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Monolayers and submonolayers of helium-4 and helium-3 have been prepared on Pts111d single-crystal
surfaces using a specifically developed ultrahigh vacuum cryostat. Detailed data on thermal desorption and on
desorption by absorption of far infrared photons and data on sticking have been obtained; evidence for
collision-induced desorption has also been found. With a number of tests we prove that the photoinduced
desorption is due to direct coupling of the incoming photons from the blackbody radiation of the environment
to the dynamic dipole of the He adsorbate, and not to heating or to nonequilibrium phonon creation, and that
this process proceeds independently of the thermal desorption. Theoretical treatments of both thermal and
photodesorption are given. The results agree very well with the data in all important aspects; in particular, they
reproduce the distinctly different isotope effects in both cases. From the thermal desorption data, we conclude
that this system is governed by a two-dimensional gas at low to medium coverages and a compressed phase at
high coverages. The thermal kinetics do not exhibit quantum effects, except that present in sticking. The
observed photodesorption, however, is a clear quantum effect.
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I. INTRODUCTION

Helium is the smallest and simplest closed-shell atom.
Because of its low polarizability, very small van der Waals
attractions exist between He atoms and are exerted on it by
any medium. In combination with its low mass, this leads to
the well-known strong quantum effects in the condensed
phases. Also the attractive well in front of a surface is con-
sequently very shallow. Therefore, the main use of helium in
surface science is as a probe, for elastic diffraction and in-
elastic scattering experiments, i.e., as a surface equivalent of
neutron scattering. Scattering studies can also be used to de-
rive estimates of the attractive potential for He atoms on a
surface, albeit at zero coverage. However, helium adsorption
and the formation and properties of mono- and multilayers
are also of importance for the basic understanding of the
surface interactions of closed-shell systems. The possibility
of quantum effects makes it a particularly interesting model
system because, on the one hand, its simplicity can provide
sensitive tests of theories and, on the other hand, quantum
effects can introduce new behavior.

Physisorbed monolayers of helium1,2 can be prepared only
at very low temperatures; they have so far mainly been in-
vestigated on high surface area materials like grafoil, using
predominantly thermodynamic experiments and evaluation;3

and on filaments and films with ill-defined surfaces.4 Direct
desorption experiments have so far been reported only for
the mentioned films and filaments.4–7 A quantum desorption
effect has been postulated in this latter work in which a
single phonon or phonon pulse knocks a He atom off the
surface;5–7 this interpretation has been challenged.1 We do
not know of any work on heliumssubdmonolayers on mac-
roscopic single crystals as used in most surface science ex-
periments, nor with the usual arsenal of methods from this
field.

In a continued effort to carefully characterize physisorp-
tion, the Munich group has investigated experimentally the

adsorption/desorption kinetics of all rare gases, neon through
xenon, on the close-packed Rus001d, H/Rus001d, and
Pts111d surfaces, and of molecular H2 and D2 on H/Rus001d,
using mainly high-precision, wide range, temperature-
programmed desorptionsTPDd,8 from which the energetics
and dynamics of these layers have been derived.8–10We have
shown that the dynamics is influenced by a quantum effect in
sticking, not only for the light atoms but to at least argon;11,12

that another quantum effect becomes apparent for molecular
hydrogen in compressed monolayers;9 and that the thermo-
dynamics of the layers, including ordered phases and two-
dimensionals2Dd phase coexistence, can be well observed in
such experiments.8,13 The theoretical models developed by
the Halifax group14 were very important for this success.

Because of the experimental difficulties at very low tem-
peratures, we had previously not been able to extend our
methods to the helium isotopes, even though very interesting
information was to be expected. We have now been able to
carry out such work; the results are reported here. We will
show that here, as well, the thermodynamics and dynamics
of the helium adsorbate show up in the desorption experi-
ments. In addition, we report a very interesting desorption
effect induced by thermal radiation of the surroundings. De-
tailed tests show this to be due to coupling of aphotonto the
surface complexshelium plus modified surfaced, leading to
direct nonthermal photodesorption, not to heating or to cre-
ation of a nonthermalphononpulse. Thus this is quantum
desorption induced by a different mechanism than the quan-
tum sphonon-mediatedd desorption mentioned above. Its the-
oretical treatment, as given below, draws on previous work
on photodesorption theory by the Halifax group.15,16 Similar
effects have been predicted17 and reportedssee Ref. 18 and
references thereind before for molecular hydrogen; no experi-
ments for helium have been carried out to date. A short re-
port on our work has appeared.19

The aim of our work was to not only obtain clear experi-
mental facts, but apply to them appropriate theoretical mod-
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els, the goal being an improved physical insight into the
mechanisms governing the observed effects, with good
agreement between important predictions of the models and
experimental data. As we will demonstrate below, this goal
has been reached: we not only recover the main dependences
of thermal and photodesorption on isotope mass, coverage,
and temperatures of radiation and sample, but we can quan-
titatively reproduce the magnitudes of the observations. We
therefore believe that our interpretation of the effects is
physically reliable.

This paper is structured as follows. We first give a de-
scription of the experimental developments and apparatus
which enabled us to successfully carry out the experiments.
Then we give an account of the main experimental data and
the qualitative conclusions to be drawn from them. After a
description of the theoretical models which we use for the
detailed interpretation, we apply these and show how they
can explain the data. The main conclusions are collected in a
summary.

II. EXPERIMENT: APPARATUS AND PROCEDURES

Our general approach in getting thermodynamic and dy-
namic information on adsorption layers by precision TPD8

requires the sample to be coolable to a temperature at which
the adsorption layer is essentially irreversibly adsorbedsther-
mal lifetime more than 106 sd, to be heatable in a well-
programmed way with linear heating rates between 0.01 and
5 K/s, and to be quickly heatable to high temperaturesin
situ for cleaning, with a rapid return to the base temperature
to keep the sample clean, all this at base pressures at least in
the low 10−11 mbar range. As the temperature expected for
irreversible adsorption of helium to occur on a transition
metal surface is below 3 K, our previously developed
techniques20 for cooling well-defined single crystals in a nor-
mal ultrahigh vacuum apparatus were not sufficientflowest
sample temperature reached was 4.8 KsRef. 9dg and had to
be extended. A mere lowering of the cryostat temperature
would not suffice, since the requirements contradict each
other—low base temperature and fast cooldown require
strong coupling of the sample to the cryostat, high heating
for cleaning the opposite; exact programmed heating for
TPD runs is intermediate. With a specially developed
cryostat21 in a conventional ultrahigh vacuum systemsbase
pressure 3310−11 mbard, we succeeded in reaching a sample
base temperature of 2.3 K, while maintaining the ability for
fast heating and cooling to/from high temperatures, as well
as for slow heating with precise heating rates in a small
range above the base temperature. This was accomplished by
a transfer tube supplying a continuous He gas-liquid mixture,
carefully optimized for constant flow which was mandatory
for a stable base temperature. At its end, gas and liquid are
separated and the latter fed into a two-stage expansion cry-
ostat, in which both stages are pumped. In the first stage
about 25 mbar, corresponding to 1.9 K, is reached; a small
reservoir of about 200 ml liquid helium together with con-
necting tubes damp possible pressure oscillations. The sec-
ond stage is contained in the cooling head made of silver; in
it a pressure of about 2.9 mbar, corresponding to 1.4 K, is

reached. It contains only a few milliliters of liquid, so that
helium loss is minimized during heating of the sample. The
conflict in the coupling requirements between head and
sample was solved by connecting them via a heat switch
which makes or breaks the connection from cryostat to crys-
tal by means of a pressurizable bellowssHe gas at 3 bar
above ambientd acting against disk springs. When closed
sbellows evacuatedd, the springs press the sample, which is
mounted in a frame, against the cryostat head with a force of
about 200 N.21 Rapid heating to 1000 K for cleaning pur-
poses while disconnected, followed by fast cool-down after
reconnection to keep the sample clean, were thus possible.22

