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Dynamics and kinetics of monolayer CH4 on Mgo(001) studied by helium-atom scattering
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The structure, vibrational excitations, and adsorption and desorption kinetics of monolayer CH4
on MgO have been investigated using several techniques of helium scattering. Structural informa-
tion is presented in the form of high-order diffraction-peak intensities. A vibrational excitation of
7.5 meV measured by time-of-Aight methods shows no dispersion. This excitation energy is used in
an analysis of the Debye-Wailer effect for the [00] and [10] beams. Studies of adsorption and
desorption rates exploiting the He-methane diffuse-scattering cross section indicate an island-
growth mode and allow determination of the desorption activation energy. Differences between the
low-coverage adsorption rates for adsorption on fresh versus previously exposed surfaces suggest
that higher-binding-energy sites are present after the desorption of a methane monolayer.

INTRODUCTION

Elastic scattering of helium atoms is an excellent probe
of adsorption kinetics, ' while inelastic scattering can
be used to detect low-energy sagittally polarized surface
vibrations. ' We apply these techniques in a study of
monolayer methane on MgO.

Whereas on the graphite basal plane a CH4 monolayer
forms a triangular lattice with the same symmetry and
similar nearest-neighbor distance (4.26 A) as found in
bulk methane (4.2 A), on the square lattice of MgO it
forms a c(2X2) structure over a wide range of tempera-
ture and vapor pressure. This has been verified by low-
energy electron diffraction, neutron scattering, ' and
atom scattering. " Moreover, quasielastic neutron
scattering' at 88 and 97 K, where the methane is in two-
dimensional Quid state, has shown a low mobility com-
pared with methane on graphite. Calculations employing
sums of empirical pair potentials have indicated a rather
large corrugation of the well depth on MgO (up to 30
meV or 20%%uo),

' which, along with compatible c(2X2)
lattice spacing on MgO (4.21 A), enables the formation of
the square structure.

Selective adsorption resonances in helium scattering
from the methane monolayer have been analyzed to give
the three lowest binding energies of the He-CH4/MgO in-
teraction potential. " A semiempirical calculation" of
this potential which considered four possible orientations
of the tetrahedral methane molecule [tripod, (110) dipod,
(100) dipod, and free rotor] gave energies in fair agree-
ment with experiment for the dipod and free rotor cases,
but seemed to rule out the tripod configuration. Al-
though this work could not uniquely determine the orien-
tational state of the molecule in the temperature range of
the experiment (22—41 K), Coulomb et al. claim some
evidence, based on fits to neutron-scattering data taken at
2 and 10 K, for a (100) dipod orientation, while Deprick
and Julg find support for either dipod orientation in a
calculation of adsorption energies.

Of course, more information is contained in elastic

helium-scattering data than is usually extracted. If the
exact potential were known, close-coupling scattering cal-
culations (with correction for inelastic and instrumental
effects) should yield line shapes consistent with experi-
ment. The best agreement is found for cases in which
both the adsorbate and substrate interaction parameters
are relatively well known. ' ' A recent close-coupling
calculation by Scoles et al. was compared with their He-
scattering data from a HC1 monolayer on graphite. '

The poor fit found using a free rotor configuration was
taken as evidence for a preferred orientation of the non-
spherical molecules in this system. An earlier study of
CH3F and CH3Cl on bare and xenon-plated graphite by
the same group used a comparison with a molecular-
dynamics simulation to interpret the orientational order-
ing of the molecules, since the complexity of the mole-
cules discouraged a close-coupling calculation. '

In the case of inelastic scattering from rare-gas mono-
layers or multilayers adsorbed on close-packed metal sur-
faces' ' and on graphite, two types of behavior have
been observed. First, the up-and-down vibrational mode
is essentially dispersionless, i.e., an independent Einstein
oscillator. Second, adsorbate-substrate coupling causes
hybridization of this mode with the substrate Rayleigh
mode where they have an avoided crossing. Resonance
of adsorbate and substrate vibrations is possible from this
crossing point down to the center of the Brillouin zone,
and in this region a lifetime broadening of about 0.5 meV
was determined for Kr/Pt. ' There was essentially no
difference between the dynamical behavior of the rare
gases on Ag and Pt, while for Xe/G-r the data showed
similar behavior, but did not yield quantitative compar-
ison due to lower signal-to-noise ratio.

