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Photo- and Thermodesorption of Helium on Pt(111)
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In a detailed study of thermal desorption of monolayers of both “He and *He adsorbed on Pt(111)
(binding energy about 9 meV), we have observed photodesorption induced by the blackbody radiation
from a room temperature environment. This process proceeds independently of the thermal desorption.
Theoretical treatments of both thermal and photodesorption are given and agree very well with the data
in all important aspects. We conclude that the photodesorption is due to direct coupling of photons to

the adsorbate.
DOI: 10.1103/PhysRevLett.89.126101

Helium, the smallest and simplest closed-shell atom, is
a model system for many interactions, including those
with each other and on surfaces; it is a prototype for a
weakly bound adsorbate. Many theoretical papers on He
layers have therefore appeared [1,2] analyzing the proper-
ties of the resulting layers, including possible quantum
effects. In its main use in surface science, elastic diffrac-
tion, and inelastic scattering, helium surface coverage is
zero. Owing to its low polarizability, the attractive well in
front of a surface is very shallow; this makes experiments
on monolayers difficult. Thus, He (sub)monolayers can be
prepared only at very low temperatures and, thus far, have
been investigated only on high surface area materials
such as grafoil [3], and on filaments and films with ill-
defined surfaces [4]. Direct desorption experiments have
been reported only for the latter; we do not know of any
work on well-defined macroscopic single crystal surfaces.
A quantum desorption effect has been postulated, in
which a single phonon knocks a He atom off the surface
[5] (see also [1]).

Because of this fundamental importance and the gap
between the theoretical and experimental situations, we
have studied the adsorption/desorption kinetics of both
“He and *He on Pt(111) in detail; here we report the main
characteristics. During this work, we also observed pho-
todesorption (PD) induced by the blackbody radiation of
a room temperature environment. We demonstrate that
this effect is not caused by heating the substrate, and
not by nonequilibrium phonons, but by direct coupling
of the incoming photons with the dynamic dipole of the
adsorbate (helium atom plus modified surface). Such an
effect has been predicted for physisorbed molecules [6]
and observed for physisorbed H, and D, on metals [7].
Our theory [8,9] can account for our observations in all
important aspects. In particular, the observed PD rate and
its dependence on radiation temperature and isotope mass
are fully recovered. This proves the observed PD to be a
true quantum desorption effect, in which a single photon
desorbs a He atom.

Experimentally, we had to extend our techniques for
cooling well-defined single crystals in surface science
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systems (base pressure 3 X 10~!! mbar) [10,11] to suffi-
ciently low temperatures for irreversible adsorption of He
monolayers to occur, and to adapt our methods for the
measurement of adsorption/desorption rates by wide
range, precise temperature-programed desorption (TPD)
[12]. With a two-stage expansion cryostat and a heat
switch operated with pressurizable bellows, we now reach
stable 2.3 K at the sample, while still controlling rapid
heating (to 1000 K for crystal cleaning) and cooling (to
keep the sample clean). Temperature measurement and
control via carefully calibrated thermocouples [10], elec-
tron bombardment, and a special regulator enabled con-
trolled heating rates between 0.01 and 5 K/s. TPD
spectra, for determination of both sticking and desorption
rates, were acquired with a mass spectrometer in a
“Feulner cap” [13] arrangement. During desorption, the
cap covered the full solid angle seen by the surface;
initially it was kept at room temperature (RT). When
nonthermal desorption turned out to be appreciable, the
cap temperature was made variable between 90 and 470 K.
Pt(111) was chosen because its clean, low defect prepa-
ration, as well as rare gas adsorption on it, are well
characterized [11]. The dosed helium gas was either at
RTor 90 K. TPD spectra over 4 orders of magnitude in the
rate were so reproducible that the rate could be calibrated.
Both “He and *He mono- and submonolayers were inves-
tigated. Multilayers cannot form at 2.3 K and the low
pressures used because of the weak He-He interaction.
After saturation of the surface with helium with both
the environment seen by the surface and the He dosing
gas at RT, a relatively small, unstructured desorption peak
between 3.3 and 4.2 K was obtained. Below the peak, a
further desorption signal was seen which slowly de-
creased during heating [Fig. 1(a)]. For *He, this latter
signal was distinctly larger, and the decrease faster. The
initial decline proved not to be connected to the (increas-
ing) temperature, but to the time elapsed (see below).
Cooling the cap, i.e., the environment seen by the surface,
to 90 K eliminated most of this prepeak signal, increased
the total amount desorbed under the thermal peak
by about 50%, and introduced structure similar to the

