VOLUME 80, NUMBER 11 PHYSICAL REVIEW LETTERS 16 MRcH 1998

Direct Infrared Photodesorption of PhysisorbedH,
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Blackbody radiation induced desorption rates of Bhd D, physisorbed on a Cu(510) surface
were determined via electron-energy-loss measurements. Intense dipole-excited vibrational transitions
to high-lying bound levels in the physisorption well indicate the possibility of direct infrared
photodesorption. We have calculated rates for such a mechanism from spectroscopic daga for H
adsorbed on the (100)-like terraces and find excellent agreement with the experimental results.
[S0031-9007(98)05576-8]

PACS numbers: 82.65.Pa, 67.70.+n, 68.45.Da, 68.45.Kg

Although photons in the infrared spectral range carrect infrared photodesorption rates calculated with the use
induce desorption of adsorbed molecules, bond-selectivef the spectroscopic data agree in an excellent way with
photodesorption via resonant laser excitation of specifiour measurements for Hadsorbed on the terraces of the
vibrational modes of an adsorbate-substrate system i§u(510) surface. Larger rates measured for step-adsorbed
in general, prevented by fast vibrational deexcitationH, relate qualitatively to larger dipole activity of the
and weak vibration-translation coupling [1,2]. The largevibrational motion.
amount of energy that lasers can feed into the vibrational The experiments reported here were performed in an
modes is instead transferred within the system resulting inltrahigh vacuum chamber operating at a base pressure
indiscriminant thermal desorption [1,3]. of 3 X 107! Torr. The x-ray aligned<0.2°) and pol-

Infrared photons can also excite substrate phononshed Cu(510) specimen was cleaned in the ultrahigh vac-
which may induce desorption of weakly adsorbeduum chamber by standard methods involving argon-ion
species via single-phonon annihilation. It has beerbombardment and annealing cycles. Using helium as a
suggested [4,5] that this process could be responsibleryogen, the specimen could be cooled to temperatures
for thermal radiation induced desorption of molecularbelow 10 K, and it was heated resistively. Substrate sur-
hydrogen from liquid-helium cooled substrates. Earlyface properties and subsequent hydrogen adsorptions were
observations [6] of unexpectedly large hydrogen desorpmonitored by low-energy electron diffraction (LEED),
tion rates from cryopumping surfaces were attributechigh-resolution electron-energy-loss spectroscopy (EELS),
to the incident room-temperature blackbody radiationwork function measurements, and mass spectroscopy. The
originating from the vacuum chamber walls. Laterclean Cu(510) surface produced the expected LEED pat-
experiments [4,5,7] confirmed these observations antern, with split spots in thl150] direction, corresponding
provided further evidence for a nonthermal origin of theto an average surface topology with (100)-like terraces of
desorption process. Specifically, it was found [5] thatfive atomic rows width separated by (110)-like steps. We
the velocity distribution of HD molecules desorbed from have used two different methods to determine rates of de-
a LiF(100) surface by infrared radiation was nonthermalsorption of H, and D, caused by background blackbody
and the desorption efficiency increased with increasingadiation. One method relies on vibrational loss inten-
wavelength of the photons. The desorption was attributedity measurements using EELS and the other on retarding
to single phonons created in a cascade following opticafield measurements of the adsorbate-induced work func-

absorption. tion change [9] performed in a small side chamber whose
An alternative route has been discussed by Pearlstingall temperature can be varied during the experiment.
and McClelland [8];direct infrared photodesorptiomf Our electron-energy-loss measurements show that the

adsorbed hydrogen molecules from the lowest bound vihydrogen physisorption on Cu(510) proceeds in two
brational level in the physisorption well to unbound con-characteristic stages; the step sites are occupied first and
tinuum states. In this Letter, we present direct evidencéurther adsorption populates the terraces. This behavior
of such a desorption process from measured and calcis nicely illustrated in Fig. 1, which displays EEL spectra
lated rates of blackbody radiation induced desorption ofvhere (a) primarily the stepsS(and (b) both stepsS

H, physi-sorbed on a Cu(510) surface. The desorptiomnd terracesT) are covered with adsorbed ,H The
rate is substantial because the shallow physisorption welbss peaks at 9.0, 15.4, and 21.3 meV that grew in
contains only a few bound states and the dipole momer(b) are due to H populating the (100)-like terraces.
of the molecule-surface bond is a strongly nonlinear funcThese peaks nearly coincide with tfe— 1, 0 — 2,

tion of displacement. Our spectroscopic measurementnd 0 — 3 vibrational transitions in the KHCu(100)
reveal, for example, intense dipole-excited transitions tghysisorption well, observed at 8.9, 15.3, and 20.5 meV
bound levels close to the continuum. We find that di-[10], and the molecule evidently experiences almost
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FIG. 1. Electron-energy-loss spectra from, ladsorbed on i TeTmerer
Cu(510) at 9 K for initial gas exposures of (a) 0.7 L and .o . . N
(o) 1.6 L (1 L=1X10"% Torrsec). The spectra are mea- 0
sured in the specular direction for a 1 eV electron beam inci- 0 0.5 1 1.5 2 25
dent at 48 from the surface normal. A smooth background has
been subtracted, and the dashed curves indicate the decomposi Pe't (L)

tion of the spectra in stef®) and terraceT) related features.
FIG. 2. (a) Measured H (®) and D, (O) pressurespP,
required to maintain a fixed adsorbate coverage and (b)
identical physisorption potentials in these two casesmeasured intensities of the — 1 vibrational transitions for

