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Thermal and nonthermal kinetics of helium monolayers on Pt(111)
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Monolayers and submonolayers of helium-4 and helium-3 have been preparedlaf Bingle-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 adsorption/desorption kinetics of all rare gases, neon through

Helium is the smallest and simplest closed-shell atomX€non, on the close-packed @®01), H/Ru001), and

Because of its low polarizability, very small van der Waals 111 surfaces, and of molecular,tdnd D, on H/Ru001),
attractions exist between He atoms and are exerted on it bysing mainly high-precision, wide range, temperature-
any medium. In combination with its low mass, this leads toProgrammed desorptioTPD),® from which the energetics
the well-known strong quantum effects in the condensednd dynamics of these layers have been derfvétive have
phases. Also the attractive well in front of a surface is con-Shown that the dynamics is influenced by a quantum effect in
sequently very shallow. Therefore, the main use of helium irsticking, not only for the light atoms but to at least arddr:

surface science is as a probe, for elastic diffraction and inthat another quantum effect becomes apparent for molecular

elastic scattering experiments, i.e., as a surface equivalent gydrogen in compressed monolayérand that the thermo-
namics of the layers, including ordered phases and two-

neutron scattering. Scattering studies can also be used to mensional2D) phase coexistence, can be well observed in
rive estimates of the attractive potential for He atoms on g b '

; . . such experiment3!® The theoretical models developed by
surface, albeit at zero coverage. However, helium ads:orptlo%e Halifax group® were very important for this success.
and the formation and properties of mono- and multilayers' ..o ise of the experimental difficulties at very low tem-

are also of importance for the basic understanding of the e ot res, we had previously not been able to extend our
surface interactions of clos_ed-shel! systems. The_poss'b'“t)’nethods to the helium isotopes, even though very interesting
of quantum effects makes it a particularly interesting modejnformation was to be expected. We have now been able to
system because, on the one hand, its simplicity can providgarry out such work; the results are reported here. We will
sensitive tests of theories and, on the other hand, quantughow that here, as well, the thermodynamics and dynamics
effects can introduce new behavior. of the helium adsorbate show up in the desorption experi-

Physisorbed monolayers of helitifcan be prepared only ments. In addition, we report a very interesting desorption
at very low temperatures; they have so far mainly been ineffect induced by thermal radiation of the surroundings. De-
vestigated on high surface area materials like grafoil, usingailed tests show this to be due to coupling qfteotonto the
predominantly thermodynamic experiments and evalugtion;surface complexhelium plus modified surfageleading to
and on filaments and films with ill-defined surfadeBirect  direct nonthermal photodesorption, not to heating or to cre-
desorption experiments have so far been reported only foation of a nonthermaphononpulse. Thus this is quantum
the mentioned films and filamerfts’ A quantum desorption desorption induced by a different mechanism than the quan-
effect has been postulated in this latter work in which atum (phonon-mediateddesorption mentioned above. Its the-
single phonon or phonon pulse knocks a He atom off theoretical treatment, as given below, draws on previous work
surface3™ this interpretation has been challended/e do  on photodesorption theory by the Halifax grot¥g® Similar
not know of any work on heliunisubmonolayers on mac- effects have been predictédand reportedsee Ref. 18 and
roscopic single crystals as used in most surface science ereferences therejibefore for molecular hydrogen; no experi-
periments, nor with the usual arsenal of methods from thisnents for helium have been carried out to date. A short re-
field. port on our work has appearéd.

In a continued effort to carefully characterize physisorp- The aim of our work was to not only obtain clear experi-
tion, the Munich group has investigated experimentally themental facts, but apply to them appropriate theoretical mod-
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els, the goal being an improved physical insight into the W=
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. Temperature [K]

Then we give an account of the main experimental data and o _ _

the qualitative conclusions to be drawn from them. After a FIG. 1. Calibration of sample temperature during heating beloyv
description of the theoretical models which we use for the® by measurement of the evaporation curve for hydrogen multi-
detailed interpretation, we apply these and show how the*pyers(rate in monolayers/s on log scale vs inverse temperature,

can explain the data. The main conclusions are collected in 319 from right to left which is equivalent to the vapor pressure
summary curve (Ref. 20. The TPD curve for @&He monolayer(heating rate

0.2 K/9 is shown to the same scales. Good calibration confidence
in the range 3—4.3 K is obtained.

o
=

0.001}

Desorption rate [ML/s]

Il. EXPERIMENT: APPARATUS AND PROCEDURES . - Lo
reached. It contains only a few milliliters of liquid, so that

Our general approach in getting thermodynamic and dyhelium loss is minimized during heating of the sample. The
namic information on adsorption layers by precision PPD conflict in the coupling requirements between head and
requires the sample to be coolable to a temperature at whickample was solved by connecting them via a heat switch
the adsorption layer is essentially irreversibly adsorfbeer-  which makes or breaks the connection from cryostat to crys-
mal lifetime more than 10s), to be heatable in a well- tal by means of a pressurizable bellowde gas at 3 bar
programmed way with linear heating rates between 0.01 andbove ambientacting against disk springs. When closed
5 K/s, and to be quickly heatable to high temperatures (bellows evacuatedthe springs press the sample, which is
situ for cleaning, with a rapid return to the base temperaturenounted in a frame, against the cryostat head with a force of
to keep the sample clean, all this at base pressures at leastabout 200 Ne* Rapid heating to 1000 K for cleaning pur-
the low 10 mbar range. As the temperature expected foposes while disconnected, followed by fast cool-down after
irreversible adsorption of helium to occur on a transitionreconnection to keep the sample clean, were thus pogSible.
metal surface is below 3 K, our previously developedCarefully optimized connections between crystal and cooling
technique® for cooling well-defined single crystals in a nor- head led to a stable temperature of 2.3 K at the sample, when
mal ultrahigh vacuum apparatus were not sufficidotvest  connected to the head by the heat switch. The very important
sample temperature reached was 4.8R€f. 9] and had to calibration of the thermocouples used for measurement and
be extended. A mere lowering of the cryostat temperatureontrol of the sample temperatuig, during TPD was again
would not suffice, since the requirements contradict eaclaccomplishet? by comparison with the thermal desorption
other—low base temperature and fast cooldown requiréraces of multilayers of condensed gases, which can be di-
strong coupling of the sample to the cryostat, high heatingectly related to their equilibrium vapor pressure. Our previ-
for cleaning the opposite; exact programmed heating fopbus calibrations had reached 4.8 K by using multilayer de-
TPD runs is intermediate. With a specially developedsorption of Ne and B?° To extend it to lower temperatures,
cryostat! in a conventional ultrahigh vacuum systébase H, multilayers served for the most important comparison
pressure X 107! mbayp, we succeeded in reaching a samplesince their desorption range overlaps well with that of helium
base temperature of 2.3 K, while maintaining the ability formonolayergsee Fig. 1 down to about 3 K. Below 3 K, we
fast heating and cooling to/from high temperatures, as weléxtrapolated the calibration curve according to the thermo-
as for slow heating with precise heating rates in a smaltouple data; several te$tsas well as the consistency of the
range above the base temperature. This was accomplished tgta derived(see below show that this cannot be off the
a transfer tube supplying a continuous He gas-liquid mixtureexact behavior by much. We mention that the absolute error
carefully optimized for constant flow which was mandatoryto be given below for desorption energies largely stems from
for a stable base temperature. At its end, gas and liquid arhe uncertainty in the literature values of the heats of evapo-
separated and the latter fed into a two-stage expansion cryation of hydrogen which show discrepancies up to 28&e
ostat, in which both stages are pumped. In the first stagRef. 21 for details The programmed sample temperatures
about 25 mbar, corresponding to 1.9 K, is reached; a smafor TPD were produced by electron bombardment from a
reservoir of about 200 ml liquid helium together with con- shielded filament behind the sample, regulated by a special,
necting tubes damp possible pressure oscillations. The sepurpose-built, electronic regulator; this made linear heating
ond stage is contained in the cooling head made of silver; imates between 0.01 and 5 K/s in the range 2.3-20 K pos-
it a pressure of about 2.9 mbar, corresponding to 1.4 K, isible. The high cleaning temperatures of around 1000 K