Carefully optimized connections between crystal and cooling
head led to a stable temperature of 2.3 K at the sample, when
connected to the head by the heat switch. The very important
calibration of the thermocouples used for measurement and
control of the sample temperature,Ts, during TPD was again
accomplished20 by comparison with the thermal desorption
traces of multilayers of condensed gases, which can be di-
rectly related to their equilibrium vapor pressure. Our previ-
ous calibrations had reached 4.8 K by using multilayer de-
sorption of Ne and D2.

20 To extend it to lower temperatures,
H2 multilayers served for the most important comparison
since their desorption range overlaps well with that of helium
monolayersssee Fig. 1d down to about 3 K. Below 3 K, we
extrapolated the calibration curve according to the thermo-
couple data; several tests21 as well as the consistency of the
data derivedssee belowd show that this cannot be off the
exact behavior by much. We mention that the absolute error
to be given below for desorption energies largely stems from
the uncertainty in the literature values of the heats of evapo-
ration of hydrogen which show discrepancies up to 20%ssee
Ref. 21 for detailsd. The programmed sample temperatures
for TPD were produced by electron bombardment from a
shielded filament behind the sample, regulated by a special,
purpose-built, electronic regulator; this made linear heating
rates between 0.01 and 5 K/s in the range 2.3–20 K pos-
sible. The high cleaning temperatures of around 1000 K

FIG. 1. Calibration of sample temperature during heating below
5 K by measurement of the evaporation curve for hydrogen multi-
layers srate in monolayers/s on log scale vs inverse temperature,
running from right to leftd which is equivalent to the vapor pressure
curve sRef. 20d. The TPD curve for a4He monolayersheating rate
0.2 K/sd is shown to the same scales. Good calibration confidence
in the range 3–4.3 K is obtained.
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were also attained by electron bombardment, with the heat
switch open. TPD spectra, for determination of both sticking
coefficients and desorption rates, were acquired with a mass
spectrometer in a “Feulner cap” arrangement.23 This leads to
relatively large pressure increases upon desorption which are
directly proportional to the desorption rate if appropriately
corrected for small background effects.8,21 While desorption
is carried out, the cap, the front of which is placed at a small
distances0.13 mm, accurately set by capacitance measure-
mentd from the sample surface, covers the full solid angle
seen by the surface. In the initial setup, the cap was at room
temperaturesRT, about 295 Kd. When nonthermal desorption
turned out to be appreciable under these conditionsssee be-
lowd, the cap temperature—and thus the radiation tempera-
ture seen by the sample—was made variable between 90 and
470 K.

A Pts111d crystal was chosen as the sample because its
preparation as well as rare-gas adsorption on it are well
known and documented.9,10,13 Its surface was prepared and
characterized with standard procedures for cleanliness and
low defect content.10 It could be covered with helium either
by admitting gas into the systemsgas at 300 Kd, or through a
multicapillary dosersalso Tg=300 K, but incoming angle
limited to about 20 deg around the surface normald, or
through the variable temperature capsTg correspondingly
lowerd; the various characteristics will be discussed more
fully below when reporting the sticking coefficients. TPD
spectra over more than three orders of magnitude in the rate
were sufficiently reproducible that the rate could be cali-
brated in monolayers per second by reference to the saturated
monolayerssee belowd. Both 4He and3He mono- and sub-
monolayers were investigated. Multilayer formation does not
occur at 2.3 K because of the weak HeuHe interaction and
the low pressures used. As will be seen from the results
below, the ratio of binding energies of the first to higher
monolayers on Pts111d is of the order of 8. This constitutes
an anomaly compared to all other rare gases on Pts111d for
which this ratio is between 1.5 and 1.8.10

III. EXPERIMENTAL RESULTS

A. Main characteristics: Thermal and photodesorption

In the initial stages of this work, both the dosing gas and
the environment seen by the sample were at room tempera-
ture sabout 295–300 Kd. After saturating the surface with
4He at the base temperature, a relatively small, unstructured
desorption peak between 3.5 and 4 K was obtained in TPD
sFig. 2, range Ad, and below the peak a desorption signal was
seen which slowly decreased during heatingsrange Cd. This
latter prepeak signal was distinctly larger for3He sFig. 3d,
and decreased faster. Tests showed that the decline of the
prepeak signal wasnot connected to thesincreasingd tem-
perature, but totime elapsedafter dosingssee belowd. In-
creasing the heating rate from 0.03 to 0.2 K/s does not af-
fect the prepeak desorption rate significantly but reduces the
time before the thermal desorption range is reached, i.e., the
amount desorbed in the prepeak region. As a result, the ther-
mal peak increases. Cooling the cap, i.e., lowering the radia-
tion temperature seen by the surface, to 90 K reduces the

prepeak signal drastically for low initial coverages, and in-
creases the total amount desorbed in the thermal peakspeak
integrald by about 20% or more. Furthermore, for coverages
approaching saturation under these conditions, structure is
introduced in the desorption spectra which is reminiscent of
the “compression peaks” well known from other rare-gas
systems,8,13 for both isotopessFigs. 4 and 5d.

It was suggestive that part of the lower saturation cover-
age with RT environment and gas, as compared to cold gas,
stemmed from collisional desorption, i.e., energetic He at-
oms in the thermal distribution at RT knocking off adsorbed
atoms, so that a lower maximum steady-state coverage was
obtained before the start of desorption. Indeed, this could be
corroborated by decreasing the He gas temperature and by
using other layers, e.g., neon, which also was susceptible to
this effect; these results will be reported separately.25 How-
ever the slow prepeak desorption seen in the TPD traces
below 3 K cannot be caused in this way, because no He
atoms collide with the surface under TPD conditions. Vary-
ing the time between exposure of the surface and start of the
heating procedure, or following the desorption signal with
time at constant temperature in the range well below the
thermal desorption peak, showed that theentire coverage

FIG. 2. TPD curves for4He from submonolayers up to the maxi-
mum coverage obtainable at gas and radiation temperatures of
295 to 300 K fabout 0.84 MLsRef. 24dg. The ranges of thermal
desorptionsAd and photodesorptionsCd are indicated. Heating rate:
0.03 K/s.