The results below concern primarily the dynamics and
kinetics of methane on MgO, although additional
structural information is also included in the form of
diffraction beam intensities. Taken together with the ear-
lier selective adsorption resonance measurements, these
results provide a large data base for further theoretical
analysis, such as close-coupling calculations, which will
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require proper modeling of the interaction potentials, the
methane orientation, and inelastic effects.

deposition of the methane monolayer has been described
before. "

EXPERIMENT RESULTS

Our apparatus employs two mass spectrometers for the
detection of scattered helium beams. A quadrupole mass
spectrometer (QMS) resides inside the scattering chamber
with an entrance slit a distance 50 mm from the sample.
It may be moved through any angle in the plane of in-
cidence and translated about 5 cm perpendicular to this
plane. A magnetic-sector mass spectrometer (MSMS) re-
sides approximately 1 m from the sample in the last of
four differentially pumped stages. Since it is fixed at an
angle 90 to the incident beam, it can detect the specular
beam at 0; =45, or, at other angles of incidence,
diffraction and other beams with parallel momentum
different from the specular (e.g. , inelastic beams).

The signal from the QMS is collected in a current sens-
ing mode, a lock-in amplifier referenced to the rotation of
a 40% duty cycle chopper in the beam source being used
to minimize noise. The lower helium background at the
MSMS allows the detection of much weaker beams. This
is done via the detection of individual pulses which are
recorded in time by a multichannel analyzer (Nicolet No.
1170) over many cycles of the beam chopper. In this
mode, a narrow duty cycle chopper is used, yielding for
specular beams from the bare surface a time width of ap-
proximately 30 ps. This width includes contributions
from the chopper, the length of the ionizing region, and
the velocity spread of the beam. The latter is approxi-
mately 1% for the incident energy of 17.4 meV used here,
as determined from the widths of diffraction beams from
bare MgO, and is also consistent with the nozzle diame-
ter (7.5 )Mm) and pressure [300 psi(gauge)]. For non-
time-resolved detection with the MSMS, the signal is ei-
ther integrated by the multichannel analyzer, or the
current-sensing mode is used as with the QMS.

The background pressure (with the beam and QMS ofI)
in the scattering chamber employing a cyropump (Air
Products, Allentown, PA) was typically 2 X 10 ' torr.
During measurements with the MSMS and QMS, pres-
sures rose to roughly 1X10 and 5X10 ' torr, respec-
tively. This pressure difference was due primarily to the
use of a larger beam aperture for the time-of-fIight experi-
ments (1.0 mm) than for the others (0.33 mm). The sam-
ple holder allows rotation in both polar and azimuthal
angles of incidence (8, and P;), heating to 800 K, and
cooling to 22 K." The temperature is measured by a
calibrated Pt resistance thermometer in the copper block
that holds the crystal. The MgO crystal (Spicer, Ltd. ,
London) is cleaved in situ to provide a clean, well-ordered
surface. " The methane film is grown by admitting
research grade CH4 gas (99.99% purity) though a UHV
leak valve via a stainless-steel capillary aimed directly at
the crystal from a distance of about 8 mm. The effective
methane pressure near the crystal is roughly 30 times the
pressure change measured by an ion gauge in the scatter-
ing chamber, according to estimates based either on the
effusive Aow of the gas from the dose tube, or on the time
to deposit a monolayer at low surface temperatures. The

Structure of the methane monolayer

We first present measurements made with the MSMS.
In Fig. 1 are scans in the angle of incidence, 0;, of specu-
lar and diffraction beams made in the non-time-resolved
mode. The real-space lattice determined by the angular
positions of these peaks is (+2X+2)R45' or c(2X2),
with lattice constant 4.21 A. The methane [11]peak is at
the same angular position as the [10] peak of the sub-
strate, etc. The relative intensities of these peaks (Table
I) are related to the shape of the interaction potential,
somewhat analogous to the shape of an optical grating.
Perfect analogy is lost due to inelastic interactions, and to
the z variation of the potential, which includes both a soft
repulsive wall and an attractive well. For these reasons,
and due to a large corrugation, these intensities could not
be fitted using a hard wall model employing a simple
sinusoidal corrugation. (The same was true for mea-
surements of specular and diffraction intensities made at
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TABLE I ~ Normalized intensities, angular widths, and angles of incidence, of the overlayer
diAraction peaks of Figs. 1(a) and 1(b). I(G) is the overlayer peak intensity and Iz that of the substrate
specular beam prior to deposition. Experimental uncertainties for the values of I(G)/I&(10 ),
FWHM (deg), and 0; (deg), are +0.02, 0.05, and 0.05, respectively.