Larger binding energy for Hadsorbed at the steps results H» adsorbed at ste(®) and terracgO) sites. The data were

in larger0 — 1 and 0 — 2 vibrational energies, 12 and obtained for different initial gas exposur®s: of the Cu(510)

18 meV, respectively. All of the vibrational excitations surface at a background temperature of 296 K.

observed in Fig. 1 are dipole excited, and the intense

overtones in the spectra are caused by a strongly nonlineat room temperature [11]. The intensities are proportional
dipole moment function, a behavior which resembles outo the population of molecules, and the plot in Fig. 2(b)

previous observations for Hadsorbed on Cu(100) [10]. shows how the steps are occupied first and that further
We note that the dipole active — 3 transition for H,  adsorption populates the terraces with a concomitant re-
adsorbed on the terraces is quite close to the continuumlistribution among the two kinds of adsorbed molecules.
limit around 25 meV. The pressure data for Hn Fig. 2(a) reflects this behavior

Desorption of B due to background blackbody radiation with a linear increase as the steps become populated, ter-
is a pronounced effect, and we obtained the spectra showninating with slower increase when the adsorbate fills the
in Fig. 1 by applying an H pressure in order to maintain terraces. At this stage, the steps are filled, and the slow
a fixed H, coverage. With the vacuum chamber at roomincrease inP, reflects desorption from the terraces.
temperature (296 K), a pressure of< 10~° Torr is re- We have determined desorption rates for step- and
quired to keep the steps saturated with adsorbed moleculaerrace-adsorbed molecules by simply measuring the de-
This pressure is independent of the substrate temperatucay of the0 — 1 vibrational peak intensity with time. It
below 14 K, but depends on the temperature of the suis straightforward to employ this method for step-adsorbed
rounding walls of the vacuum chamber. At a wall tem-molecules, and Fig. 3 shows such measurements with the
perature of 240 K, the applied pressure is about a factor athamber at room temperature. The initial gas exposures
2 lower. The specimen temperature is unaffected by thevere 0.5 and 1.0 LI(L = 1 X 107¢ Torr sec) for H and
changing radiation load. These observations are consi®,, respectively [12]. The intensity decays in an expo-
tent with related findings for a number oflghysisorption  nential fashion with time/(r) = 1(0)e~"/7, where 7 is
systems [4—7]; the desorption is evidently nonthermal andhe mean lifetime of an adsorbed molecule, and we ob-
induced by the infrared radiation emitted from the walls. tain ratesl/r, 7 X 1073 s™! for H,, and2 X 1073 s7!

Both step- and terrace-adsorbed molecules are desorbéat D,. Terrace-adsorbed molecules diffuse easily to un-
by the thermal radiation. This can be seenin Fig. 2, whereccupied step sites and photodesorb. This means that
we have plotted the applied pressigand the intensities desorption rates for such molecules are not readily mea-
of the0 — 1 vibrational transitions for adsorbed,Mersus  sured from spectra similar to those in Fig. 1, &tisorption
the initial gas exposur®, - ¢, with the vacuum chamber at the steps can be prevented, however, via preadsorption
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T - 0 — 1 vibrational intensity. The rate decreases5te<
10~* s! when the background temperature is lowered to
27 210 K and increases tis X 10~* s~! at a temperature of
370 K. The desorption rate for terrace-adsorbed<$so
low that we are unable to measure it.

We will concentrate our discussion on,Hlesorption
from the (100)-like terraces. Our spectroscopic measure-
ments reveal intense dipole-excited vibrational transitions
to high-lying bound levels in the physisorption well. This
indicates the possibility of direct transitions to continuum
states via absorption of single photons with energies
larger than the threshold enerdy;, for desorption, re-

0.5

INTENSITY (REL. UNITS)

00 500 1600 1500 sulting in direct infrared photodesorption as discussed by
Pearlstine and McClelland [8]. The rate of single-photon
TIME (s) absorption from background blackbody radiation at a tem-

N . ) ) eratureT is directly related to the well-known result for
FIG. 3. Decay of theD — 1 vibrational peak intensity with b y

time for step adsorbed +(®), D, (O), and terrace-adsorbed the reverse process, spontaneous photon emission [14] and

H, (A), D, (A) at a background temperature of 296 K. The IS given by
solid curves represent fitted exponential decays. 8 »

_ _° 3
=33 . n(w)w’Clw)dw , (1)

of a suitable inert adsorbate. We found thatderves this
purpose well [13]; the molecules adsorb stably at the stepsvhere n(w) = [explliw/kgT) — 1]7! is the Bose-
prevent step adsorption ofHand affect the subsequentH Einstein distribution function. C(w) is the Fourier
adsorption on the terraces only marginally as judged fromransform of the dipole-dipole correlation function, which
the EEL spectra. Thé — 1 vibrational transition is ob- at zero substrate temperature can be expressed as
served around 9 and 7 meV for,Hnd D,, respectively.