FIG. 3. Same as Fig. 2, but for3He submonolayers. Maximum
coverage 0.82 MLsRef. 24d.

THERMAL AND NONTHERMAL KINETICS OF HELIUM… PHYSICAL REVIEW B 71, 045427s2005d

045427-3



was susceptible to this slow desorption; the desorption pro-
ceeded proportionally to the coverage to a good approxima-
tion, yielding a first-order desorption rate constant of about
0.01 s−1 for 4He at 2.3 K and RT environment. In Fig. 6, a
sequence of such isothermal desorption runs is shown for
4He at successively higher sample temperatures,Ts, up to
3.5 K and replotted as rate versus coveragesdesorption runs
from right to leftd. Small deviations from first order and a
very small but systematic increase of the ratesby about 10%
from 2.3 to 3.0 Kd can be seen. Only when the temperature
is increased into the foot of the thermal peakstopmost linesd
does a brief thermal desorption spike occur, which increases
if Ts is further increasedsnot shownd; subsequently the non-
thermal process runs again. For3He, similar data with about
50% higher rates have been obtained, consistent with the
higher photodesorption effect seen in the TPD tracessFig. 3d.
The approach to zero rate at zero coverage can be clearly
seen, which proves that the complete layer is subject to this
nonthermal mechanism.

When the radiation temperature,Tr, of the environment
seen by the surface was changed by cooling the cap, the
photodesorption effect became smallerfFig. 7 stopdg; heating
the cap increased it. AtTr =90 K, the rate constant was five
to six times smaller compared to RT, for4He sby a factor 4

for 3Hed. Isothermal desorption is considerably faster for the
compressedlayer formed by saturation with gas from a 90 K
environment, as can be seen in Fig. 7sbottomd: if roughly
interpreted as a first-order process, the desorption rate con-
stant in the compression range is about eight times higher at
Tr =180 K, and more than 40 times forTr =300 K. However,
the high rates at high coverages certainly contain strong con-
tributions from thermal desorption which here cannot be un-
equivocally separated from photodesorption purely on the
basis of experiment; we will return to this question in the
discussion.

By varying the cap temperature, we measured the depen-
dence of the rate on the radiation temperature. Figure 8
shows considerable scatter of the results which is due to
changes of the general background in the system when the
temperature of the large cap is changed; this is particularly
severe when the cap was heatedsTr =400 Kd. However, it
can be seen that the dependence is best compatible with a
roughly linear dependence and certainly not aT4 relation, as
would be expected if a surface heating effect were respon-
sible. Irradiation of the sample with a halogen lamp directed
at the surface increased the photodesorption dramatically, ir-

FIG. 5. Same as Fig. 4 top, for3He layers.

FIG. 6. Isothermal desorption runs for4He for room-
temperature surroundingssTr =300 Kd, each starting at around 0.7
ML, at constant sample temperatures,Ts, in 0.1 K steps from
2.3 to 3.0 K ssolid curves; photodesorption onlyd, and from
3.1 to 3.5 K sdashed curves; initial thermal desorption spikes in-
creasing withTsd. The small increases of photodesorption rate are
systematic withTs. Desorption runs from right to left.

FIG. 4. TPD curves for4He up to monolayer saturation, ob-
tained by adsorption at radiation and gas temperatures of 90 K
sphotodesorption minimizedd. The compression phasesplateau plus
peak below 3.5 Kd is obvious. Heating rate: 0.2 K/s. Top panel:
Linear plot. Bottom panel: Quasi-Arrhenius plotflogsrated vs −1/Tg
which linearizes the exponential T dependence, emphasizes the
range of small rates, and shows the small but definite contribution
of photodesorption.
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respective of sample temperature, even though the latter in-
creased by less than 0.2 Ksfrom 2.3 to 2.5 Kd at maximum
intensity. Unfortunately irradiation by a monochromatic IR
source in a controlled way could not be performed in our
setup. Heat conduction calculations21 corroborate that the
sample temperature increases so little under our conditions
that thermal effects can be excluded except very close to
incipient thermal desorption. On the other hand, comparing
TPD traces for medium to low initial coverages obtained
with Tr of about 300 K and 90 K showed them to agree well,
if for the former the nonthermal effect as determined sepa-
rately ssee aboved was subtracted. For some further tests, see
Ref. 21.

These results show clearly thatsid the normal thermal de-
sorption sabove 3 K for coverages up to 0.7 MLd and the
nonthermal, photoinduced effect are independent and addi-
tive; and thatsii d the photoinduced effect isnot caused by
heating but by photon absorption. Because ofsid we can
therefore analyze the two effects separately. As to the photo-
induced desorption, it is clearly a nonequilibrium, quantum
effect. Interestingly, we found that H2 and D2 monolayers on
Pts111d also show this photoinduced desorption, albeit much
more weakly; in this case, mono- and multilayers could be
compared, and the effect was clearly weaker for multilayers,

corroborating the participation of metal excitationsssee be-
lowd. No effect was seen for Ne or more strongly bound
atoms. Without further analysis one could argue for either a
mechanism via nonequilibrium phonons,7 or for direct ab-
sorption of a photon in the adsorption complex and conver-
sion of its energy into desorption of a helium atom.17. As we
will show in Sec. IV, the latter mechanism is the correct one.
The observed isotope effect will be a decisive argument; it
can even be used in a qualitative way. If a single nonequi-
librium phonon or a nonequilibrium phonon pulse would
knock off a helium atom, then the efficiency for3He should
be smaller than that for4He, because sticking—the reverse
of desorption—is less efficient for the lower mass, all other
parameters being equal.12 This is in qualitative disagreement
with our results. In the theory section, we will show that not
only the correct qualitative isotope effect, but even quantita-
tive agreement is found for direct photoabsorption into the
adsorption complex.

B. Thermal desorption

For the spectra fromssubdmonolayers produced and des-
orbed with 90 K gas and surroundings, the photoinduced
contribution is small and the TPD spectra can be interpreted
in the standard manner, as phonon-mediated thermal desorp-
tion. Qualitatively it is obvious from the sequence of TPD
peaks that in the range of the single structureless peak, up to
about 70% of the maximum coverage attainable, the layer is
a two-dimensional gas. This can be concluded from the close
to first-order behavior of the peak shape with coverage,
which only shows a small downshift of the peak temperature
with increasing initial coverage. In particular, the absence of
a common leading edge to the spectra proves that in this
system,no phase equilibrium exists between a 2D conden-
sate and a 2D gas. This is contrary to most other rare-gas
systems on transition metal surfaces, where the common
leading edge has been observed.8–10,13Furthermore, the close
similarity of the TPD peaks of4He and3He, which exhibit
only a small relative shift in temperature, proves clearly that
no quantum effect is present in the twossubdmonolayers un-
der our conditions, i.e., above 2.3 K. Above 0.7 of saturation,

FIG. 8. Photodesorption rate constant in the low coverage range
sbelow 0.65 MLd for He-4, as a function of radiation temperature of
the surroundings.