045427-2



THERMAL AND NONTHERMAL KINETICS OF HELIUM... PHYSICAL REVIEW B 71, 045427(2005

were also attained by electron bombardment, with the heat 0.03— T ' T
switch open. TPD spectra, for determination of both sticking
coefficients and desorption rates, were acquired with a mass
spectrometer in a “Feulner cap” arrangentérthis leads to
relatively large pressure increases upon desorption which are
directly proportional to the desorption rate if appropriately
corrected for small background effeét&: While desorption

is carried out, the cap, the front of which is placed at a small
distance(0.13 mm, accurately set by capacitance measure-
men) from the sample surface, covers the full solid angle
seen by the surface. In the initial setup, the cap was at room
temperaturéRT, about 295 K When nonthermal desorption
turned out to be appreciable under these conditises be- Temperature [KI
low), the cap temperature—and thus the radiation tempera-

ture seen by the sample—was made variable between 90 and 7'G- 2- TPD curves fofHe from submonolayers up to the maxi-
470 K. mum coverage obtainable at gas and radiation temperatures of

A Pt(111) crystal was chosen as the sample because it295 to 300 K[about 0.84 ML(Ref. 24]. The ranges of thermal

preparation as well as rare-gas adsorption on it are we
known and documentet!®12Its surface was prepared and

characterized with standard procedures for cleanliness and . . I .
low defect content? It could be covered with helium either prepeak signal drastically for low initial coverages, and in-

by admitting gas into the systefgas at 300 K, or through a creases the total am(?unt desorbed in the thermal fesdk
multicapillary doser(also T,=300 K, but incoming angle integra) by about 20% or more. Furthermore, for coverages
limited to about 20 deg ground t'he surface nojmar approaching saturation under these conditions, structure is

through the variable temperature céf, correspondingly introduced in the desorption spectra which is reminiscent of
lower); the various characteristics will be discussed morethet coggrfess;)or:hpea{(s WE.” kn;)wn dfrom other rare-gas
fully below when reporting the sticking coefficients. TPD sysltem ;- tor ot' lst?lotpes{ tlg?th aln B turati

spectra over more than three orders of magnitude in the rate W.?ﬁ ;yrgges lve atpard ot the lower sa u(rjatlon (igver—
were sufficiently reproducible that the rate could be cali-239¢ Wi environment and gas, as compared (o cold gas,

brated in monolayers per second by reference to the saturaté&em.med from °°”'S!°”f"" d'esorptlon, €., energetlc He at-
monolayer(see below Both “He and®He mono- and sub- °MS I the thermal distribution at RT knocking off adsorbed

monolayers were investigated. Multilayer formation does nofiloms, so that a lower maximum sfceady-state coverage was
occur at 2.3 K because of the weak Hée interaction and obtained before the start .of desorption. Indeed, this could be
the low pressures used. As will be seen from the resuIt§C).rr()t’C)r"’1te(j by decreasing the He gas temperature e_md by
below, the ratio of binding energies of the first to highert"hs.mgf?thfrt:layers’ e'%{’ ne.lclmb’ which ?Isdo was ;c%u?ceptlble to
monolayers on R111) is of the order of 8. This constitutes is effect; these results will be reported separateljow-

ever the slow prepeak desorption seen in the TPD traces
\?vr%igmmglilafigniqspireet\?vé;all c;tgirdr?;g gases ¢n1 for 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
IIl. EXPERIMENTAL RESULTS heating procedure, or following the desorption signal with
A. Main characteristics: Thermal and photodesorption time at constant temperature in the range well below the

- . . thermal desorption peak, showed that thetire coverage
In the initial stages of this work, both the dosing gas and

the environment seen by the sample were at room tempera- 0.03

Desorption rate [ML/s]

esorption(A) and photodesorptio(C) are indicated. Heating rate:
.03 K/s.

ture (about 295—-300 K After saturating the surface with - ' ' He-3

“He at the base temperature, a relatively small, unstructured ~ .

desorption peak between 3.5 and 4 K was obtained in TPD g «—£ > < A >

(Fig. 2, range A, and below the peak a desorption signal was o 0.021 7
seen which slowly decreased during heatirange G. This *é

latter prepeak signal was distinctly larger fide (Fig. 3), =

and decreased faster. Tests showed that the decline of the §

prepeak signal wasot connected to thdincreasing tem- B, e ’
perature, but tdime elapsedafter dosing(see below. In- §

creasing the heating rate from 0.03 to 0.2 K/s does not af- 2

fect the prepeak desorption rate significantly but reduces the 0.00 L - A :

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- FIG. 3. Same as Fig. 2, but f6He submonolayers. Maximum
tion temperature seen by the surface, to 90 K reduces theoverage 0.82 MI(Ref. 24.

Temperature [KI
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0.3 . T r . . 0.3 . T . .

Desorption rate [ML/s]
Desorption rate [ML/s]

Temperature [KI

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

for *He). Isothermal desorption is considerably faster for the
compressethyer formed by saturation with gas from a 90 K
environment, as can be seen in Fig(bbttom: if roughly
interpreted as a first-order process, the desorption rate con-
stant in the compression range is about eight times higher at
T,=180 K, and more than 40 times fof=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.