I(G)/I (10 ')
FHWM (deg)
0; (deg)

[22]

0.40
0.26

13.95

0.50
0.18

30.10

[00

1.68
0.18

45.03

0.79
0.17

60.00

[22]

0.68
0.37

76.07

I (G)/Iq(10 )

FWHM (deg)
0; (deg)

0.043
0.28

11.65

[2o]

1.37
0.23

23.53

4.23
0.15

34.47

[00]

1.98
0.17

45.05

[10]

8.92
0.21

55.65

[2o]

6.24
0.31

66.53

0.21
0.34

78.40

angles of incidence from 35' to 70' using the QMS. )

The observation of third-order peaks along the
methane [10] azimuth, made possible by the high sensi-
tivity of the MSMS, provides information on important
higher Fourier components of the He-CH4/MgO interac-
tion that is not available from just the lowest order peaks.
The large corrugation is especially evident along the
methane [10] azimuth, where we see two oscillations in
the diffraction-peak strength from left to right in the
figure. Such an effect is known as "rainbow scattering"
which, in the classical limit of short wavelength, gives
maxima in the scattering intensity at two critical an-
gles. The large intensity of the [10]beam is especially
dramatic, being about 8 times greater than the corre-
sponding first-order beam in the other azimuth, the [1 1]
beam.

In Fig. 1 we also see asymmetry between pairs of
peaks, with less intense diffraction for the more normal
angle of incidence, especially along the [10] direction.
This is evidence for inelastic effects in the scattering,
since the inelastic coupling should be greater for 0; near
zero. Evidence that the asymmetry is not due to an in-
strumental effect is that the diffraction pattern from the
bare MgO surfaces was fairly symmetrical, as expected
for purely elastic diffraction where, in this geometry, the
beams are simply time reversals of each other. The
broadening of the diffraction peaks over the specular
peak is due to the scattering geometry and to the velocity
spread of the beam. The specular peak [full width at half
maximum (FWHM) =0.18', Table I] is broadened over
that of bare MgO [0.11' (Ref. 25)] due to disorder in the
adsorbed layer.

Vibrational excitations

Time-of-Qight data were taken at several angles in the
two principal azimuths. These data were taken only from
methane films grown immediately after a cleave (see "ad-
sorption measurements" below). Sample spectra for the
[11] and [10] azimuths are shown in Figs. 2(a) and 2(b).
These were obtained over 2.0 and 2.5 X 10 pulses of the
incident beam, respectively, using a channel width of 6
ps, and at sample temperatures of 38 and 33 K. These
and other spectra consistently show a broad region

(100—200 ps wide) of enhanced signal on the creation side
of the diffuse elastic peak E. Conservation of energy and
momentum and the requirement 0;+0&=90' lead to the
"scan curve" which describes the relationship between
the energy Ace and momentum AK =K&—K; of an inelas-
tic feature:

'2
fz hK
E; E;

where E; and K& are the initial and final rnomenta paral-
lel to the surface and E; is the initial energy. The vibra-
tional energies and mornenta determined from measure-
ments along the [ll] direction and plotted in Fig. 2(c)
show a mode with an energy of about 7.5 meV and with
no significant dispersion. The polarization of this mode
is assumed vertical, since the other possible sagitally po-
larized mode is longitudinal and would be more weakly
coupled to the incident beam. The lack of dispersion
suggests that for this mode the methane molecules
behave as independent Einstein oscillators. The mea-
sured vibrational energy is significantly lower than that
deduced in Ref. 11, 12 meV, based on the holding poten-
tial of Ref. 13 for methane on MgO. It is comparable to
that of CH4 on Cu(100), 6 meV, measured by atom
scattering. In the harmonic approximation, a 7.5 meV

0
energy implies a force constant of 215 rneVA for the
methane-MgO potential.