FIG. 7. Isothermal desorption for4He atTS=2.3 K, for the ra-
diation temperatures indicated. Curves run from right to left. Top:
starting at 0.7 ML; straight lines are fits to the apparent order of
desorption,m. The effect is pure photodesorption. Bottom: starting
at the respective saturation coverages indicated. The strong rate
increase in the compression range is obvious; it contains consider-
able contributions from thermal desorption.
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the development of a new peak which sits on a broad shoul-
der suggests the formation of a new phase. We will discuss
its properties in Sec. IV. Here also, no basic difference exists
between the two isotopes.

As to quantitative analysis of the TPD traces, we have
carried out various evaluationssrising edge analysis, heating
rate variation, isosteric evaluation, peak fittingd.8 We have
found that, even in the single peak range, the parameters
determined vary by about ±10%, depending on the analysis
chosen. In each method, different errors contribute: in lead-
ing edge analysis, the background due to the photodesorp-
tion, even for 90 K surroundings where this effect is small, is
not well known, but has a strong influence on accuracy; in
isosteric evaluation, the uncertainty in the trailing edge, due
to the general background subtraction,8 introduces uncertain-
ties; and in peak fitting, a range of correlated energy/
preexponential pairs can fit the data about equally well. We
find desorption energies between 90 and 120 K correlated
with compensating first-order preexponentials between 109

and 1012 s−1, for both isotopes, in the single peak range. For
equal preexponentials, the desorption energy for3He is about
3–4 % smaller than that for4He, corresponding to the differ-
ence of peak temperatures of about 0.2 K. If we assume the
same preexponential even in the compression range, the de-
sorption energies there are about 20–30 % smaller. A more
accurate analysis of the data in terms of the desorption pa-
rameters is not warranted.

However, a more detailed separate evaluation to obtain
abolute desorption energies is not sensible for another rea-
son. As stressed above, the calibration of our temperature
scale, which directly enters the energy values, is only as
accurate as the literature value of the heat of evaporation of
hydrogens20%d. In order to get a reliable energy value to
better than this uncertainty, we have therefore resigned our-
selves to a different procedure which proceeds in two steps.
sid From the range of pairs of energy/preexponential, we se-
lect those for which the preexponential is in the range ex-
pected for our system, i.e., about 1010 s−1 svia detailed bal-
ance, the total preexponential is given by the sticking
coefficient times the frequency factor; the latter is about
1011 s−1 as derived from either the dominant vibrations or the
value of kT/h; see the discussion in Secs. III C and IVd. This
results in a desorption energy of about 100 K for4He, and
about 3% less for3He. sii d We check this choice by the
compatibility of these values with the photodesorption rate
which, while independent, also contains the binding energy.
A further check is carried out by comparison with theoretical
predictions. This will be discussed in Sec. IV.

C. Sticking coefficients

The present experimental apparatus, which has been opti-
mized for TPD starting at very low temperature, is not well
suited for sticking measurements. In the desorption configu-
ration, the Pt surface is not fully accessible to a well-defined
gas source; in addition, if the cap is cooled in this position,
the gas itself does not have a unique thermal distribution
because it will scatter off different temperature surfaces be-
fore hitting the Pt crystal. On the other hand, if the sample is

moved away from this position for dosing to improve this
aspect, it sees parts of the apparatus which are at different
temperatures, making the effective radiation temperature ill-
defined; also, strong influences of photodesorption and colli-
sional desorption arisesboth during dosing; the former also
during moving and positioning the sample for TPDd. How-
ever, we do need at least approximate values of the sticking
coefficient since sticking enters the desorption rate, via de-
tailed balance, and the interpretation of preexponentials of
thermal desorption requires a knowledge of sticking coeffi-
cients and their coverage dependence. Therefore, efforts have
been made to obtain at least some information on sticking,
albeit partly in a semiquantitative and error-prone way.

To accomplish this, the exposure of the surface to helium
gas has been done in three different ways.

sid From the background flux, with the sample moved
away from the TPD position. Here, the angular distribution
of impinging gas is random. Since the walls are at RT, this is
also the gas temperature during dosing, i.e., for the contribu-
tions of collisional and photodesorption. The former ends
when the dosing is stopped. After that it takes about 70 s to
reposition and adjust the sample. Photodesorption proceeds
during the entire time and continues during TPD if the Feul-
ner cap is also at RT. However, after 10 s the sample is
essentially in position in front of the cap and, if the latter is
cooled to 90 K, photodesorption is negligible after this time.
These differences allow a semiquantitative estimate of the
contributions from these two effects.

sii d Through a microchannel plate which is at RT and is
placed about 3 cm away, parallel to the surface. So the gas is
again at RT, but the angular distribution is restricted to about
±20 deg around the surface normal. It takes about 2 min to
bring the surface into TPD position after dosing. Here both
collisional and photodesorption will be at their maximum.

siii d The gas reaches the surface through the cap which is
cooled to 90 K. In this way, the surface can be left in TPD
position during dosing and, if the mass spectrometer filament
is switched off during dosing, both collisional and photode-
sorption are unimportant. There is a further advantage deriv-
ing here from the facts that both the time necessary to pump
down below 10−10 mbar after exposure as well as the back-
ground pressure after dosing are minimized.

Each of these dosing modes has its advantages and disad-
vantages. We therefore report on all three. The values for the
sticking coefficients were obtained by differentiation of cov-
erage versus dose curves obtained by integration of desorp-
tion spectra after exposure of the surface to a certain gas
dose. Owing to the numerous uncertainties mentioned, con-
siderable noise is introduced, see Fig. 9. With data smooth-
ing, the approximate coverage dependence relative to satura-
tion coverage can be extracted, see Fig. 10. The absolute
numbers require the knowledge of both the absolute cover-
age at saturation and of the absolute doses. There is a number
of unknowns and uncertainties contained in the determina-
tion of the dose. In modesid, the only quantity not well
known is the ion gauge sensitivity, which might introduce an
error of 20% in the absolute values. This advantage, how-
ever, is far offset by the strong influences of collisional and
photodesorption which cannot be clearly separated and quan-
tified reliably. For modesii d, a calibration of the dose has
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been done by comparison with neon, for which the sticking
coefficient is known10; again, collisional and photodesorp-
tion have strong influences. Modesiii d is clearly best defined:
both collisional and photodesorption are essentially negli-
gible there, and the dose can be calculated if thermal equili-
bration of the gas in the cap can be assumedssee Ref. 21 for
detailsd. As a result, the values are estimated to be accurate to
about ±30%. The following conclusions are drawn.

sid For 90 K gas, the sticking coefficient at zero coverage,
S0, is about 0.03 for4He, and also for3He, because any
isotope effectsproportionality toÎm3/m4d is within the ex-
perimental uncertainty.

sii d For 300 K gas,S0 is about a factor of 10 smaller. For
conditions where small impact angles are eliminated
fmicrochannel-plate dosing,sii dg, S0 is somewhat larger, but
due to the uncertainties associated with collisional desorp-
tion, this effect cannot be quantified reliably.

siii d In all cases,S increases with coverage in a sublinear
way, reaches a flat maximum around 0.3–0.5 of saturation,
and then decreases slowly. The increase with coverage can
be understood from the well-known effect of improved cou-
pling of colliding atoms when they impinge on an adsorbate
with equal mass and soft vibrations.8,12,26 The decrease at
high coverage, towards zero at saturation, reflects the fact
that formation of a second layer is unlikely, in contrast to
heavier rare gases.27,28

D. Experimental summary

To summarize, the following qualitative picture is the
starting point of our detailed analysis with the help of theo-
retical models. Above 2.3 K, He can exist as a monolayer on
Pts111d and there are two independent mechanisms of de-
sorption occurring around 4 K: thermal desorption and pho-
todesorption.