FIG. 4. TPD curves fofHe up to monolayer saturation, ob-  BY varying the cap temperature, we measured the depen-
tained by adsorption at radiation and gas temperatures of 90 ilence of the rate on the radiation temperature. Figure 8
(photodesorption minimizedThe compression phagplateau plus shows considerable scatter of the results which is due to
peak below 3.5 K is obvious. Heating rate: 0.2 K/s. Top panel: changes of the general background in the system when the
Linear plot. Bottom panel: Quasi-Arrhenius pltag(rate vs —1/T] ~ temperature of the large cap is changed; this is particularly
which linearizes the exponential T dependence, emphasizes treevere when the cap was heal@d=400 K). However, it
range of small rates, and shows the small but definite contributioman be seen that the dependence is best compatible with a
of photodesorption. roughly linear dependence and certainly nd*aelation, as
was susceptible to this slow desorption; the desorption proWOUIO| be expected if a surface heating effect were respon-

ceeded proportionally to the coverage to a good approximas_ible. Irradiation of the sample with a halogen lamp directed

tion, yieIding a first-order desorption rate constant of abouft the surface increased the photodesorption dramatically, ir-
0.01 st for “He at 2.3 K and RT environment. In Fig. 6, a
sequence of such isothermal desorption runs is shown for
“He at successively higher sample temperatufesup to
3.5 K and replotted as rate versus coverédgsorption runs
from right to lef). Small deviations from first order and a
very small but systematic increase of the rdig about 10%
from 2.3 to 3.0 K can be seen. Only when the temperature
is increased into the foot of the thermal pd&kpmost lineg
does a brief thermal desorption spike occur, which increases
if T¢is further increasednot shown; subsequently the non-
thermal process runs again. Féte, similar data with about
50% higher rates have been obtained, consistent with the
higher photodesorption effect seen in the TPD trdEégp. 3).
The approach to zero rate at zero coverage can be clearly
seen, which proves that the complete layer is subject to this F|g. 6, |sothermal desorption runs fofHe for room-
nonthermal mechanism. temperature surrounding3, =300 K), each starting at around 0.7
When the radiation temperaturg,, of the environment L, at constant sample temperaturég, in 0.1 K steps from
seen by the surface was changed by cooling the cap, the3to 3.0 K (solid curves; photodesorption onjy and from
photodesorption effect became smalleig. 7 (top)]; heating 3.1 to 3.5 K (dashed curves; initial thermal desorption spikes in-
the cap increased it. AL,=90 K, the rate constant was five creasing withTy). The small increases of photodesorption rate are
to six times smaller compared to RT, fifle (by a factor 4  systematic withT,. Desorption runs from right to left.

Desorption rate [ML/s]

Temperature [KI

He-4

- -
o ()
R e e

o
T

Desorption rate [107ML/s]
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(below 0.65 MU for He-4, as a function of radiation temperature of
the surroundings.

corroborating the participation of metal excitatiofsee be-
low). No effect was seen for Ne or more strongly bound
atoms. Without further analysis one could argue for either a
90K - mechanism via nonequilibrium phonohsyr for direct ab-
sorption of a photon in the adsorption complex and conver-
sion of its energy into desorption of a helium atbmAs we
N will show in Sec. IV, the latter mechanism is the correct one.
0.0 0.5 1.0 The observed isotope effect will be a decisive argument; it
Coverage [ML] can even be used in a qualitative way. If a single nonequi-
librium phonon or a nonequilibrium phonon pulse would
- I . knock off a helium atom, then the efficiency féle should
diation temperatures indicated. Curves run from right to left. Top: 4 )
starting at 0.7 ML; straight lines are fits to the apparent order otbe Smaller.than _that for H_e_, because sticking—the reverse
. ; : . of desorption—is less efficient for the lower mass, all other
desorptionm. The effect is pure photodesorption. Bottom: starting 0 P . L o . '
at the respective saturation coverages indicated. The strong rapearameters being equ]§I.Th|s IS N qualltatlve_dlsagreement
increase in the compression range is obvious; it contains consideYylth our results. In the t_heo_ry section, we will show that n_ot
able contributions from thermal desorption. qnly the correct _quahtatlve |softope effect, but even quantita-
tive agreement is found for direct photoabsorption into the
respective of sample temperature, even though the latter ifidsorption complex.
creased by less than 0.2 (ffom 2.3 to 2.5 K at maximum
intensity. Unfortunately irradiation by a monochromatic IR
source in a controlled way could not be performed in our
setup. Heat conduction calculatidhscorroborate that the For the spectra fronisuhmonolayers produced and des-
sample temperature increases so little under our conditiongrbed with 90 K gas and surroundings, the photoinduced
that thermal effects can be excluded except very close toontribution is small and the TPD spectra can be interpreted
incipient thermal desorption. On the other hand, comparingn the standard manner, as phonon-mediated thermal desorp-
TPD traces for medium to low initial coverages obtainedtion. Qualitatively it is obvious from the sequence of TPD
with T, of about 300 K and 90 K showed them to agree well,peaks that in the range of the single structureless peak, up to
if for the former the nonthermal effect as determined sepaabout 70% of the maximum coverage attainable, the layer is
rately (see abovewas subtracted. For some further tests, se& two-dimensional gas. This can be concluded from the close
Ref. 21. to first-order behavior of the peak shape with coverage,
These results show clearly th@} the normal thermal de- which only shows a small downshift of the peak temperature
sorption (above 3 K for coverages up to 0.7 Mland the with increasing initial coverage. In particular, the absence of
nonthermal, photoinduced effect are independent and add& common leading edge to the spectra proves that in this
tive; and that(ii) the photoinduced effect isot caused by system,no phase equilibrium exists between a 2D conden-
heating but by photon absorption. Because(ipfwe can sate and a 2D gas. This is contrary to most other rare-gas
therefore analyze the two effects separately. As to the photesystems on transition metal surfaces, where the common
induced desorption, it is clearly a nonequilibrium, quantumleading edge has been obser§et:**Furthermore, the close
effect. Interestingly, we found thattand D, monolayers on  similarity of the TPD peaks ofHe and®He, which exhibit
Pt(111) also show this photoinduced desorption, albeit muchonly a small relative shift in temperature, proves clearly that
more weakly; in this case, mono- and multilayers could beno quantum effect is present in the tésubmonolayers un-
compared, and the effect was clearly weaker for multilayersger our conditions, i.e., above 2.3 K. Above 0.7 of saturation,

Desorption rate [107°ML/s]

