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Direct Infrared Photodesorption of PhysisorbedH2
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Blackbody radiation induced desorption rates of H2 and D2 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 data for H2

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
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Although photons in the infrared spectral range ca
induce desorption of adsorbed molecules, bond-select
photodesorption via resonant laser excitation of speci
vibrational modes of an adsorbate-substrate system
in general, prevented by fast vibrational deexcitatio
and weak vibration-translation coupling [1,2]. The larg
amount of energy that lasers can feed into the vibration
modes is instead transferred within the system resulting
indiscriminant thermal desorption [1,3].

Infrared photons can also excite substrate phono
which may induce desorption of weakly adsorbe
species via single-phonon annihilation. It has be
suggested [4,5] that this process could be responsi
for thermal radiation induced desorption of molecula
hydrogen from liquid-helium cooled substrates. Ear
observations [6] of unexpectedly large hydrogen deso
tion rates from cryopumping surfaces were attribute
to the incident room-temperature blackbody radiatio
originating from the vacuum chamber walls. Late
experiments [4,5,7] confirmed these observations a
provided further evidence for a nonthermal origin of th
desorption process. Specifically, it was found [5] th
the velocity distribution of HD molecules desorbed from
a LiF(100) surface by infrared radiation was nontherma
and the desorption efficiency increased with increasi
wavelength of the photons. The desorption was attribut
to single phonons created in a cascade following optic
absorption.

An alternative route has been discussed by Pearlst
and McClelland [8];direct infrared photodesorptionof
adsorbed hydrogen molecules from the lowest bound
brational level in the physisorption well to unbound con
tinuum states. In this Letter, we present direct eviden
of such a desorption process from measured and cal
lated rates of blackbody radiation induced desorption
H2 physi-sorbed on a Cu(510) surface. The desorpti
rate is substantial because the shallow physisorption w
contains only a few bound states and the dipole mome
of the molecule-surface bond is a strongly nonlinear fun
tion of displacement. Our spectroscopic measureme
reveal, for example, intense dipole-excited transitions
bound levels close to the continuum. We find that d
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rect infrared photodesorption rates calculated with the u
of the spectroscopic data agree in an excellent way w
our measurements for H2 adsorbed on the terraces of th
Cu(510) surface. Larger rates measured for step-adsor
H2 relate qualitatively to larger dipole activity of the
vibrational motion.

The experiments reported here were performed in
ultrahigh vacuum chamber operating at a base press
of 3 3 10211 Torr. The x-ray aligned (,0.2±) and pol-
ished Cu(510) specimen was cleaned in the ultrahigh v
uum chamber by standard methods involving argon-i
bombardment and annealing cycles. Using helium as
cryogen, the specimen could be cooled to temperatu
below 10 K, and it was heated resistively. Substrate s
face properties and subsequent hydrogen adsorptions w
monitored by low-energy electron diffraction (LEED)
high-resolution electron-energy-loss spectroscopy (EEL
work function measurements, and mass spectroscopy.
clean Cu(510) surface produced the expected LEED p
tern, with split spots in thef150g direction, corresponding
to an average surface topology with (100)-like terraces
five atomic rows width separated by (110)-like steps. W
have used two different methods to determine rates of d
sorption of H2 and D2 caused by background blackbod
radiation. One method relies on vibrational loss inte
sity measurements using EELS and the other on retard
field measurements of the adsorbate-induced work fun
tion change [9] performed in a small side chamber who
wall temperature can be varied during the experiment.

Our electron-energy-loss measurements show that
hydrogen physisorption on Cu(510) proceeds in tw
characteristic stages; the step sites are occupied first
further adsorption populates the terraces. This behav
is nicely illustrated in Fig. 1, which displays EEL spectr
where (a) primarily the steps (S) and (b) both steps (S)
and terraces (T) are covered with adsorbed H2. The
loss peaks at 9.0, 15.4, and 21.3 meV that grew
(b) are due to H2 populating the (100)-like terraces
These peaks nearly coincide with the0 ! 1, 0 ! 2,
and 0 ! 3 vibrational transitions in the H2-Cu(100)
physisorption well, observed at 8.9, 15.3, and 20.5 me
[10], and the molecule evidently experiences almo
© 1998 The American Physical Society 2481
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FIG. 1. Electron-energy-loss spectra from H2 adsorbed on
Cu(510) at 9 K for initial gas exposures of (a) 0.7 L an
(b) 1.6 L (1 L ­ 1 3 1026 Torr sec). The spectra are mea
sured in the specular direction for a 1 eV electron beam in
dent at 48± from the surface normal. A smooth background ha
been subtracted, and the dashed curves indicate the decomp
tion of the spectra in step (S) and terrace (T) related features.

identical physisorption potentials in these two case
Larger binding energy for H2 adsorbed at the steps result
in larger 0 ! 1 and 0 ! 2 vibrational energies, 12 and
18 meV, respectively. All of the vibrational excitations
observed in Fig. 1 are dipole excited, and the inten
overtones in the spectra are caused by a strongly nonlin
dipole moment function, a behavior which resembles o
previous observations for H2 adsorbed on Cu(100) [10].
We note that the dipole active0 ! 3 transition for H2

adsorbed on the terraces is quite close to the continu
limit around 25 meV.