© 2002 The American Physical Society 126101-1



VOLUME 89, NUMBER 12

PHYSICAL REVIEW LETTERS

16 SEPTEMBER 2002

| (a)

o
o
N
1

[ML/s]

o
o
=

Desorption rate

Desorption rate [ML/s]

25 3.0 35 4.0 45 5.0
Temperature [K]

FIG. 1. (a) TPD spectra of “He (dashed lines) and *He (solid
lines) layers produced by adsorption at gas and surround
temperatures of 295 K. Maximum coverage 0.7 ML; heating
rate 0.03 K/s. (b) layers up to 1 ML produced at gas and
surround temperature of 90 K, 0.02 K/s. The appearance of
compression peaks and the elimination of photodesorption are
obvious. In each set, three theoretical curves for 3He are shown
for initial coverages (top) 0.24, 0.41, 0.72, and (bottom) 0.12,
0.32, 0.57.

“compression peaks” well known from other rare gases
[11,12,14], for both isotopes [Fig. 1(b)]. We therefore
assume that we thus obtain a compressed, essentially
saturated monolayer. The lower saturation coverage with
both environment and gas at RT partly arose from colli-
sional desorption: Energetic He gas atoms in the thermal
distribution at RT knock off adsorbed atoms, lowering the
maximum steady state coverage. This was corroborated
by decreasing the He gas temperature, and by letting
RT He impinge on other layers, e.g., neon on Pt(111).
However, the slow desorption seen in the TPD runs below
3 K cannot be caused by this mechanism, as no He atoms
impinge under TPD conditions. Varying the time between
exposure of the surface and start of the heating proce-
dure, as well as following the decline at constant tem-
perature, showed that the entire coverage was susceptible
to this slow desorption, and that its rate was proportional
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to the coverage to good approximation (Fig. 2) yielding a
first order desorption rate constant of = 0.01 s~ ! for “He,
higher by X 1.5 for *He, for RT surroundings. Below 3.0 K,
the onset of genuine thermal desorption, this rate was
nearly independent of substrate temperature; only very
careful tests showed a small gradual increase by less than
10% over the temperature increase from 2 to 3 K (see
Fig. 2). We call this the photodesorption (PD) rate, Ry,

Decreasing the environmental temperature seen by the
surface by cooling the cap to 90 K decreased R, by a
factor of about 4 for *He and by 5—6 for *He; so it is barely
apparent in Fig. 1(b). The dependence of the PD rate on
the cap (i.e., radiation) temperature showed considerable
scatter but had a roughly linear dependence and certainly
not ~T* as expected if the rate were proportional to the
energy density of blackbody radiation. A number of care-
ful tests which cannot be detailed here [15] proved that
sample heating definitely does not cause this desorption,
and that normal thermal desorption (above 3 K) and this
photoinduced effect are independent and additive. H, and
D, monolayers, but not Ne, also showed this photoinduced
desorption [16], as has also been reported before for
hydrogen on Cu(510) [7].