FIG. 7. Isothermal desorption fdHe atTs=2.3 K, for the ra-

B. Thermal desorption
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the development of a new peak which sits on a broad shoulmoved away from this position for dosing to improve this
der suggests the formation of a new phase. We will discusaspect, it sees parts of the apparatus which are at different
its properties in Sec. IV. Here also, no basic difference existtemperatures, making the effective radiation temperature ill-
between the two isotopes. defined; also, strong influences of photodesorption and colli-
As to quantitative analysis of the TPD traces, we havesional desorption ariséooth during dosing; the former also
carried out various evaluatiorgising edge analysis, heating during moving and positioning the sample for TPBlow-
rate variation, isosteric evaluation, peak fitifigiVe have €ver, we do need at least approximate values of the sticking
found that, even in the single peak range, the paramete@eﬁ'c'e”t since sticking enters the desorption rate, via de-

determined vary by about +10%, depending on the analysi&ﬂ”ed balance, and the interpretation of preexponentials of
i

chosen. In each method, different errors contribute: in lead ermal desorption requires a knowledge of sticking coeffi-

ing edge analysis, the background due to the photodesor;g-ients and their coverage dependence. Therefore, efforts have

. ) . . . been made to obtain at least some information on sticking,
tion, even for 90 K surroundings where this effect is small, IS_|beit partly in a semiquantitative and error-prone way.

not we_II known, .bUt has a strong mfluence on accuracy, in-— . accomplish this, the exposure of the surface to helium
isosteric evaluation, the uncertainty in the trailing edge, duegas has been done in three different ways

to the general background subtractfointroduces uncertain- (i) From the background flux, with the sample moved
ties; and in peak fitting, a range of correlated energylyyay from the TPD position. Here, the angular distribution
preexponential pairs can fit the data about equally well. Wef impinging gas is random. Since the walls are at RT, this is
find desorption energies between 90 and 120 K correlategsg the gas temperature during dosing, i.e., for the contribu-
with compensating first-order preexponentials betweeh 10ons of collisional and photodesorption. The former ends
and 102 s™*, for both isotopes, in the single peak range. Foryhen the dosing is stopped. After that it takes about 70 s to
equal preexponentials, the desorption energﬁlftms about  reposition and adjust the sample. Photodesorption proceeds
3-4 % smaller than that fdHe, corresponding to the differ- quring the entire time and continues during TPD if the Feul-
ence of peak temperatures of about 0.2 K. If we assume ther cap is also at RT. However, after 10 s the sample is
same preexponential even in the compression range, the dgssentially in position in front of the cap and, if the latter is
sorption energies there are about 20-30 % smaller. A morgooled to 90 K, photodesorption is negligible after this time.
accurate analysis of the data in terms of the desorption parhese differences allow a semiquantitative estimate of the
rameters is not warranted. contributions from these two effects.

However, a more detailed separate evaluation to obtain jj) Through a microchannel plate which is at RT and is
abolute desorption energies is not sqnsible for another regaced about 3 cm away, parallel to the surface. So the gas is
son. As stressed above, the calibration of our temperaturgqain at RT, but the angular distribution is restricted to about
scale, which directly enters the energy values, is only ag20 deg around the surface normal. It takes about 2 min to
accurate as the literature value of the heat of evaporation ering the surface into TPD position after dosing. Here both
hydrogen(20%). In order to get a reliable energy value to ¢ojlisional and photodesorption will be at their maximum.
better than this uncertainty, we have therefore resigned our- (jjj) The gas reaches the surface through the cap which is
selves to a different procedure which proceeds in two stepgooled to 90 K. In this way, the surface can be left in TPD
(i) From the range of pairs of energy/preexponential, we seposition during dosing and, if the mass spectrometer filament
lect those for which the preexponential is in the range exis switched off during dosing, both collisional and photode-
pected for our system, i.e., about'38™* (via detailed bal-  sorption are unimportant. There is a further advantage deriv-
ance, the total preexponential is given by the stickinging here from the facts that both the time necessary to pump
coefficient times the frequency factor; the latter is aboutyown below 10° mbar after exposure as well as the back-
10" st as derived from either the dominant vibrations or theground pressure after dosing are minimized.
value of kT/h; see the discussion in Secs. Il C and Fhis Each of these dosing modes has its advantages and disad-
results in a desorption energy of about 100 K fete, and  yantages. We therefore report on all three. The values for the
about 3% less forHe. (i) We check this choice by the sticking coefficients were obtained by differentiation of cov-
compatibility of these values with the photodesorption rategrage versus dose curves obtained by integration of desorp-
which, while independent, also contains the binding energytion spectra after exposure of the surface to a certain gas
A further check is carried out by Comparison with theoreticaldose_ OW|ng to the numerous uncertainties mentioned’ con-
predictions. This will be discussed in Sec. IV. 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-

The present experimental apparatus, which has been optge at saturation and of the absolute doses. There is a number
mized for TPD starting at very low temperature, is not well of unknowns and uncertainties contained in the determina-
suited for sticking measurements. In the desorption configution of the dose. In modéi), the only quantity not well
ration, the Pt surface is not fully accessible to a well-definecknown is the ion gauge sensitivity, which might introduce an
gas source; in addition, if the cap is cooled in this position,error of 20% in the absolute values. This advantage, how-
the gas itself does not have a unique thermal distributiorever, is far offset by the strong influences of collisional and
because it will scatter off different temperature surfaces bephotodesorption which cannot be clearly separated and quan-
fore hitting the Pt crystal. On the other hand, if the sample igified reliably. For mode(ii), a calibration of the dose has

C. Sticking coefficients
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method(i).
topes(which is corroborated by the similar appearance of the

been done by comparison with neon, for which the stickingdesorption peaks, with only a small shifthen the difference
coefficient is knowt; again, collisional and photodesorp- of peak temperatures of about 0.2 K translates into a desorp-
tion have strong influences. Modié ) is clearly best defined: tion energy of'He, which is about 3% smaller than that of
both collisional and photodesorption are essentially negli“He. At coverages above about 0.7 of saturation, a second
gible there, and the dose can be calculated if thermal equiliPhase develops which is characterized by continuous desorp-
bration of the gas in the cap can be assurise@ Ref. 21 for tion through thermal expansion, and a superimposed peak
detaily. As a result, the values are estimated to be accurate twhich occurs as this phase disappears as the coverage de-
about +30%. The following conclusions are drawn. creases. Apart from the contribution of zero phonon scatter-

(i) For 90 K gas, the sticking coefficient at zero coveragejng in sticking, which also shows up in desorption through
S, is about 0.03 for*He, and also forHe, because any detailed balance, the only quantum effect observed is due to
isotope effect(proportionality to\mg/m;) is within the ex-  the difference in zero-point energy. There is no hint of any
perimental uncertainty. quantum effects due to the different statistics of the isotopes

