). To compare directly
with the CD results, the average kinetic energy, (E, ), of the
adsorbing molecules is plotted vs 8, in Fig. 14. If the equilib-
rium synthesis is valid for post-permeation desorption and
gas-phase adsorption, detailed balance requires that the ad-
sorption flux within any increment dv d0, is equal to the
desorption flux into the same increment. The calculated val-
ues of (E;) vs 6, (see Fig. 14) would be identical to those
measured by CD.

It is clear from Fig. 14 that the detailed balance con-
struction fails to predict the values of (E;) measured for
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FIG. 13. Plot of the dissociative adsorption probability & vs the perpendicu-
lar component of incident kinetic energy for H, on Cu(100). Taken from
Ref. 8.

post-permeation desorption. On average, the observed (E;)
values are ~2.5 times greater than the predicted ones. CD
recognized this conflict and attempted to account for it with
a model involving recombination of hydrogen below the sur-
face. The possibility of subsurface recombination has been
addressed in the last section.

As a further test of the applicability of detailed balance,
we use the vibrational population results presented earlier
and check for consistency with the data of BCMS. Are dyna-

500077 T T T T T T T
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FIG. 14. Plot of the mean translational energy vs 6, for D, recombinatively
desorbing from Cu(100) measured by Comsa and David (Ref. 4). Also plot-
ted is the detailed balance prediction of (E; ) vs 8, calculated from the data
of BCMS (Ref. 8).
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mical differences also evident in the vibrational degree of
freedom?

BCMS used a heated nozzle to obtain H, and D, beams
of variable kinetic energy. At fixed E,, higher nozzle tem-
peratures must be employed for §;, = 50°, for example, than
for 9, = 25°. In fact, since cos*(50°)=1/2 cos’(25°%), T,6;

= 50°) = 2T4(@; = 25°). The fractional population in v” = 1
will therefore be systematically and appreciably greater for
8, = 50° data than for 8, = 25°. Analyzing within a detailed
balance framework the result that the ratio P,. _ /P, _, is
~ 50 times greater than for desorption in equilibrium at T,
the adsorption probability for v” = 1 molecules is predicted
to be analogously enhanced relative to v” = 0. This neglects
possible correlations between vibration, desorption angle,
and desorption velocity, which are still unknown. Writing
the adsorption probability, {(E,,v"), as proportional to
(Py_o+SOP,._)f(E), using the relation E,
= (5.37 X 1073 T-cos® 8, quoted in BCMS, and assuming
that P,. _, = exp( — 4161 cm ™ '/kT,), we calculate the to-
tal adsorption probability for 8, = 50°. Figure 15 compares
these values with the experimental data for 8, = 50° and
8, = 25°. Alsoplotted is f(E, ), the vibrationless contribution
to{ (E,,v"). Heref(E, }is extracted from the 8, = 25°data by
dividing the experimental data by the function (P, _,
+ 50 P, _,) at each value of T,. In addition, we have as-
sumed that the adsorption probability is independent of J
because the measured rotational distributions show only
mild departures from the thermal-at-7, distributions. In-
spection of Fig. 15 demonstrates that the detailed balance
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FIG. 15. Comparison of the H,/Cu(110) adsorption probability data and
the detailed balance prediction. The prediction uses the result that the
P, _,/P, ., ratioin desorptionis ~ 50 times greater than the equilibrium-
at-T, value,

predictions and the data are once more in serious disagree-
ment.

While correlations between molecular vibration and ve-
locity and molecular vibration and 6, may reduce the dis-
crepancy between the permeation results and the adsorption
probability data of BCMS, we believe!” they cannot account
for the differences illustrated in Fig. 14. We conclude that
the translational and vibrational dynamics of these two pro-
cesses are indeed dissimilar.