Thermal desorption shows that, up to a relative coverage
of about 0.7 of saturation, He monolayers on Pts111d behave
like salmostd ideal 2D gases. The desorption energies do not
vary significantly over this range within our error bars. For
4He, this desorption energy is about 100 K, if combined with
“normal” preexponentials of about 1010 s−1. If we assume
roughly equal preexponentials of desorption for the two iso-

topesswhich is corroborated by the similar appearance of the
desorption peaks, with only a small shiftd, then the difference
of peak temperatures of about 0.2 K translates into a desorp-
tion energy of3He, which is about 3% smaller than that of
4He. At coverages above about 0.7 of saturation, a second
phase develops which is characterized by continuous desorp-
tion through thermal expansion, and a superimposed peak
which occurs as this phase disappears as the coverage de-
creases. Apart from the contribution of zero phonon scatter-
ing in sticking, which also shows up in desorption through
detailed balance, the only quantum effect observed is due to
the difference in zero-point energy. There is no hint of any
quantum effects due to the different statistics of the isotopes
in the thermal properties of these Hessubdmonolayers at our
temperaturess2.3 K and upd.

The photodesorption is clearly due to direct absorption of
photons, not to astransientd heating effect. It is almost
temperature-independent in the range below thermal desorp-
tion and close to first order. At a surround temperature of
about 300 K it is very noticeable, with a first-order rate con-
stant of about 0.01 s−1 for 4He, and about 50% higher for
3He. The dependence on radiation temperature is roughly
linear; at 90 K it is four to six times smaller for the two
isotopes. The isotope effect shows that it is not desorption
due to nonequilibrium phonons.

IV. THEORY AND DETAILED ANALYSIS

A. General formulation

Theory must account for photon-mediated and thermal
sphonon-mediatedd adsorption and desorption dynamics and
kinetics. The task is simplified by the fact that the helium
adsorbate is highly mobilessee aboved and can therefore be
assumed to be in diffusive quasiequilibrium. Thus the time
evolution of the adsorbate can be described in terms of mac-
roscopic variables, i.e., coverage,u, and substrate and radia-
tion temperatures. Because the two kinetic channels are in-
dependent of each other, we have

du

dt
= Rad

sthermald − Rdes
sthermald + Rad

sphotod − Rdes
sphotod. s1d

FIG. 10. Sticking coefficient vs coverage derived from the data
of Fig. 9.

FIG. 9. Adsorption curvescoverage vs exposured for 4He atTs

=2.3 K and Tr =300 K, obtained from TPD integrals. Dosing
methodsid.
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The phonon-mediated adsorption rate is proportional to
the particle flux onto the substrate,

Rad
sthermald = Sstdsu,Td

Plthas

h
, s2d

wherelth=h/Î2pmkBT is the thermal wavelength of helium
atoms in the gas phase at pressureP, as is the unit cell area
on Pts111d, andT is the common temperature of the adsorb-
ing gas and substrate. The sticking coefficientsprobabilityd is
a measure of the energy transfer to the solid via emission of
phonons and can be calculated from first principles,1 or taken
from experiment, scaled to the appropriate conditionsssee
aboved. An identical expression holds for photon-mediated
adsorption for which its sticking coefficient,Sspdsu ,Td, ac-
counts for the probability that a photon is emitted during the
collision of the helium atom with the surface.

The thermal desorption rate is given by14 sb=1/kBTd

Rdes
sthermald = Sstdsu,Td

as

lth
2

kBT

h
expfbmadg, s3d

where madsu ,Td is the chemical potential of the adsorbate.
This can be written for transparency as

mad = − V0 − kBT lnsqxyqz/ud + mlat, s4d

where mlat accounts for the lateral HeuHe interactions in
the adsorbate.V0 is the depth of the adsorption potential for
a single helium atom, and

qz =
expfbhnz/2g

expfbhnzg − 1
, s5d

wherenz is the frequency of the vibration of a helium atom
perpendicular to the surface. At the low temperatures of
helium adsorption, and desorption, this simplifies toqz
.exps−bhnz/2d. For a mobile adsorbate with negligible sur-
face corrugation, the partition function for the intraplanar
motion isqxy=as/lth

2 . Thus the thermal desorption rate reads

Rdes
sthermald = Sstdsu,Tdu

kBT

h
expf− bsV0 − hnz/2dgexpfbmlatg.

s6d

Detailed balance requires that the desorption rate be pro-
portional to the sticking coefficient, at the temperature of
desorption. In the absence of lateral interactions, this rate
describes a first-order process, i.e., proportional tou, for a
constant sticking coefficient, with a temperature-dependent
rate constant, i.e., the rate for a single atom with a desorption
energy which is effectively that required to remove an atom
from the lowest bound state of the potential, as shown from
first principles for physisorbed systems.1 In an adsorbate
with attractivesrepulsived lateral interactions,mlat is negative
spositived, thus hinderingsaidingd desorption.

Photodesorption is caused by the coupling of the electro-
magnetic field of the impinging thermal radiation into the
dynamic dipole of the adsorbate, mediated by a Hamiltonian
Hem=−i"sQ/mdAsx ,td ·s] /]jd. Here x and j are center-of-
mass and relative coordinates of the dipole andm is its re-
duced mass. The effective chargeQ is related to the dynamic

dipole moment bymdyn=Qf" / s2mnzdg1/2 with nz its resonant
frequency. We can envisage two scenarios.sid The dipole is
due to the polarization of the He atom itself, i.e., both posi-
tive and negative charges are confined within the volume of
the atom apart from its image dipole. Radiation will then
excite internal vibrations of this polarization cloud: a reso-
nance phenomenon. To cause desorption, this energy must
then be transferred to the center-of-mass motion of the atom
via a mechanism similar to that proposed 20 years ago for
resonant laser-induced photodesorption of molecules.15 The
intensity of blackbody radiation is not sufficient for that, and
the small polarizability of He also makes this very ineffi-
cient.sii d The dipole derives from the charge redistribution in
the surface which the adsorbed helium induces and which
changes when it moves, as well as the image response to it,
i.e., it mainly involves metal electrons. For this scenario,
which we adopt here for the photodesorption of helium, we
have used density-functional theory for the estimation of po-
larizabilities, and of static and dynamic dipole moments.
Worth noting at this stage is the fact that the dipole moment,
and equivalently its effective charge, are decreasing roughly
exponentially with increasing distance of the helium atoms
from the metal surface, essentially due to the decreasing
electronic overlap and interaction.