(i) For 300 K gas is about a factor of 10 smaller. For in the thermal properties of these i®ibmonolayers at our
conditions where small impact angles are eliminatedemperature$2.3 K and up.
[microchannel-plate dosingii)], S is somewhat larger, but The photodesorption is clearly due to direct absorption of

due to the uncertainties associated with collisional desorpPhotons, not to atransien} heating effect. It is almost
tion, this effect cannot be quantified reliably. temperature-independent in the range below thermal desorp-

(ii) In all casesSincreases with coverage in a sublineartion and close to first order. At a surround temperature of
way, reaches a flat maximum around 0.3-0.5 of saturatiorabout 300 K it is very noticeable, with a first-order rate con-
and then decreases slowly. The increase with coverage cgiant of about 0.017$ for “He, and about 50% higher for
be understood from the well-known effect of improved cou-°He. The dependence on radiation temperature is roughly
pling of colliding atoms when they impinge on an adsorbatdinear; at 90 K it is four to six times smaller for the two
with equal mass and soft vibratioh$22® The decrease at isotopes. The isotope effect shows that it is not desorption
high coverage, towards zero at saturation, reflects the fagtue to nonequilibrium phonons.
that formation of a second layer is unlikely, in contrast to
heavier rare gaséé.?®

IV. THEORY AND DETAILED ANALYSIS

D. Experimental summary A. General formulation

To summarize, the following qualitative picture is the Theory must account for photon-mediated and thermal
sta_rting point of our detailed analysis vyith the help of theo'(phonon-mediatedadsorption and desorption dynamics and
retical models. Above 2.3 K, He can exist as a monolayer ofkinetics. The task is simplified by the fact that the helium
P(11]) and there are two independent mechanisms of deagsorbate is highly mobilésee abovieand can therefore be
sorption occurring around 4 K: thermal desorption and phozssumed to be in diffusive quasiequilibrium. Thus the time
todesorption. . _ evolution of the adsorbate can be described in terms of mac-

Thermal desorption shows that, up to a relative coveraggpscopic variables, i.e., coverage,and substrate and radia-
of about 0.7 of saturation, He monolayers oflR1) behave  tjon temperatures. Because the two kinetic channels are in-
like (almos) ideal 2D gases. The desorption energies do NOHependent of each other, we have
vary significantly over this range within our error bars. For
“He, this desorption energy is about 100 K, if combined with
“normal” preexponentials of about 10s™. If we assume 49 _ herma) _ therma) , (phota _ p(photd

- - - Rad Rdes + Rad Rdes : (1)
roughly equal preexponentials of desorption for the two iso- dt
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The phonon-mediated adsorption rate is proportional talipole moment bwdyan[h/(vaz)]”Z with v, its resonant

the particle flux onto the substrate, frequency. We can envisage two scenarigsThe dipole is
P\ due to the polarization of the He atom itself, i.e., both posi-
Rggefma’ = 5<t>(g,'r)#has, (2) tive and negative charges are confined within the volume of

the atom apart from its image dipole. Radiation will then

whereh,=h/\2mmkgT is the thermal wavelength of helium excite internal vibrations of this polarization cloud: a reso-
atoms in the gas phase at pressBre is the unit cell area Nance phenomenon. To cause desorption, this energy must
on Pt{111), andT is the common temperature of the adsorb-then be transferred to the center-of-mass motion of the atom
ing gas and substrate. The sticking coefficigmobability) is Vi@ & mechanism similar to that proposed 20 yeggs ago for
a measure of the energy transfer to the solid via emission dfsonant laser-induced photodesorption of molecti@e
phonons and can be calculated from first principlestaken ~ NteNsity of blackbody radiation is not sufficient for that, and
from experiment, scaled to the appropriate conditiésee the small polarizability of He also makes this very ineffi-
abovg. An identical expression holds for photon-mediatedc'ent-(”) The dipole derives from the charge redistribution in
adsorption for which its sticking coefficien§P(¢,T), ac- the surface which the adsorbed helium induces and which

counts for the probability that a photon is emitted during thef:hanges vyhen_ it moves, as well as the image response to it,
collision of the helium atom with the surface. i.e., it mainly involves metal electrons. For this scenario,

The thermal desorption rate is given'by3=1/ksT) which we adopt.here fo_r the photodesorption pf he_:lium, 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

where u,4(6,T) is the chemical potential of the adsorbate. exponentially with increasing distance of the helium atoms

This can be written for transparency as from the metal surface, essentially due to the decreasing

electronic overlap and interaction.
Had=— Vo= kgT IN(Gxy0/ ) + Lhiar, (4) The photodes%rption rate constaifibr a single helium

where u,; accounts for the lateral He-He interactions in  atom) is given by*>16

the adsorbateV, is the depth of the adsorption potential for

a single helium atom, and

_exd Bhr,/2]
b= exfd phy,] -1’

where, is the frequency of the vibration of a helium atom  Here

perpendicular to the surface. At the low temperatures of

helium adsorption, and desorption, this simplifies dp P, =exd- Ei/kBT]/E exfd - Ej/kgT] (8)
= exp(—phv,/2). For a mobile adsorbate with negligible sur- i

facq co.rrugaitlon, 2the partition function for the mtraplanaris the thermal occupation probability of the bound states of
motion istyy=as/ Ay Thus the thermal desorption rate readShelium in the surface potential. The sum ogeruns over the

kg T
(thermal) — (0 T)%% exf Bitagl, (3
th

21 _
RTT =222 | dk Mg, - Uig(0)Ingso(Eq -
iq B

®) 500 + (N + DAEG-E +AQQIP.  (7)

(therma) _ (t) kT atomic continuum states reached from the bound states via a
Ries ™ =S(6,T) 0= ~exr = B(Vo ~ hv,/2) Jexr Buar- matrix element
(6) h J
. . ) Mg, = iﬁ9 — f dxug(X) —ui(x). (9
Detailed balance requires that the desorption rate be pro- ‘ m V 2¢gq X

portional to the sticking coefficient, at the temperature of : ) : —
desorption. In the absence of lateral interactions, this rate Us(0) is the field amplituddof polarizationss and wave

describes a first-order process, i.e., proportionab,téor a V?C‘Or.k) at the position of the atom, amj(p IS the Bose-
constant sticking coefficient, with a temperature-depender?nSte'n occupation of photons at the radiation temperature
rate constant, i.e., the rate for a single atom with a desorptio r.Th hotodesorntion rate from an adsorbate must al

energy which is effectively that required to remove an atom € photodesorption rate from an agsorbate must also ac-

from the lowest bound state of the potential, as shown fron?ount for the influence of the local environment of the des-
first principles for physisorbed systerhdn e’m adsorbate orbing particle as discussed above, and leads to the coverage

with attractive(repulsive lateral interactionsy,,, is negative dependence of the photodesorption rate being given by
(positive), thus hinderingaiding desorption. (photo -