C. Features of the H,/Cu potential manifested in
molecular vibration

A possible cause for the observed dynamical differences
between gas-phase adsorption and post-permeation desorp-
tion is suggested by the schematic potentials drawn in Fig.
16. The energy of atomic hydrogen dissolution in copper is
11.7 kcal/mol®’ and the activation energy for bulk diffusion
is 9.3 kcal/mol.*® A hydrogen atom diffusing to the surface
from the selvedge region may therefore possess as much as
21 kcal/mol more energy than a free H, molecule in vacuum.
It seems possible that a partially relaxed energetic atom
reacts with a surface H atom to form a molecule before the
energetic atom equilibrates in the H/Cu surface chemisorp-
tion well. Hydrogen atom relaxation at the surface might be
relatively slow due to the large disparity between hydrogen
atom and surface atom masses. In fact, this is borne out by
recent molecular dynamics calculations®” performed on ac-
curate H/Ni potential surfaces, generated using the embed-
ded atom method.? These calculations, which employ a 200
atom nickel slab and full lattice dynamics, demonstrate that
an H atom with kinetic energy of 3000 K (260 meV) requires
approximately 3 ps to relax to ~2T,, for T, = 300 K (ignor-
ing relaxation from metal electronic excitation). This relaxa-
tion time corresponds to ~ 300 H-Ni “bounces”. Therefore,
some fraction of the diffusing atoms may recombine before
full relaxation can occur, the excess energy appearing in the
degrees-of-freedom of the newly formed molecule. Fully
consistent with this idea are the observations that vibrational
excitation and Kinetic energy are much greater for post-per-
meation desorption than the detailed balance predictions
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FIG. 16. Schematic one-dimensional potential energy curves for hydrogen
on copper.
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from adsorption data. The BCMS molecular beam results
probe the activation barrier to chemisorption at a total ener-
gy which is less than half (~ 10 kcal/mol) of the presumed
diffusing atom energy ( ~21 kcal/mol) in the permeation ex-
periments.

It is interesting to note that the suggested maximum
potential energy of the diffusing H atom, ~21 kcal/mol, is
slightly less than the energy for forming H, in v" = 2, 23.2
kcal/mol. It is not surprising, therefore, that the population
in H, v” = 2 is so low as to escape detection. Only if two
“hot” diffusing atoms were to react directly to form H,
would there be sufficient energy to appreciably populate this
level.

The precise mechanism of molecular hydrogen vibra-
tional excitation resulting from the atomic encounters is at
present unclear. A half-collision analog of the model recent-
ly proposed by Gadzuk,*® however, may be pertinent.

Suppose the hydrogen atoms bound to the copper sur-
face are partially negatively charged. As the partially
charged atoms approach each other, they may be thought of
as traveling on an H; /Cu potential surface. If the combined
kinetic energy of the two atoms is sufficient to surmount the
activation barrier, they may do so upon molecule formation.
This newly born molecule will travel upon the H, /Cu po-
tential for a short time as it increases its distance from the
surface. At some point, an electron from H;™ resonantly tun-
nels to one of the many unoccupied Cu levels above the Fer-
mi energy. Depending on both the position of the image-
stabilized H;  potential relative to that of H, at the time of
electron jump and the total energy of the two atoms which
formed the molecule, a vibrationally excited neutral mole-
cule may be formed. The probability of »”" =1 vs " =0
formation may depend on the Franck-Condon factors
between the H;™ potential (which, because of its width does
not have well-defined vibrational levels) and the vibrational
levels of H,. Of course, the Franck—Condon factors will be
an appropriate description of these probabilities only if the
change from ionic to neutral potentials is sudden.

The calculations of Madhavan and Whitten®? suggest
that hydrogen atoms are partially negatively charged on
copper. A Mulliken population analysis of H atoms chemis-
orbed to Cu(100) yields an H charge of ~0.7. Because of
limitations in the applicability of Mulliken populations, the
authors argue that a charge of ~0.3 per atom may be more
likely. Even when the two atoms are bound to each other
these authors state: “On stretching H,, however, consider-
able [electronic] charge transfer to hydrogen occurs, primar-
ily from the surface layer... .”? The hypothesis that the new-
ly formed molecule travels temporarily on the negative ion
potential surface is supported by these computational re-
sults.