The widths of the inelastic features observed here, es-
timated with some uncertainty due to the low signal-to-
noise ratio to be 90 to 180 ps, yield energy widths of
1.2—2.4 meV. Since the instrumental width at this Aight
time is negligible, these measured widths are in fact due
to surface vibrations. For Kr/Pt(111), there was no
broadening of the mode when out of resonance, but near
I =0 broadening of about 0.5 rneV was clearly
resolved. ' For Xe/Cxr, we estimate broadening of order
1 meV based on the 0; =41.5' plot of Fig. 2 of Ref. 22.
Mechanisms for broadening in the resonance regime
and nonresonance regime, involve decay of the excita-
tion via coupling to other modes. Multiphonon interac-
tions are expected for these adsorbate systems based on
the criterion of Goodman, ' i.e., since E; /A'co) 1 ( =2).
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where hk is the change in momentum of the He atom
and u is the vibrational displacement of an adsorbed CH4
molecule. The momentum transfer perpendicular to the
surface is given by

Ak, =k;[(cos 9, +D/E, )'~

+(cos 9f+D/E;)' ]—=k;3 (9;,9f,D),
(4)

where 0,- =70 is the initial angle and I9f =70' and 43 are
the final angles (for the specular and diffraction beams of
Fig. 3, respectively), E, is the energy of the beam, and D
is the well depth of the He-CH4/MgO potential. For the
first-order diffraction beam the momentum transfer
parallel to the surface is simply Ak =G=1.49 A '. The
inclusion of the well depth term, the "Beeby correc-
tion, " accounts for the classical acceleration of the
atom by the interaction potential. The vertical surface
vibration is modeled as harmonic and dispersionless, i.e.,
by Einstein oscillators of energy A'co and mass M, for
which"

&u') = h
Ace

coth

We assume the same form for the parallel vibrational am-
plitude, ( u„), but with a difFerent vibrational energy fiQ.

For actual comparison with our data, we use relative
intensities IT(G)/Is and Io(G)/Is in Eq. (2), where Is is
the substrate specular intensity measured prior to mono-
layer deposition. Thus,

shifted to an unreasonably low value of about 1.5 meV.
However, our results are qualitatively similar to those of
Gibson and Sibener' who found that the fitted well depth
is larger at large angles of incidence.

Adsorption measurements

In this section we exploit the well-known sensitivity of
the He elastic beam intensities to low coverages of adsor-
bates or defects. These measurements allow us to esti-
mate the average methane diffuse-scattering cross section,
to calibrate specular intensity dependence on coverage,
and to study desorption rates as a function of tempera-
ture and coverage. The data have been taken at 9; =70'
using the QMS.

As shown in our previous paper, " the specular intensi-
ty from the methane monolayer is only about 3% of that
from the bare surface. Therefore, the molecules are
essentially diffuse scatterers which act to block the sub-
strate. A series of azimuthal scans at partial coverages,
made by intermittent dosing at 33 K, shown in Fig. 4,
confirms that coherent scattering characteristic of the
bare surface (i.e., showing substrate selective adsorption
structures") dominates the specular intensity up to very
high coverage. The zero coverage scan (a) shows two
sharp minima due to the 0,(0,1) He-MgO resonance. The
overlayer pattern does not dominate until I/Is =10% in
scan (c). At I/Is =6% in scan (d), the substrate features
are not seen at all, indicating complete blocking by the
methane layer. There appears to be a minimum due to

IT(G) Io(G)
ln = ln

Is Is
A (9;,9f,D)coth

AG AB
2MB, 2k~ T

coth (6)

For the specular beam, G and third term in Eq. (6) are
zero. Assuming %~=7.5 meV from the time-of-Right re-
sults, the best fit is found with D =13.2+2 meV and
InIO[00]/I&= —3.2+0.3. For the diffraction beam, the
third term in the equation is not zero, but it is about 60
times smaller than the second term (as long as iiiII is of
order or greater than fico). If we neglect this term and as-
sume as before Ace=7. 5 meV, then a fit to the diffraction
beam data yields D = 14.5+2 meV and
InIO[10]/Is = —3.5+0.3. Thus, these fits to the specular
and diffraction beam data, respectively, have been plotted
in Fig. 3. It is encouraging that the two best-fitted well
depths are nearly the same. The larger well depth for the
diffraction beam may be due in part to the neglect of the
third term of Eq. (6) or merely to experimental uncertain-
ty, as these are of the same magnitude.