Photodesorption is caused by the coupling of the electro- Ries™ (6T To) = 1p(Tr, 0)0 €XH Bpsar]. (10
magnetic field of the impinging thermal radiation into the We have indicated a secondary coverage dependence in
dynamic dipole of the adsorbate, mediated by a Hamiltoniatthe photodesorption rate constant itself because, in principle,
Hei=—i17(Q/m)A(X,1) - (91 9€). Here x and ¢ are center-of- the helium atoms already adsorbed will tend to screen the
mass and relative coordinates of the dipole amé its re-  response to the amplitude of the incident electromagnetic
duced mass. The effective char@ds related to the dynamic field, e.g., by depolarization.
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Equating this rate in equilibrium to the photoadsorption -30 T - T - T
rate
Phue sy ]
R&™? = SP(0,T.T)—= = =r(T) 0 ext Bl (11) J
~ .20 | :
and relating the gas pressure to the chemical potential by <°U—’
|,
RLNE .
kT <
P =% ex Buadl. (12) g
)\th E 10 | .
gl
we get the photon-mediated sticking coefficient at zero cov- % ) \
erage(uia=0), O 05| v \
h A\
%p) = ﬁrp(Tr: 6=0). (13 0 .
B 20 25 3.0 35 40 45 50
It is important to note that this sticking probability is Temperature (K)
much smaller than phonon-mediated sticking by many orders
of magnitude. FIG. 11. Comparison of the experimentalashed curvegsand

the calculatedsolid) TPD rates for’He for the conditions of Fig. 5.
Model parametersVy/kg=126, 1,=1.15X 102 571, $,=0.03, Spax
=0.5, V/kg=-0.6 K, r,=0.0036 §', heating rate 0.2 K'$. Initial

To evaluate the desorption rates, we must specify a smatioverages: 0.04, 0.11, 0.22, 0.32, 0.57, 0.76, and 0.95 ML.
number of parameters and the coverage and temperature de-

pendences of the chemical potential of the adsorbate and @fese temperatures. A more likely structural change is that
the sticking coefficient. after the compression of a planar layer has progressed, a
Estimates of the depth of the surface potentigl,and the  further loss of energy due to compression is avoided by ex-
vibrational frequency,v,, for *He on P(111) are about citation into a locally deformed buckled layer. This is most
10 meV (Ref. 29 and, on A111), 10**s7%,% respectively. |ikely due to excitations into the vibrationally excited states
To get a consistent picture, we have done calculations obf the effective surface potential for which the atoms are
helium adsorption on jellium using density-functional theory further out from the surfacésee, e.g., Fig. 2.22 in Kreuzer
in the local-density approximatict:32We get, respectively, and Gortel). This would generate a contribution to the
16 meV and2-4) X 10 s7%; this gives a desorption energy chemical potential roughly linear in the number of “buckled”
between 8 and 11 meV, which agrees with the range of exatoms. However, the buckling will be dynamic since the at-
perimental values determined hésee above We will fine-  oms in the ground and the vibrationally excited states will
tune this number when we fit the TPD spectra at low initialreadily interchange their roles.
coverage. We have fitted the calculated potential energy To calculate the thermal desorption rate, we also need the
curve by a Morse potential and find its minimum &t  sticking coefficient at desorption temperatures. To estimate
=3.2 A above the top lattice plane and a range parameter dfs zero coverage value around 4 K, we use the forced oscil-
the order 1 A. lator modelt? which worked very well for the heavier rare
The facts that(i) He is not localized on sites on the Pt gases, Ne through Xe. A set of parameters which reproduces
surface andii) there is a compressional phase excludes theur experimental values for gas temperatures 90 K and
lattice gas as a model. We allow for some weak attractiong00 K leads to an estimat&=0.03 at 4 K(for a detailed
between the atoms with a van der Waals—-type mean-fieldiscussion, see Ref. B9The efficient energy transfer by
model of a two-dimensional gas for which we choose, belonHe—He collisions, as it occurs at increasing coverage,
the compression range, a contributiarg, to the chemical should be much less influenced by temperature. We estimate
potential®® As compression sets in, two responses of the adthat, at its maximumSis 10 to 20 times its initial value. We
sorbate are possibl€) the adsorbate undergoes a transitionparametrize the experimental coverage dependence of the
to a solid phas¥; (i) excitations into a “second layer” occur. sticking coefficient by a simple analytical form
Both mechanisms would lead to an abrupt lowering in the
slope of the chemical potential versus coverage due to cross- t) _al _ \13/4
ing of the chemical potentials of the two phases, rather than %6 = Sg + Smal 40(1 = O (14
to a constant chemical potential. Such inflections in the Thus we can fit the thermal desorption spectra in the low
chemical potential as a function of coverage are clearly seecoverage regime and at low radiation temperature where
for “He on graphité® and also emerge from calculations of photodesorption is negligible. With some adjustment of the
multilayer formation of both isotopes of helium on a flat desorption energy, we get the spectra given in Fig. 1fHer
surface?6-38 see in particular Figs. 7 and 10 in Somnetr for initial coverages below about 1/2 ML. Note that at very
al.®® For helium adsorption on a metal, the formation of alow coverages, the peaks in the thermal desorption shift to
second layer, some 3 A above the first layer and bound oveslightly lower temperatures for increasing coverages. This is
whelmingly by the He—He interaction, is not possible at explained by the strong increase of sticking with coverage at

B. Theoretical results: Thermal desorption
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FIG. 12. Chemical potential of a helium adatom, relative to its  FIG. 13. Comparison of the experimentalashed curvésand
binding energyu.q+Vo—hv,/2, as a function of coverage witfull  the calculatedsolid) TPD rates fofHe. Parameters as foHe (Fig.
lines) and without(dashed higher-order terms added to account for 11), except for the mass change,=102s™%. Initial coverages:
the adlayer compression, &2, 3, 4, and 5 K(top to bottom. 0.03, 0.06, 0.11, 0.32, 0.49, 0.70, and 0.94 ML.

low to intermediate coveragdsee Fig. 1D with the result  shifts the peaks up in temperature by about 0.2 K and leads
that the prefactor in Ed6) also increases, enhancing desorp-to good agreement also for thele curves, Fig. 13.