Desorption of H2 due to background blackbody radiation
is a pronounced effect, and we obtained the spectra sho
in Fig. 1 by applying an H2 pressure in order to maintain
a fixed H2 coverage. With the vacuum chamber at roo
temperature (296 K), a pressure of4 3 1029 Torr is re-
quired to keep the steps saturated with adsorbed molecu
This pressure is independent of the substrate tempera
below 14 K, but depends on the temperature of the s
rounding walls of the vacuum chamber. At a wall tem
perature of 240 K, the applied pressure is about a factor
2 lower. The specimen temperature is unaffected by t
changing radiation load. These observations are con
tent with related findings for a number of H2 physisorption
systems [4–7]; the desorption is evidently nonthermal a
induced by the infrared radiation emitted from the walls

Both step- and terrace-adsorbed molecules are desor
by the thermal radiation. This can be seen in Fig. 2, whe
we have plotted the applied pressurePb and the intensities
of the0 ! 1 vibrational transitions for adsorbed H2 versus
the initial gas exposurePe ? t, with the vacuum chamber
2482
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FIG. 2. (a) Measured H2 (d) and D2 (s) pressuresPb
required to maintain a fixed adsorbate coverage and (
measured intensities of the0 ! 1 vibrational transitions for
H2 adsorbed at stepsdd and terracessd sites. The data were
obtained for different initial gas exposuresPet of the Cu(510)
surface at a background temperature of 296 K.

at room temperature [11]. The intensities are proportion
to the population of molecules, and the plot in Fig. 2(b
shows how the steps are occupied first and that furth
adsorption populates the terraces with a concomitant
distribution among the two kinds of adsorbed molecule
The pressure data for H2 in Fig. 2(a) reflects this behavior
with a linear increase as the steps become populated,
minating with slower increase when the adsorbate fills th
terraces. At this stage, the steps are filled, and the slo
increase inPb reflects desorption from the terraces.

We have determined desorption rates for step- a
terrace-adsorbed molecules by simply measuring the d
cay of the0 ! 1 vibrational peak intensity with time. It
is straightforward to employ this method for step-adsorbe
molecules, and Fig. 3 shows such measurements with
chamber at room temperature. The initial gas exposur
were 0.5 and 1.0 L (1 L ­ 1 3 1026 Torr sec) for H2 and
D2, respectively [12]. The intensity decays in an expo
nential fashion with time,Istd ­ Is0de2tyt, where t is
the mean lifetime of an adsorbed molecule, and we o
tain rates1yt, 7 3 1023 s21 for H2, and2 3 1023 s21

for D2. Terrace-adsorbed molecules diffuse easily to u
occupied step sites and photodesorb. This means t
desorption rates for such molecules are not readily me
sured from spectra similar to those in Fig. 1. H2 adsorption
at the steps can be prevented, however, via preadsorpt
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FIG. 3. Decay of the0 ! 1 vibrational peak intensity with
time for step adsorbed H2 (d), D2 (s), and terrace-adsorbed
H2 (m), D2 (n) at a background temperature of 296 K. Th
solid curves represent fitted exponential decays.

of a suitable inert adsorbate. We found that N2 serves this
purpose well [13]; the molecules adsorb stably at the ste
prevent step adsorption of H2, and affect the subsequent H2

adsorption on the terraces only marginally as judged fro
the EEL spectra. The0 ! 1 vibrational transition is ob-
served around 9 and 7 meV for H2 and D2, respectively.
The peak intensity decays with a long time constant as c
be seen in Fig. 3. The corresponding desorption rate
8 3 1024 s21 for H2 and around an order of magnitude
lower for D2. Our measurements do not permit a mor
precise determination for D2 because of influence from the
ambient gas.