We conclude that there are two independent, separable
mechanisms of desorption in our TPD spectra: PD in-
duced by far-infrared (FIR) photons coupling directly
into the surface adlayer, and normal thermal desorption.
For the spectra from (sub)monolayers produced and de-
sorbed with 90 K gas and surroundings, the first contri-
bution is small and the TPD spectra can be interpreted in
the standard manner. Evaluation of the desorption pa-
rameters by various methods [12,17] (rising edge analy-
sis, isosteric analysis, curve fitting) yielded a desorption
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FIG. 2. Isothermal photodesorption in the range 2.3 (lowest
curve) to 3 K (topmost curve), with RT surroundings, for “He.
Time runs from right to left. A slight deviation from first order
kinetics is visible. A small but systematic rate increase with
increasing temperature is seen.
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energy of about 9 meV, and preexponentials rising from
10° s~! at zero coverage to 10'' s7! at 1/2 ML. In the
compression range, the energy is about 20% smaller. For
the spectra from layers produced and desorbed with gas
and surroundings at RT, the contributions of thermal and
photodesorption can be separated and analyzed individu-
ally. The single TPD peak around 4.2 K for “*He (4.0 K for
3He) for coverages below about 0.7 of saturation (obtained
as RT saturation, or for lower exposures at 90 K surround-
ings) is characteristic of a 2D gas with interactions; it
moves to lower 7 with increasing coverage.

Sticking coefficients obtained via TPD peak integrals
behaved with coverage as expected [12,18]: a very low
value for the bare surface rising with coverage due to the
better mass match of He colliding with adsorbed He; a
broad maximum in the range of half coverage; and a
gradual decline towards zero at saturation because of
the filling of the monolayer. We thus get [15] the bell-
shaped curve predicted for a monolayer without multi-
layer intermediates, seen previously [19,20] for the heavy
rare gases on Pt(111). On the bare surface, we obtain S =
0.02 for 90 K gas and about a factor of 10 smaller at 300 K.
Using the treatment of Ref. [18], these values can be
extrapolated to 4 K, where we obtain S, = 0.03. This
value and its coverage dependence are relevant for the
calculation of thermal desorption, since sticking enters
the preexponential through detailed balance.

The task of the theory is made easier by the indepen-
dence of the two channels, thermal and photodesorption.
PD is caused by the coupling of the electromagnetic
field of the impinging thermal radiation into the
dynamic dipole of the adsorbate. This is mediated in
the dipole approximation by a Hamiltonian H., =
—i(Q/m)A(x,1) - (3/3€). Here x and & are center of
mass and relative coordinates of the dipole, and m is its
reduced mass. The effective charge Q is related to the
dynamic dipole by Q =27 29u,,,/0z [8,9]. We can
envisage two scenarios. (i) The dipole is due to the polar-
ization of the He atom itself. Radiation will then excite
internal vibrations of this polarization cloud and cause
desorption by energy transfer to the center of mass mo-
tion [9]. RT blackbody radiation is not sufficient for that,
and the small polarizability of He also makes this very
inefficient. (ii) The dipole derives from the charge redis-
tribution in the surface which the adsorbed helium in-
duces and which changes when it moves; i.e., it mainly
involves metal electrons. For this scenario, also consid-
ered elsewhere [6], we have used density functional theory
for the estimation of polarizabilities, and of static and
dynamic dipole moments.

The photodesorption rate constant is given by [8,9]

2 _
Rph = ZyZ[dk lequo ° Ukﬁ(O)l2
q B

X nkﬁ S(Eq - E() _th) (1)
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Here the sum over q runs over the atomic continuum
states reached from the ground state via a matrix element,

L Q | h ]
My = 2 \/2—:) ] dx () uglx). @)

Contributions from higher bound states in the helium
surface potential are negligible [1]. Uyg(0) is the field
amplitude (of polarization 8 and wave vector k) at the
position of the atom, and nyg is the Bose-Einstein occu-
pation of photons at temperature 7,. As the simplest
approximation, we take a Gaussian for the ground state
wave function and plane waves for the continuum states.