tion at earlier times as initial coverages are increased. As the To confirm that the zero-point energy difference is the
sticking coefficient levels off, there is no further downward on|y quantum eﬁeci(apart from that operative in Sticking
shift. At this stage any attraction should shift the peaks tajue to the finite probability of zero-phonon scattejirgp-
higher temperatures. That this is not visible in the data indierative under our conditions we have also calculated the de-
cates that the attraction is very weak. We estimate that thgorption spectra treating the adsorbates as a weakly interact-
effective lateral attractiony, between helium in a relaxed ing quantum gas. BoséFermi statistics imply effective
monolayer is less than -1 K. Allowing for coordination, this attractions(repulsion$ which result in opposite shifts in de-
attraction is more than an order of magnitude smaller tha’orption spectra for the two statistics. These are not observed

that in the gas phase and consistent with theoretical estimategperimentally and will become important only at lower
for 2D He on various substratés?® The decrease from gas temperatures.

to surface is also consistent with a dipolar-Héle repulsion

on the metal surface which, using the calculated dipole mo- C. Theoretical results: adding photodesorption

ment given below, is of order 1 me6r 10 K) in a mono- .

layer. A critical temperature of less than 1 K, below which a 10 €valuate the photodesorption rate, we need the bound

mobile adsorbate on a flat surface would undergo phasétates of the surface potential and the dynamic dipole of he-
separation, results. lium adsorbed on Pi11). For a Morse potential, the bound

For initial coverages larger than about 0.5 ML, we mustand C(_)ntinuum state energi_e_s and wave fu_nctions are knpwn
account for the structural compression to reproduce the low2nalytically; relevant quantities are listed in the Appendix.
temperature shoulders and peaks. Following the discussioh"® Population facto(8) ensures that the contribution of the
above, we do this by adding terms to the chemical potential‘?xc'ted states to the rate is negligible for our surface poten-
quadratic and cubic in coverage as pictured in Fig. 12, an§@l @nd a substrate temperature of a few degrees Kelvin.
adjusted to fit the data. The resulting fit to the TPD spectra FTOm the density-functional calculations, we can estimate
for all initial coverages is also given in Fig. 11. Although this the dipole moment and hence the effective charge. Zhe
procedure is purely phenomenological and detailed calculgdePendence of the dipole moment is roughly represented by
tion; of_ the buckling_excitations should be done, it points_to w(2) = o exp- (z- 2)/z] (15)
the intricate connection between the nature of the inflection
in the chemical potential and the shape and position of thavith z; roughly (0.2-0.4 A and the permanent dipole mo-
compressional peak in TPD. An additional complication isment uo=~0.005€A; we also get the atomic polarizabilities
the fact that the sticking coefficient is also affected by theay=0.23 A anda,~0.002 A. This gives a dynamic dipole
effective repulsion in the compressional region. Such effectwdyn=(avhvz_/2)l’2=O.OOSeA. For the effective charg€(z)
of adlayer compression on the chemical potential and the(du/dz)/\2, we thus have(z)=Q, exd —(z—-z,)/z.] (Ref.
desorption kinetics have been investigated recently for2) with an effective charg€,~0.0le.

Ar/Pt(111).41 To illustrate the essential dependence of the photodesorp-

With the parameters deduced fifle, we calculate the tion rate constant on the mass, radiation temperature, and
TPD spectra fofHe by only changing, by (4/3)2 which  charge(or dynamical dipole momeptwe take, in Eq(9), a
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FIG. 14. Comparison of experimenta@ashed lingsand calcu- FIG. 15. Model curves of Fig. 14 showing the separate contri-

lated TPD spectra fofHe at a radiation temperature of 290 K. butions of photodesorptiofdashed linesand thermal desorption
Thermal desorption parameters as in Fig. 11, except heating rate ¢dotted lines.

0.03 K sL. Initial coverages: 0.15, 0.24, 0.41, 0.54, and 0.72 ML. ) . )
smaller estimate of the ratig,/z.=2.5, we find thatQ,

. . ~0.00&. The lateral interaction controls the coverage de-

Gaussian of rangg, (related to the zero-point enengipr the o gence of the photodesorption rate. We recall that the ther-
lowest bound state wave functiomy(z), and plane waves for 5| gesorption peaks indicate a rather weak, albeit almost
the continuum states. The resulting rate can be simplified t@egligible lateral attraction. However, at the lowest measur-

ing temperature, the rate is fortunately sensitive to the lateral

o= 16771/2Q§k T v, exd (z,/2)?] interaction and thus allows a more precisely determination;
P™ 3ggmhd © "7 % we obtainV/kg=-0.6 K to fit the initial rates for initial cov-
w0 (@@ + byex - x] erages below the onset of compressionde, and a radia-
% J dx(x% + (zg/zc)z] , (16)  tion temperature of 290 K. The complete desorption traces
0 exdax’+b] -1 are then generated without further parameter adjustments,
i.e., with the thermal contribution obtained as in Fig. 11 but
wherex=|q|zy, a=hv,/2kgT,, andb=(Vo/kgT,-a). for a change of heating rate. These are shown in Fig. 14; a

We have evaluated the rate constaptor the potential breakdown of the two contributions is shown in Fig. 15.
parameters of Figs. 11 and 13. In the range from 50 to 300 K Unlike the spectra for 90 K radiation in which the effect
it rises somewhat faster than linear with the radiation temof structural compression was visible for coverages above
perature, by about an order of magnitude. If the frequency 0.5 ML, here the effect is not apparent in this coverage
(on a different substrateis lower by at least an order of range, even for the fastest heating réde2 K/s). The ab-
magnitude, then this rise would be quite close to linear. Assence of compression effects in this regime where photode-
for the mass dependence, we note taindz, scale withv,  sorption dominates can be explained with the assumption
in roughly the same way so that the photodesorption ratehat the photodesorption process is largely unaffected by the
scales roughly likem™/2 i.e., according to the prefactor compression. Incorporating this feature into our model, we
alone because, for small enough the terms involvingb  are able to reproduce the corresponding experimental traces
dominate the integral and vary little with mass. At 300 K, in Fig. 14, as well as the spectra obtained for higher heating
typical values are,/ Q5= 20, 3.0, and 0.3 for,=10', 102, rates with a cap temperature of 290(Kot exhibited.
and 16* s and z,=z, Neglecting thez dependence of the There is a straightforward justification for this assump-
effective chargegz,— =) reduces these rates by a factor of tion. The photodesorption raidl) has a coverage depen-
about 10. Clearly, Eq16) implies that the rate constant is a dence which involves a product of a sticking coefficient for
sensitive function of the ratig,/z. photoadsorption and an activity factor which includes com-

The comparison with the experimental photodesorptiorpressional effects. The latter increases sharply in the com-
contributions is based on the matrix elements calculated for pression region, e.g., by a factor of 100 at the compression
Morse potential and not on the simplified resilé), see the peak in Fig. 11, implying a corresponding increase in the
Appendix. With the potential parameters obtained from thephotodesorption rate. Even for lower coverages, a significant
analysis of thermal desorption data, we have essentially déncrease in the photodesorption rate would be expected if the
termined all parameters entering the photodesorption rate asicking coefficient for photoadsorption was unaffected by
well. the compression, i.e., constant for coverages above 0.5 ML.