It is expected that such an ion—neutral curve-crossing
mechanism would depend sensitively on the surface work
function. We have previously reported’ the effects of a sulfur
overlayeronthe P,. _,/P,. _, ratio where it was shown that
this ratio decreases sharply for desorption from fresh sulfur-
covered Cu(111). The work function of the slightly different
Cu(100) surface increases from 4.77 eV when clean to 5.05
eV when covered with a p(2 X 2) sulfur adlayer.*’ In contrast

to the clean copper surface, hydrogen atoms would not be
expected to carry significant excess electron density on this
more electronegative sulfur-covered surface. The proposed
decay of the temporary negative ion into excited neutral mo-
lecular vibrational states would not be expected to occur in
this case and a sharp diminution of v” = 1 population could
result. Although the recombinative desorption dynamics
from sulfur-covered copper may be affected in a consider-
ably more complex fashion than that just described, the
work function trend is suggestive.

If temporary negative ion formation is an important
component to the H,/Cu desorption dynamics, then one
may predict appreciable vibrational excitation of scattered
H, molecules at incident energies greater than E,. _. ;. The
excitation mechanism is analogous to that just described and
has recently been proposed by Gadzuk.***° The lowering of
the molecular affinity level allows resonant electron tunnel-
ing from the approaching metal to occur, temporarily form-
ing H; . After rebounding from the surface, the electron tun-
nels back to the metal, leaving H, in one or more
vibrationally excited levels (subject to the incident beam en-
ergy). Hence, H, (or D,) beam scattering experiments at inci-
dent energies greater than 0.52 eV (0.37 ¢V) might prove to
be a sensitive test of the importance of negative molecular
ion formation in the hydrogen/copper system. A method to
produce translationally “hot” but vibrationally “cold” mo-
lecular hydrogen beams would be required to detect the ex-
pected v = 0—v” = 1 excitation, however.

We have shown that the dynamics of post-permeation
desorption and gas-phase adsorption cannot be accurately
compared using detailed balance. The qualitative dynamical
trends, however, seems to be preserved. Therefore, it is inter-
esting to compare the current experiment with the dynami-
cal trends predicted by Gelb and Cardillo,*° in a series of
LEPS calculations of the dissociative adsorption probability
as functions of vibration, rotation, and velocity. They con-
cluded that the adsorption probability is insensitive to rota-
tional excitation but increases sharply with vibrational exci-
tation. In desorption, therefore, the predicted rotational
distributions would be close to Boltzmann at 7, but the vi-
brational distributions would be considerably more energet-
ic than their Boltzmann-at-T; counterparts. These are the
dynamical trends observed in the present study.

V. CONCLUSIONS

The rotational and vibrational distributions of H, and
D, recombinatively desorbing from Cu(110) and Cu(111)
after permeation have been determined using resonance-en-
hanced 2 + 1 multiphoton ionization. Rotational distribu-
tions are found to be non-Boltzmann with mean rotational
energies slightly less than T,. These distributions are invar-
iant with respect to crystallographic surface orientation and
molecular isotope. In contrast, the P,. _ , /P,. _, population
ratios are found to be 50-90 times greater than the Boltz-
mann-at-7, values. This ratio is larger for desorption from
Cu(111) than from Cu(110). Thus, the vibrational degree of
freedom plays a major role in the desorption dynamics,
whereas rotation does not. It is interesting to note that classi-
cal trajectory calculations performed by Gelb and Cardillo*’
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reached qualitatively similar conclusions for the relative im-
portance of rotation and vibration in adsorption.

Approximate H,/Cu repulsive potentials have been cal-
culated. They are used to suggest that recombination occurs
in regions sufficiently far above the plane of surface atoms
such that surface structural modulation of the potential is
weak. It is inferred from a detailed balance analysis that the
dynamics of post-permeation desorption and gas-phase ad-
sorption differ, and that these differences are manifested in
vibrational as well as translational degrees of freedom. Final-
ly, the surface-mediated formation of a temporary negative
ion (H; ) offers an appealing interpretation for the mecha-
nism of vibrational excitation.
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