The photodesorption rate constantsfor a single helium
atomd is given by15,16

rpsT,Trd = o
i,q

2p

"
o
b
E dkVk

−1uM q,i ·Ukbs0du2fnkbdsEq − Ei

− "Vkd + snkb + 1ddsEq − Ei + "VkdgPi . s7d

Here

Pi = expf− Ei/kBTgYo
j

expf− Ej/kBTg s8d

is the thermal occupation probability of the bound states of
helium in the surface potential. The sum overq runs over the
atomic continuum states reached from the bound states via a
matrix element

M q,i = i"
Q

m
Î "

2«0
E dxuqsxd

]

]x
uisxd. s9d

Ukbs0d is the field amplitudesof polarizationb and wave
vector kd at the position of the atom, andnkb is the Bose-
Einstein occupation of photons at the radiation temperature
Tr.

The photodesorption rate from an adsorbate must also ac-
count for the influence of the local environment of the des-
orbing particle as discussed above, and leads to the coverage
dependence of the photodesorption rate being given by

Rdes
sphotodsu,T,Trd = rpsTr,udu expfbmlatg. s10d

We have indicated a secondary coverage dependence in
the photodesorption rate constant itself because, in principle,
the helium atoms already adsorbed will tend to screen the
response to the amplitude of the incident electromagnetic
field, e.g., by depolarization.
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Equating this rate in equilibrium to the photoadsorption
rate

Rad
sphotod = Sspdsu,T,Trd

Plthas

h
= rpsTrdu expfbmlatg s11d

and relating the gas pressure to the chemical potential by

P =
kbT

lth
3 expfbmadg, s12d

we get the photon-mediated sticking coefficient at zero cov-
eragesmlat=0d,

S0
spd =

h

kBT
rpsTr,u = 0d. s13d

It is important to note that this sticking probability is
much smaller than phonon-mediated sticking by many orders
of magnitude.

B. Theoretical results: Thermal desorption

To evaluate the desorption rates, we must specify a small
number of parameters and the coverage and temperature de-
pendences of the chemical potential of the adsorbate and of
the sticking coefficient.

Estimates of the depth of the surface potential,V0, and the
vibrational frequency,nz, for 4He on Pts111d are about
10 meV sRef. 29d and, on Aus111d, 1012 s−1,30 respectively.
To get a consistent picture, we have done calculations of
helium adsorption on jellium using density-functional theory
in the local-density approximation.31,32 We get, respectively,
16 meV ands2−4d31012 s−1; this gives a desorption energy
between 8 and 11 meV, which agrees with the range of ex-
perimental values determined heressee aboved. We will fine-
tune this number when we fit the TPD spectra at low initial
coverage. We have fitted the calculated potential energy
curve by a Morse potential and find its minimum atz0
=3.2 Å above the top lattice plane and a range parameter of
the order 1 Å.

The facts thatsid He is not localized on sites on the Pt
surface andsii d there is a compressional phase excludes the
lattice gas as a model. We allow for some weak attractions
between the atoms with a van der Waals–type mean-field
model of a two-dimensional gas for which we choose, below
the compression range, a contribution,Vu, to the chemical
potential.33 As compression sets in, two responses of the ad-
sorbate are possible:sid the adsorbate undergoes a transition
to a solid phase34; sii d excitations into a “second layer” occur.
Both mechanisms would lead to an abrupt lowering in the
slope of the chemical potential versus coverage due to cross-
ing of the chemical potentials of the two phases, rather than
to a constant chemical potential. Such inflections in the
chemical potential as a function of coverage are clearly seen
for 4He on graphite,35 and also emerge from calculations of
multilayer formation of both isotopes of helium on a flat
surface,36–38 see in particular Figs. 7 and 10 in Sommeret
al.38 For helium adsorption on a metal, the formation of a
second layer, some 3 Å above the first layer and bound over-
whelmingly by the HeuHe interaction, is not possible at

these temperatures. A more likely structural change is that
after the compression of a planar layer has progressed, a
further loss of energy due to compression is avoided by ex-
citation into a locally deformed buckled layer. This is most
likely due to excitations into the vibrationally excited states
of the effective surface potential for which the atoms are
further out from the surfacessee, e.g., Fig. 2.22 in Kreuzer
and Gortel1d. This would generate a contribution to the
chemical potential roughly linear in the number of “buckled”
atoms. However, the buckling will be dynamic since the at-
oms in the ground and the vibrationally excited states will
readily interchange their roles.

To calculate the thermal desorption rate, we also need the
sticking coefficient at desorption temperatures. To estimate
its zero coverage value around 4 K, we use the forced oscil-
lator model,12 which worked very well for the heavier rare
gases, Ne through Xe. A set of parameters which reproduces
our experimental values for gas temperatures 90 K and
300 K leads to an estimateS0=0.03 at 4 K sfor a detailed
discussion, see Ref. 39d. The efficient energy transfer by
HeuHe collisions, as it occurs at increasing coverage,
should be much less influenced by temperature. We estimate
that, at its maximum,S is 10 to 20 times its initial value. We
parametrize the experimental coverage dependence of the
sticking coefficient by a simple analytical form

Sstdsu,Td = S0
std + Smaxf4us1 − udg3/4. s14d

Thus we can fit the thermal desorption spectra in the low
coverage regime and at low radiation temperature where
photodesorption is negligible. With some adjustment of the
desorption energy, we get the spectra given in Fig. 11 for3He
for initial coverages below about 1/2 ML. Note that at very
low coverages, the peaks in the thermal desorption shift to
slightly lower temperatures for increasing coverages. This is
explained by the strong increase of sticking with coverage at

FIG. 11. Comparison of the experimentalsdashed curvesd and
the calculatedssolidd TPD rates for3He for the conditions of Fig. 5.
Model parameters:V0/kB=126, nz=1.1531012 s−1, S0=0.03,Smax

=0.5, V/kB=−0.6 K, rp=0.0036 s−1, heating rate 0.2 K s−1. Initial
coverages: 0.04, 0.11, 0.22, 0.32, 0.57, 0.76, and 0.95 ML.
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low to intermediate coveragesssee Fig. 10d with the result
that the prefactor in Eq.s6d also increases, enhancing desorp-
tion at earlier times as initial coverages are increased. As the
sticking coefficient levels off, there is no further downward
shift. At this stage any attraction should shift the peaks to
higher temperatures. That this is not visible in the data indi-
cates that the attraction is very weak. We estimate that the
effective lateral attraction,V, between helium in a relaxed
monolayer is less than −1 K. Allowing for coordination, this
attraction is more than an order of magnitude smaller than
that in the gas phase and consistent with theoretical estimates
for 2D He on various substrates.34,40 The decrease from gas
to surface is also consistent with a dipolar HeuHe repulsion
on the metal surface which, using the calculated dipole mo-
ment given below, is of order 1 meVsor 10 Kd in a mono-
layer. A critical temperature of less than 1 K, below which a
mobile adsorbate on a flat surface would undergo phase
separation, results.