Based on selective adsorption measurements which
placed the ground state at 3.6 meV and a semiempirical
calculation which gave a well depth of about 6 meV, "
these "Beeby" well-depth values are clearly larger than
the true well depth. For the specular beam data, the
fitted well depth can be lowered to 6 meV only if Ace is
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FIG. 4. Azimuthal scans at partial CH4 coverage: I/Iz =1,
0.3, 0.1, and 0.06, for curves {a)—{d). Scale factors and zero-
level ticks are indicated to the right and left, respectively, of
each scan. 0;=70.
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the substrate at about /=20', but this is actually due to
the overlayer, as scans at other polar angles clearly
showed the disappearance of substrate features on reach-
ing this coverage.

The diffuse-scattering cross section o. is the surface
area affected per molecule. At low coverages it may be
quite large due to the long range of the Van der Waals at-
traction, but at monolayer completion (assuming just
one phase on the surface) it equals the area of the mono-
layer primitive unit cell. During the formation of the
monolayer, each adsorbed molecule adds an effective
diffuse-scattering cross section to the already diffusely
scattering area of the surface. This causes the decrease of
the specular intensity as a function of time. In the case of
CO on Pt(111), the cross section at low coverage was
found to be similar to that of gas phase CO ( ~ 250 A ),
leading to the conclusion that the CO molecules were
widely spaced on the surface.

The growth of the CH4 monolayer has been studied at
impingement rates of 1—(10X10 ) Ls ' [1 langmuir
(L)= 10 torr s] and in the temperature range 22 to 45
K. Figure 5 shows the intensity measured as the temper-
ature was allowed to fall at a rate of 0.5 K/min. The two
steep drops indicate the condensation of the first and
second layers.

Measurements of the specular beam attenuation at con-
stant temperature, which we shall call specular adsorp-
tion curves, are shown in Fig. 6. This is a series of six
consecutive runs made at different temperatures but the
same impingement rate. Curve (a) was taken 15 min
after the cleave and successive curves were taken at ap-
proximately 15 min intervals thereafter. Between runs
the surface was rapidly heated to about 80 K, and then
allowed to cool and stabilize to the desired surface tem-
perature. Curve (a) shows an attenuation that is quite
linear all the way from zero to nearly fully monolayer
coverage. This indicates that the scattering cross section
is constant from beginning to end, which suggests that

I-
CO

LLII-

200
(d)

I
(0)

400 600
TIME (s)

FIG. 6. Specular beam adsorption curves at different temper-
atures. Labels (a)—(fl denote the sequence of measurements
taken at temperatures of 40.8, 41.S, 42.5, 40.5, 38.7, and 36.0 K,
respectively. The impingement rate is 0.0033 Ls ' and I9;=70'.

1

t o. S t o.

the layer grows by the addition of adsorbate molecules at
the edges of islands. (This picture is consistent with the
evidence shown in Fig. 4 for bare surface areas even at
high methane coverage. ) The density within the islands
must be the same as of the full monolayer, which shows
c(2X2) diffraction peaks. Due to its linearity, curve (a)
allows a straightforward calibration of the methane im-
pingement rate, which is fixed by the gas manifold pres-
sure and the leak valve opening. The impingement rate is

IO'

IO
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c IIO
Xl

loo 0

~ IO-'-

IO-2

(p)oo oo 0 oo

om

I

32
I I I

36 40
T (K)

I

44
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FIG. 5. First- and second-layer adsorption. He specular in-

tensity as a function of temperature as methane is adsorbed at
constant pressure. The condensation temperatures of the first
and second layers are near T=45 and 36 K, respectively. The
impingement rate is 0.008 L s ' and 0; =70'.

2where t is the monolayer completion time, a =18 A
is the area of the monolayer primitive unit cell, and
where a sticking coefticient, S, of 1 is assumed at the low
temperatures of interest here. This yields J=0.0033
L s ' for curve (a) of Fig. 5.