For the depth of the surface potential, we take V, =
11 meV and for the zero point energy A{)/2 = 2 meV
from jellium calculations [21]; so Ey = V, —/{)/2 equals
the desorption energy. An effective charge [8,9] Q =
0.05-0.1e results from the density-functional theory cal-
culations. For these parameters Ry, rises, for radiation
temperatures 7, from 90 to 290 K, roughly linearly with
T, by a factor of 5-6, which is about the ratio of the
Planck distributions at V| for these two temperatures.
This is the best evidence for a direct photoinduced pro
cess. We get R, = 0.006 s~ at 290 K, in good agreement
with experiment. This corresponds to a quantum effi-
ciency 107° to 10”7 desorbing He per incident photon.

The total rate of desorption is the sum of photodesorp-
tion and thermal desorption:

de
dt

_ [ R, +5(6 T)"B_Te{vo[mvz]}/kﬁr}
ph ’ h
des
X m(0.T)/kyT 3)

The latter is calculated with standard lattice gas tech-
niques, for the low temperature regime, i{) > kzT, and
for a system in which surface corrugation can be ne-
glected [22]. S(6, T) is the sticking coefficient (see above)
and w(6, T) is the adsorbate chemical potential account-
ing also for the 6 and T dependences due to the lateral He-
He interaction (we exclude the compression range here).
Our estimate of V, fits the low coverage TPD traces for
SHe at the high heating rate where PD is negligible,
Fig. 1(b). The TPD peak shift to lower temperatures
with increasing coverage is explained by the strong in-
crease of sticking with coverage: The prefactor in (3)
increases accordingly, shifting desorption to lower tem-
peratures, Fig. 1(a). The lateral interaction is less impor-
tant: We estimate an effective attraction between He
atoms in a relaxed monolayer (corresponding to the
single TPD peak) of —0.06 meV, an order of magnitude
smaller than the two-body potential minimum for the 3D
gas and consistent with theoretical estimates for 2D He on
various substrates [23]. The decrease from gas to surface
is consistent with a dipolar He-He repulsion on the metal
surface which, using the calculated dipole moment, is of
the order of 1 meV. A critical temperature of about 0.5 K
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results, below which a mobile adsorbate on a flat surface
would undergo 2D condensation. With the parameters
deduced for *He, we calculate the TPD spectra for *He
by only changing Q by (4/3)"/2, which shifts the peaks
up by about 0.3 K and leads to good agreement also for the
“He curves (not included in Fig. 1 for clarity).

With these parameters for *He, we can fit the initial
desorption rates for the conditions of Fig. 1(a); we find
Ry, = 0.013 s~!. No further parameter adjustments are
required to obtain the remainder of these spectra. As to
the isotope effect, Ry, varies similar to m~3/2 in agree-
ment with experiment. The result is to decrease the PD
rate for “He, again without further adjustment. The initial
desorption rate for the high heating rate data and 90 K
environment, Fig. 1(b), is well fitted by reducing R, by a
factor 4, consistent with our theoretical estimate. The
agreement between theory and experiment is excellent
in all aspects.

Comparing to the other literature reports on nonther-
mal desorption of weakly bound adsorbates, we note that
all phonon-mediated mechanisms [5,24] would lead to a
reversed isotope effect: The collisional coupling to pho-
nons is smaller for a lighter adsorbate [18]. Such mecha-
nisms should contribute strongly for insulators with their
high bulk absorption in the FIR. On metals, on the other
hand, absorption in the bulk is small, while the modifi-
cation of the “soft” wave function tails on their surface
by the adsorbate make the direct photon coupling to the
latter strong. The fact that PD rates are smaller for hydro-
gen [7] indicates that the effect of the deeper adsorption
well outweighs an expected increase in the dipole matrix
elements. A quantitative evaluation is in progress.

In summary, in the first investigation of adsorption/
desorption kinetics of “He and *He on a macroscopic
single crystal surface, Pt(111), which we use to extract
kinetic 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 recover the
main properties of both the thermal and the photoinduced
desorption; for the latter these are its approximate abso-
lute magnitude, and its dependences on radiation tem-
perature and on mass. As expected from earlier work
[1,23], quantum effects are not significant in the main
thermal desorption range, as shown by our reproduction
of the desorption parameters and again their isotope
effect.
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