For initial coverages larger than about 0.5 ML, we must
account for the structural compression to reproduce the low-
temperature shoulders and peaks. Following the discussion
above, we do this by adding terms to the chemical potential,
quadratic and cubic in coverage as pictured in Fig. 12, and
adjusted to fit the data. The resulting fit to the TPD spectra
for all initial coverages is also given in Fig. 11. Although this
procedure is purely phenomenological and detailed calcula-
tions of the buckling excitations should be done, it points to
the intricate connection between the nature of the inflection
in the chemical potential and the shape and position of the
compressional peak in TPD. An additional complication is
the fact that the sticking coefficient is also affected by the
effective repulsion in the compressional region. Such effects
of adlayer compression on the chemical potential and the
desorption kinetics have been investigated recently for
Ar/Pts111d.41

With the parameters deduced for3He, we calculate the
TPD spectra for4He by only changingnz by s4/3d1/2, which

shifts the peaks up in temperature by about 0.2 K and leads
to good agreement also for the4He curves, Fig. 13.

To confirm that the zero-point energy difference is the
only quantum effectsapart from that operative in sticking
due to the finite probability of zero-phonon scatteringd op-
erative under our conditions we have also calculated the de-
sorption spectra treating the adsorbates as a weakly interact-
ing quantum gas. BosesFermid statistics imply effective
attractionssrepulsionsd which result in opposite shifts in de-
sorption spectra for the two statistics. These are not observed
experimentally and will become important only at lower
temperatures.

C. Theoretical results: adding photodesorption

To evaluate the photodesorption rate, we need the bound
states of the surface potential and the dynamic dipole of he-
lium adsorbed on Pts111d. For a Morse potential, the bound
and continuum state energies and wave functions are known
analytically; relevant quantities are listed in the Appendix.
The population factors8d ensures that the contribution of the
excited states to the rate is negligible for our surface poten-
tial and a substrate temperature of a few degrees Kelvin.

From the density-functional calculations, we can estimate
the dipole moment and hence the effective charge. Thez
dependence of the dipole moment is roughly represented by

mszd = m0 expf− sz− z0d/zcg s15d

with zc roughly s0.2–0.4d Å and the permanent dipole mo-
ment m0<0.005eÅ; we also get the atomic polarizabilities
a0<0.23 Å andav<0.002 Å3. This gives a dynamic dipole
mdyn=savhnz/2d1/2=0.005eÅ. For the effective chargeQszd
=s]m /]zd /Î2, we thus haveQszd=Q0 expf−sz−z0d /zcg sRef.
42d with an effective chargeQ0<0.01e.

To illustrate the essential dependence of the photodesorp-
tion rate constant on the mass, radiation temperature, and
chargesor dynamical dipole momentd, we take, in Eq.s9d, a

FIG. 12. Chemical potential of a helium adatom, relative to its
binding energy,mad+V0−hnz/2, as a function of coverage withsfull
linesd and withoutsdashedd higher-order terms added to account for
the adlayer compression, atT=2, 3, 4, and 5 Kstop to bottomd.

FIG. 13. Comparison of the experimentalsdashed curvesd and
the calculatedssolidd TPD rates for4He. Parameters as for3He sFig.
11d, except for the mass change,nz=1012 s−1. Initial coverages:
0.03, 0.06, 0.11, 0.32, 0.49, 0.70, and 0.94 ML.
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Gaussian of rangezg srelated to the zero-point energyd for the
lowest bound state wave function,u0szd, and plane waves for
the continuum states. The resulting rate can be simplified to

rp =
16p1/2Q0

2

3«0mhc3
kBTrnz expfszg/zcd2g

3 E
0

`

dxfx2 + szg/zcd2g
sax2 + bdexpf− x2g
expfax2 + bg − 1

, s16d

wherex= uquzg, a=hnz/2kBTr, andb=sV0/kBTr −ad.
We have evaluated the rate constantrp for the potential

parameters of Figs. 11 and 13. In the range from 50 to 300 K
it rises somewhat faster than linear with the radiation tem-
perature, by about an order of magnitude. If the frequencynz
son a different substrated is lower by at least an order of
magnitude, then this rise would be quite close to linear. As
for the mass dependence, we note thatzc andzg scale withnz
in roughly the same way so that the photodesorption rate
scales roughly likem−3/2, i.e., according to the prefactor
alone because, for small enougha, the terms involvingb
dominate the integral and vary little with mass. At 300 K,
typical values arerp/Q0

2<20, 3.0, and 0.3 fornz=1013, 1012,
and 1011 s−1 andzc=zg. Neglecting thez dependence of the
effective chargeszc→`d reduces these rates by a factor of
about 10. Clearly, Eq.s16d implies that the rate constant is a
sensitive function of the ratiozg/zc.

The comparison with the experimental photodesorption
contributions is based on the matrix elements calculated for a
Morse potential and not on the simplified results16d, see the
Appendix. With the potential parameters obtained from the
analysis of thermal desorption data, we have essentially de-
termined all parameters entering the photodesorption rate as
well.

To obtain a good fit to the data, we need some adjustment
to Q0 and to the lateral interactionV. The former controls the
magnitude of the photodesorption rate constant; for the

smaller estimate of the ratiozg/zc.2.5, we find thatQ0
<0.008e. The lateral interaction controls the coverage de-
pendence of the photodesorption rate. We recall that the ther-
mal desorption peaks indicate a rather weak, albeit almost
negligible lateral attraction. However, at the lowest measur-
ing temperature, the rate is fortunately sensitive to the lateral
interaction and thus allows a more precisely determination;
we obtainV/kB=−0.6 K to fit the initial rates for initial cov-
erages below the onset of compression for3He, and a radia-
tion temperature of 290 K. The complete desorption traces
are then generated without further parameter adjustments,
i.e., with the thermal contribution obtained as in Fig. 11 but
for a change of heating rate. These are shown in Fig. 14; a
breakdown of the two contributions is shown in Fig. 15.

Unlike the spectra for 90 K radiation in which the effect
of structural compression was visible for coverages above
0.5 ML, here the effect is not apparent in this coverage
range, even for the fastest heating rates0.2 K/sd. The ab-
sence of compression effects in this regime where photode-
sorption dominates can be explained with the assumption
that the photodesorption process is largely unaffected by the
compression. Incorporating this feature into our model, we
are able to reproduce the corresponding experimental traces
in Fig. 14, as well as the spectra obtained for higher heating
rates with a cap temperature of 290 Ksnot exhibitedd.

There is a straightforward justification for this assump-
tion. The photodesorption rates11d has a coverage depen-
dence which involves a product of a sticking coefficient for
photoadsorption and an activity factor which includes com-
pressional effects. The latter increases sharply in the com-
pression region, e.g., by a factor of 100 at the compression
peak in Fig. 11, implying a corresponding increase in the
photodesorption rate. Even for lower coverages, a significant
increase in the photodesorption rate would be expected if the
sticking coefficient for photoadsorption was unaffected by
the compression, i.e., constant for coverages above 0.5 ML.
Theory would then predict initial rates, around 2.5 K in Fig.
14, well above 0.02 ML/s. This would desorb a noticeable
fraction of a monolayer within a few tenths of a degree, with

FIG. 14. Comparison of experimentalsdashed linesd and calcu-
lated TPD spectra for3He at a radiation temperature of 290 K.
Thermal desorption parameters as in Fig. 11, except heating rate of
0.03 K s−1. Initial coverages: 0.15, 0.24, 0.41, 0.54, and 0.72 ML.