The other adsorption curves, taken after curve (a)
(hence on a surface previously covered by methane) show
two stages, each of a quite constant slope. In particular
we may compare curve (a) with curve (d) taken at nearly
the same temperature In cur.ve (d), the first stage is
about twice as steep as the second. The second stage
slope is approximately the same as that of the adsorption
run on the virgin surface, curve (a). The second stage of
curve (d) thus exhibits a diffuse-scattering cross section
of about 18 A, hence, assuming no difference in the
sticking coefficient, the cross section for the first stage
must be about 36 A . The greater cross section of the
first stage implies a lesser degree of overlap of each indi-
vidual cross section with its neighboring diffuse scatter-
ers. The same behavior, a nearly straight first adsorption
curve followed by later curves which show two fairly
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linear stages, was reproducible in other series of runs
made at a single low temperature.

In addition we made the following observations coin-
cident with the observation of two-stage adsorption be-
havior. First, the bare surface intensity decayed during
the measurements of Fig. 6 with a time constant of about
7 h, while the time required to reach the plateau of the
attenuation curve decreased as well. Since the onset of
attenuation does correspond —with only a slight reprodu-
cible delay —to the onset of gas dosing, this implies that
the methane fluence required to reach the plateau de-
creases and hence that the nondiffusively scattering sur-
face area present between successive runs also decreases.
Second, the duration of the first stage, which is typically
10% of the monolayer exposure time and is constant for
a given series of runs, was found to vary slightly from
cleave to cleave. Third, simply allowing the surface to
age prior to the first deposition does not produce the
two-stage behavior. One series of curves was taken on a
surface which was allowed to age 90 min in a poor back-
ground pressure (5 X 10 ' torr) prior to the start of the
first run. Again, the first curve showed only a slight
change in slope, while the second curve showed the usual
factor-of-2 change. This suggests that exposure to
methane alters the surface in a way different from expo-
sure to ambient gases.

To investigate the nature of the two-stage adsorption
further, the [10] diffraction peak was monitored during
adsorption on a surface previously exposed to methane at
T(41 K (Fig. 7). The diffraction peak shows no intensity
until after the onset of the second stage of the specular
curve. Thus, the first stage does not have the c(2X2)
structure.

The temperature and pressure dependence of the spec-
ular adsorption curves may be summarized as follows.

At temperatures of 22 (T & 38 K and impingement rates
less than 0.01 Ls ', the shape and slope of the specular
adsorption curve was found to be independent of surface
temperature, and the second stage slope was found to be
proportional to impingement rate. This suggests that in
this temperature range the sticking coefficient is virtually
constant and that the molecules rapidly move to the is-
lands upon arrival on the surface. Above 40 K, the
second-stage slope decreases rapidly with increasing tem-
perature. For the curve (e), (d), (b), and (c) of Fig. 6, the
second-stage slopes at temperatures of 38.7, 40.5, 41.5,
and 42.5 K, respectively, were 2.8, 2.6, 1.7, and
0.5 X 10 s

The specular intensities attained after desorption of a
film depended on how much, if at all, the surface was
heated. The intensity following desorption without heat-
ing ( T ~ 42 K) was usually less than that attained if the
temperature was raised to = 80 K but more than the in-
tensity at the break point in the preceding run. The in-
crease in intensity on heating from 42 to 80 K was, how-
ever, sometimes not observed, particularly on surfaces,
several hours old. Due to the apparent sensitivity of the
result to several factors including the quality of the initial
cleave, the ambient bare pressure, and the number of ex-
posures to methane, the question of this more strongly
bound phase was not investigated further.

Desorption measurements

Desorption has been studied at constant temperature
by simply stopping the CH4 gas exposure after monolayer
coverage has been reached and monitoring the rise of the
He specular intensity over time. These desorption curves
show virtually constant slope at high coverages (above
60%). In this regime, this suggests (1) constant diffuse-
scattering cross section per desorbing molecule, hence (2)
desorption from island edges, and (3) a desorption rate
that is virtually coverage independent. This is consistent
with a zeroth-order desorption process and is similar to
the result of Gibson and Sibener for the desorption of Xe
from Ag(111). The general form of rate equation for
desorption is

dO = —v"9"exp( Ed lk T), — (&)

o 4

Ch

LIJ

2

200
TIME(s)

400

where the "attempt frequency" v and the desorption ac-
tivation energy Ed are assumed to depend only weakly on
0 and T, and where n is the order of the desorption pro-
cess. In Fig. 8, an Arrhenius plot shows a fair linear
least-squares fit to the desorption rates taken in the high-
coverage regime. The best-fitted slope g ves an activation
energy of 136 meV (independent of the assumed rate or-
der n), in good agreement with the heat of adsorption
(137 meV) measured at monolayer coverage by the
volumetric isotherm method. ' The best-fit intercept is
2.9 X 10' . The exponential dependence of the desorption
rate on temperature accounts for the temperature depen-
dence of the second-stage slopes in Fig. 6.