To obtain a good fit to the data, we need some adjustmertheory would then predict initial rates, around 2.5 K in Fig.
to Qg and to the lateral interactiovi. The former controls the 14, well above 0.02 ML/s. This would desorb a noticeable
magnitude of the photodesorption rate constant; for thdraction of a monolayer within a few tenths of a degree, with

045427-11



NIEDERMAYER et al. PHYSICAL REVIEW B 71, 045427(2005

025 ¢ - - - T T which case we multiply the numerator by the average energy
I of desorption and the denominator kyT,. In either case we
z 020 | find quantum efficiencies of order 1at T,=300 K and
g smaller by a factor of 6 at 90 K.
5 0151 V. SUMMARY
1.
c To summarize, in the first investigation of adsorption/
2 .010 r desorption kinetics ofHe and®He on a macroscopic single-
g crystal surface, P111), which we have used to extract ad-
e 005 | sorption and desorption parameters, we have also found a
=1 I quantum effect, photodesorption by far-infrared photons
through direct coupling to the transition dipole induced in the
ol surface by adsorbed helium. The proposed theory can re-
20 25 30 35 40 45 50 cover the main properties of both the thermal and the photo-

Temperature (K) induced desorption; for the latter these are its approximate
absolute magnitudéwith overall efficiency of about 18 at

FIG. 16. Same as Fig. 14 but f8irle and initial coverages 0.12, T,=300 K) and its dependences on radiation temperature

0.24, 0.38, 0.49, 0.57, and 0.71 ML. (roughly lineay and on mas$50% higher for He-3 than for
He-4).

initially distinct desorption traces overlaying each other, As expected from earlier work° quantum effects are not
once their coverages fell below the compression region. Asignificant in the main thermal desorption range, as shown
this is not observed, a compensating effect in the desorptiohy our reproduction of thévery smal) isotope effect. The
rate must exist, which can only come from the sticking co-thermal desorption spectra show that the helium submono-
efficient. This is to be expected because, at the onset of contayer is an almost ideal two-dimensional gas up to a cover-
pression, the bare metal surface which mediates the photage of about 0.6 of saturation. The desorption energy in this
absorption process has disappeared, i.e., the stickinginge is about 100 K, with normal preexponentials of about
coefficient for the process has to decrease, and by a simild0'® s1-10' s depending on the value of the coverage-
magnitude. dependent sticking coefficient. Above this coverage, a com-

As to the isotope effect,, varies likem /2 in agreement pression phase is formed which might be understandable in
with experiment. The result is to decrease the photodesorgerms of a dynamically buckled layer. The coverage depen-
tion rate for*He and, with no further adjustment, the theory dence of the effective preexponential is influenced by that of
produces the rates shown in Fig. 16. The isotope effect ithe thermal sticking coefficient. The latter is about 0.03 on
visible by comparison to Fig. 14. The initial desorption ratethe bare surface at 2.3 K; it increases with coverage in the
for the high heating rate data and 90 K environment, Fig. 11low coverage range and decreases strongly in the compres-
is well fitted by reducindRpno0nby @ factor 6, consistent with - sion range.
our theoretical estimate. The agreement between theory and

experiment is excellent in all aspects considering the sim- ACKNOWLEDGMENTS
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is essentially due to the narrowness of this distribution. APPENDIX

Finally, we discuss the question of quantum efficiency.

The overall quantum efficiency of the photodesorption pro- In this appendix, we comment on the matrix elemént
cess, defined as the ratio of the photodesorption rate consta@td give a result for the photodesorption rate in the dipole
to the flux of incoming photon®f all energies per unit cell ~ approximation. The surface dipole moment of an adsorbed

of areaa,, is given by particle can be shown on the basis of quantum-mechanical
calculations to be a decreasing function of distance from the
7= _r& (17) surface. The effective chardg@ in this matrix element must
aoTkg reflect this dependence so that E@). becomes
where o is the Stefan-Boltzmann constant. Another defini- R 9
tion would involve energy rather than particle fluxes, in Mq,i:ia \IZ_%IdXQ(X)Uq(X)&ui(X)- (A1)
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Replacing the momentum operator by a commutator of If we match the zero-point energy to that of a harmonic
the Hamiltonian and the position operator, we can transfornoscillator, o0=Vy/(hv,/2), we obtaino=5.25 for the fitted
this matrix element to potential parameters of th#He system\Vy/kg=126 K and

v,=10? s%; there are five bound states. The contribution

Mg, = - i(_Eq__Ei) A /ﬁ f XU (U (X), (A2) from the lowest bound state to the photodesorption rate con-
’ h 2¢gg stant(7) then reads

where u(x)=Q(x)x is the dipole moment operator. This

transformation is strictly valid only for a static dipole mo- 2,u§ 3 20-1

ment with constant charge in which case it also arises from rp(Te) = 3W80C3ﬁ4(kBTr) (202 I2(d)T(20)

an interaction u(x)-E(x) in the Hamiltonian. On the other . .

hand, time-dependent fields are included in the quantum- Xf dxF(o,d:X) x(@x +b) (A5)
mechanical ~ Hamiltonian ~ via  minimal  coupling 0 TV exgdax +b] -1’
—-iA[Q(x)/m]A(x,t)-(d/9x) of the charge to the vector po-

tential from which the matrix elemeri®) originated.

Approximating the dipole moment obtained in a density- |F(o+ d-1—j 7])|4 sinh(277)
functional calculation by an exponenti@l5) and using the F(o,d;x) = I Z 5 ,
analytically known wave functions in a Morse potential, we [N(e+3~iy)[? cos2mo) +costi2my)
can evaluate the matrix elements and hence the photodesorp- (AB)

tion rate constant. The potential is

V(2) = Volexfl- 2y(z— z9)] - 2 exd— Y z-2)]} (A3)  where n=|q|y *=mo"%, d*=zy, anda,b are as in Eq.
(16). Upon integration, the mass and temperature depen-
dence of this expression are almost identical to that presented

[U_ n- 1/2}2 in the simplified expressio(iL6); the explicit cubic tempera-
En: — Vol — | »

with bound states at

ture dependence in E¢A5) is reduced to a near-linear one
through the dominance df in the integrand. The alternate
expression to EqA5) with Qg explicit gives values for the

o

2= 2mVo (A4) rate constant which agree within 30%, for ranges of param-
h2y? eters, for the corresponding value @f.
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