FIG. 15. Model curves of Fig. 14 showing the separate contri-
butions of photodesorptionsdashed linesd and thermal desorption
sdotted linesd.
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initially distinct desorption traces overlaying each other,
once their coverages fell below the compression region. As
this is not observed, a compensating effect in the desorption
rate must exist, which can only come from the sticking co-
efficient. This is to be expected because, at the onset of com-
pression, the bare metal surface which mediates the photo-
absorption process has disappeared, i.e., the sticking
coefficient for the process has to decrease, and by a similar
magnitude.

As to the isotope effect,rp varies likem−3/2 in agreement
with experiment. The result is to decrease the photodesorp-
tion rate for4He and, with no further adjustment, the theory
produces the rates shown in Fig. 16. The isotope effect is
visible by comparison to Fig. 14. The initial desorption rate
for the high heating rate data and 90 K environment, Fig. 11,
is well fitted by reducingRphotonby a factor 6, consistent with
our theoretical estimate. The agreement between theory and
experiment is excellent in all aspects considering the sim-
plicity of the model and the remaining uncertainties in the
experimental data.

Inspection of the integrand of the photodesorption rate
constant reveals that the He atoms desorb in a narrow range
of kinetic energies centered around the zero-point energy of
the adatom, because the transition probability from bound to
continuum states of He is a convolution of the continuum
density of statessrising with energyd and the blackbody spec-
trum sdropping sharply at high energyd. The close-to-linear
dependence on the radiation temperature, mentioned above,
is essentially due to the narrowness of this distribution.

Finally, we discuss the question of quantum efficiency.
The overall quantum efficiency of the photodesorption pro-
cess, defined as the ratio of the photodesorption rate constant
to the flux of incoming photonssof all energiesd per unit cell
of areaas, is given by

h =
rpsTrd

assTr
3/kB

, s17d

where s is the Stefan-Boltzmann constant. Another defini-
tion would involve energy rather than particle fluxes, in

which case we multiply the numerator by the average energy
of desorption and the denominator bykBTr. In either case we
find quantum efficiencies of order 10−6 at Tr =300 K and
smaller by a factor of 6 at 90 K.

V. SUMMARY

To summarize, in the first investigation of adsorption/
desorption kinetics of4He and3He on a macroscopic single-
crystal surface, Pts111d, which we have used to extract ad-
sorption and desorption parameters, we have also found a
quantum effect, photodesorption by far-infrared photons
through direct coupling to the transition dipole induced in the
surface by adsorbed helium. The proposed theory can re-
cover the main properties of both the thermal and the photo-
induced desorption; for the latter these are its approximate
absolute magnitudeswith overall efficiency of about 10−6 at
Tr =300 Kd and its dependences on radiation temperature
sroughly lineard and on masss50% higher for He-3 than for
He-4d.

As expected from earlier work,1,40 quantum effects are not
significant in the main thermal desorption range, as shown
by our reproduction of thesvery smalld isotope effect. The
thermal desorption spectra show that the helium submono-
layer is an almost ideal two-dimensional gas up to a cover-
age of about 0.6 of saturation. The desorption energy in this
range is about 100 K, with normal preexponentials of about
1010 s−1–1011 s−1 depending on the value of the coverage-
dependent sticking coefficient. Above this coverage, a com-
pression phase is formed which might be understandable in
terms of a dynamically buckled layer. The coverage depen-
dence of the effective preexponential is influenced by that of
the thermal sticking coefficient. The latter is about 0.03 on
the bare surface at 2.3 K; it increases with coverage in the
low coverage range and decreases strongly in the compres-
sion range.
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APPENDIX

In this appendix, we comment on the matrix elements9d
and give a result for the photodesorption rate in the dipole
approximation. The surface dipole moment of an adsorbed
particle can be shown on the basis of quantum-mechanical
calculations to be a decreasing function of distance from the
surface. The effective chargeQ in this matrix element must
reflect this dependence so that Eq.s9d becomes

M q,i = i
"

m
Î "

2«0
E dxQsxduqsxd

]

]x
uisxd. sA1d

FIG. 16. Same as Fig. 14 but for4He and initial coverages 0.12,
0.24, 0.38, 0.49, 0.57, and 0.71 ML.
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Replacing the momentum operator by a commutator of
the Hamiltonian and the position operator, we can transform
this matrix element to

M q,i = − i
sEq − Eid

"
Î "

2«0
E dxuqsxdmsxduisxd, sA2d

where msxd=Qsxdx is the dipole moment operator. This
transformation is strictly valid only for a static dipole mo-
ment with constant charge in which case it also arises from
an interaction −msxd ·Esxd in the Hamiltonian. On the other
hand, time-dependent fields are included in the quantum-
mechanical Hamiltonian via minimal coupling
−i"fQsxd /mgAsx ,td ·s] /]xd of the charge to the vector po-
tential from which the matrix elements9d originated.

Approximating the dipole moment obtained in a density-
functional calculation by an exponentials15d and using the
analytically known wave functions in a Morse potential, we
can evaluate the matrix elements and hence the photodesorp-
tion rate constant. The potential is

Vszd = V0hexpf− 2gsz− z0dg − 2 expf− gsz− z0dgj sA3d

with bound states at

En = − V0Fs − n − 1/2

s
G2

,

s2 =
2mV0

"2g2 . sA4d

If we match the zero-point energy to that of a harmonic
oscillator, s=V0/ shnz/2d, we obtains=5.25 for the fitted
potential parameters of the4He system,V0/kB=126 K and
nz=1012 s−1; there are five bound states. The contribution
from the lowest bound state to the photodesorption rate con-
stants7d then reads

rpsTrd =
2m0

2

3p«0c
3"4skBTrd3 2s − 1

s2sd2d−1G2sddGs2sd

3 E
0

`

dxFss,d;xd
xsax2 + bd3

expfax2 + bg − 1
, sA5d

Fss,d;xd =
uGss + d − 1

2 − ihdu4
uGss + 1

2 − ihdu2
sinhs2phd

coss2psd + coshs2phd
,

sA6d

where h= uqug−1=ps1/2x, d−1=zcg, and a,b are as in Eq.
s16d. Upon integration, the mass and temperature depen-
dence of this expression are almost identical to that presented
in the simplified expressions16d; the explicit cubic tempera-
ture dependence in Eq.sA5d is reduced to a near-linear one
through the dominance ofb in the integrand. The alternate
expression to Eq.sA5d with Q0 explicit gives values for the
rate constant which agree within 30%, for ranges of param-
eters, for the corresponding value ofm0.
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