The peak intensity decays with a long time constant as can C(@) = > [(0lpaaln)?8(w — (E, — Eo)/R).  (2)

be seen in Fig. 3. The corresponding desorption rate is n

8 X 107* s™! for H, and around an order of magnitude Here,|0) is the ground state of the molecule-surface system
lower for D,. Our measurements do not permit a morewith energyE,, |n) are excited states with energigs,
precise determination for fbecause of influence from the and w.q4 is the perpendicular component of the adsorbate
ambient gas. dipole moment.

Desorption rates can also be obtained from the pressure The interaction of hydrogen molecules with low-index
data in Fig. 2(a). We have performed such measurementopper surfaces has a relatively simple nature. Molecular
at different background temperatures in the small siddbeam scattering experiments reveal [15] that the adsorbed
chamber. The linear increase of the vibrational intensitiesnolecule rotates freely, its lateral motion is free particle-
when the steps as well as the terraces are populated [sliee, and its motion perpendicular to the surface is gov-
Fig. 2(b)] indicates that the sticking coefficient remainserned by a one-dimensional potentialz), wherezis the
constant in these ranges of exposure. The mean lifetime distance from the molecular center to the surface. Absorp-
then has a simple identification; adsorption and desorptiotion of a photon withiw > Ey, will, hence, resultin a ver-
rates are equal in the stationary situation aPgl- is  tical transition between the ground state and a continuum
just the gas exposure required to produce the specifistate ofVy(z) in which the lateral momentum is conserved.
adsorbate density in the absence of desorption. NormallfReadsorption of the molecule in such a continuum state is
we dose at a much higher pressufe during a short dominated by energy transfer to substrate phonons. We
time t to achieve this density. This means thaf =  know from sticking measurements that the probability for
(1/7)P.t and the rated /7 for molecules desorbing from such an event is less than 20% for a light particle such as
the steps can consequently be determined from the initidh, [15]. W should, accordingly, be a good measure of the
slopes in Fig. 2(a). We find rated X 1072 s™! and direct photodesorption rate for this system.

2 X 107* s7! for H, and D,, respectively, values that  Our measurements of the dipole-excited bound level
agree very well with the corresponding rates obtainedpectrum of terrace-adsorbed hydrogen molecules enables
from the spectroscopic measurements. us to construct an accurate model fers. The matrix

The population of step-adsorbed Femains constant in  elements|(0|w.q|n)| were extracted fromC(w) which
the exposure range 1-1.4 L [see Fig. 2(b)]. The increaseas calculated in the time domain via propagation of a
in P, in this exposure range then corresponds tg Hwave packet in the physisorption potential. Previously,
desorption from the terraces. From the slope, we obtain there noted that H experiences nearly identical physisorp-
rate8 X 107+ s~! with the chamber at room temperature tion potentials on the (100)-like terraces of Cu(510) and
confirming the rate we measured from the decay of then Cu(100), and we have used the well-characterized
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H,-Cu(100) potential [15] in our calculations. We usedbound levels close to the continuum and the excellent
a simple functional form foru,y as shown in Table I, agreement we find between measured and calculated rates
and adjusted the parameters so that our calculations aof photodesorption caused by blackbody radiation, fer H
curately reproduce the measured dipole matrix elementsdsorbed on the terraces of a Cu(510) surface, provide
for the0 — 1, 0 — 2, and0 — 3 vibrational transitions. compelling evidence for this mechanism. The observation
From C(w) and Eg. (1), we then obtain, for terrace- of a much larger photodesorption rate for, lddsorbed
adsorbed H, the desorption rate$ X 1074, 8 X 1074, at step sites than at terrace sites is interesting and de-
and 12 X 107* s7! at the blackbody temperatures 210, serves further attention. We believe that direct infrared
296, and 370 K, respectively. These rates are in excephotodesorption could be effective also for other light
lent agreement with the corresponding measured valugshysisorbates, in particular, at intentionally introduced
5% 1074 8 X 1074, and 15 X 107*s™!, and we con- low-coordinated adsorption sites.

clude that our experimental observations are consistent Financial support from the Swedish Research Councils
with a direct infrared photodesorption mechanism. Theor Natural Science (NFR) and Engineering Sciences
calculated rate for B 9 X 1075 s™! at 296 K, is about (TFR) is gratefully acknowledged.
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