Discussion of kinetics results

FIG. 7. Adsorption curves for [00] and [10] beams, with

0, =70 and an impingement rate of 0.0036 L s
The linearity of the specular adsorption curves and the

persistance up to high coverages of the bare surface selec-



43 DYNAMICS AND KINETICS OF MONOLAYER CH4 ON. . . 10 049

—I.OO

-3.00
Cl

Oi
C
O

~~

0
4tl
4P~ -500
C

4l
I

0

40 39
I I

58 K
I

methane cross sections with those of other diffuse scatter-
ers. This and the correlation of the observation of two-
stage behavior with methane exposure and decay of the
bare surface refIectivity, link the first-stage adsorption to
the presence of some kind of defect, whose identity we
have not determined. These defects sites are apparently
different from any defect sites present on the freshly
cleaved surface, since the latter do not result in two-stage
adsorption behavior. It is interesting to note that even
though the area of the c (2 X 2) phase shrinks with succes-
sive depositions and increasing surface age, the amount of
methane adsorbing in the "first stage" on each deposition
remains roughly constant.

0.024 0.025 0.026
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0.027
SUMMARY

FIG. 8. Arrhenius plot of ln (desorption rate) vs (1/T)
(K '). Desorption rate are in units of intensity (arbitrary units)

per second. Rates taken in a high-coverage regime (above 60%
where the desorption curves were linear. Slope of the fitted
equivalent to 136 meV.

tive adsorption pattern show that the methane monolayer
on MgO forms by the growth of islands. Desorption
from the high-coverage film apparently proceeds by the
removal of molecules from island edges, as well. The
temperature dependence of the desorption curves made at
high coverages shows an activation energy which is con-
sistent with the known monolayer heat of adsorption.

Interesting two-stage adsorption curves are observed
during adsorption on previously exposed surfaces. The
adsorption in the first stage is disordered and character-
ized by a difFuse-scattering cross section roughly double
that in the second, island-growth stage. [The first stage
cannot be due to a gas phase on the surface since (1) the
diffuse-scattering cross section for gas-phase adsorbates is
typically 100—200 A (Ref. 13) and (2) there would then be
a temperature dependence of the coverage at which the
break in slope occurs which would delineate the gas-solid
phase boundary. ] The binding energies at these first-
stage adsorption sites must be higher than at the sites
where the c(2X2) phase grows, since only when these
sites are filled does island growth begin. The higher
difFuse-scattering cross section in the first stage is still
only one-third of the gas-phase He-CH4 cross section,
hence the first stage involves the overlap of the gas-phase

In this paper, structural, dynamical, and kinetic infor-
Ination has been presented from analysis of elastic and in-
elastic helium scattering from monolayer CH4/MgO.
DifFraction-peak intensities observed out to third order
give evidence for large corrugation and inelastic effects in
the He-CHz/MgO interaction. An Einstein-like vibra-
tional mode with energy about 7.5 meV has been found in
time-of-Aight spectra. The thermal attenuation of the
[00] and [10]beams is fitted by a Debye-Wailer model us-
ing the interaction potential we11 depth in the Beeby
correction. For a harmonic vibrational energy of 7.5
meV, the specular beam data are fitted well with a well
depth of 13.2+2 MeV, but this is not consistent with the
interaction potentials of Ref. 11. The fit to the difFraction
beam data neglecting lateral adsorbate motion yields a
slightly larger well depth. Evidence for island growth of
the methane monolayer was found in measurements of
the adsorption rate during constant, isothermal dosing.
Desorption rates measured by cutting off dosing suggest a
desorption activation energy quite similar to the known
monolayer heat of adsorption. Differences between the
low-coverage adsorption rates for adsorption on fresh
versus previously exposed surfaces suggests that higher-
binding-energy sites are present after the desorption of a
methane monolayer.
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