Desorption rates can also be obtained from the press
data in Fig. 2(a). We have performed such measureme
at different background temperatures in the small sid
chamber. The linear increase of the vibrational intensiti
when the steps as well as the terraces are populated [
Fig. 2(b)] indicates that the sticking coefficient remain
constant in these ranges of exposure. The mean lifetimt

then has a simple identification; adsorption and desorpti
rates are equal in the stationary situation andPbt is
just the gas exposure required to produce the spec
adsorbate density in the absence of desorption. Norma
we dose at a much higher pressurePe during a short
time t to achieve this density. This means thatPb ­
s1ytdPet and the rates1yt for molecules desorbing from
the steps can consequently be determined from the init
slopes in Fig. 2(a). We find rates8 3 1023 s21 and
2 3 1023 s21 for H2 and D2, respectively, values that
agree very well with the corresponding rates obtaine
from the spectroscopic measurements.

The population of step-adsorbed H2 remains constant in
the exposure range 1–1.4 L [see Fig. 2(b)]. The increa
in Pb in this exposure range then corresponds to H2

desorption from the terraces. From the slope, we obtain t
rate8 3 1024 s21 with the chamber at room temperature
confirming the rate we measured from the decay of th
e
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0 ! 1 vibrational intensity. The rate decreases to5 3

1024 s21 when the background temperature is lowered
210 K and increases to15 3 1024 s21 at a temperature of
370 K. The desorption rate for terrace-adsorbed D2 is so
low that we are unable to measure it.

We will concentrate our discussion on H2 desorption
from the (100)-like terraces. Our spectroscopic measur
ments reveal intense dipole-excited vibrational transition
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 energiesh̄v,
larger than the threshold energyEth for desorption, re-
sulting in direct infrared photodesorption as discussed
Pearlstine and McClelland [8]. The rate of single-photo
absorption from background blackbody radiation at a tem
peratureT is directly related to the well-known result for
the reverse process, spontaneous photon emission [14]
is given by

W ­
8

3h̄c3

Z `

Eth

nsvdv3Csvd dv , (1)

where nsvd ­ fexpsh̄vykBTd 2 1g21 is the Bose-
Einstein distribution function. Csvd is the Fourier
transform of the dipole-dipole correlation function, which
at zero substrate temperature can be expressed as

Csvd ­
X
n

jk0jmadjnlj2dsssv 2 sEn 2 E0dyh̄ddd . (2)

Here,j0l is the ground state of the molecule-surface syste
with energyE0, jnl are excited states with energiesEn,
andmad is the perpendicular component of the adsorba
dipole moment.

The interaction of hydrogen molecules with low-index
copper surfaces has a relatively simple nature. Molecu
beam scattering experiments reveal [15] that the adsorb
molecule rotates freely, its lateral motion is free particle
like, and its motion perpendicular to the surface is gov
erned by a one-dimensional potentialV0szd, wherez is the
distance from the molecular center to the surface. Absor
tion of a photon withh̄v . Eth will, hence, result in a ver-
tical transition between the ground state and a continuu
state ofV0szd in which the lateral momentum is conserved
Readsorption of the molecule in such a continuum state
dominated by energy transfer to substrate phonons. W
know from sticking measurements that the probability fo
such an event is less than 20% for a light particle such
H2 [15]. Wshould, accordingly, be a good measure of th
direct photodesorption rate for this system.

Our measurements of the dipole-excited bound lev
spectrum of terrace-adsorbed hydrogen molecules enab
us to construct an accurate model formad. The matrix
elementsjk0jmadjnlj were extracted fromCsvd which
was calculated in the time domain via propagation of
wave packet in the physisorption potential. Previousl
we noted that H2 experiences nearly identical physisorp
tion potentials on the (100)-like terraces of Cu(510) an
on Cu(100), and we have used the well-characteriz
2483



VOLUME 80, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 16 MARCH 1998

nt
tes

de
n

e-
d
t
d

ils
s

i.

ed
l
,

n

e
r

y
s
n

D.

p

H2-Cu(100) potential [15] in our calculations. We use
a simple functional form formad as shown in Table I,
and adjusted the parameters so that our calculations
curately reproduce the measured dipole matrix eleme
for the 0 ! 1, 0 ! 2, and0 ! 3 vibrational transitions.
From Csvd and Eq. (1), we then obtain, for terrace
adsorbed H2, the desorption rates4 3 1024, 8 3 1024,
and 12 3 1024 s21 at the blackbody temperatures 210
296, and 370 K, respectively. These rates are in exc
lent agreement with the corresponding measured valu
5 3 1024, 8 3 1024, and 15 3 1024 s21, and we con-
clude that our experimental observations are consiste
with a direct infrared photodesorption mechanism. Th
calculated rate for D2, 9 3 1025 s21 at 296 K, is about
an order of magnitude smaller than for H2 which explains
the experimental difficulty to determine a precise D2 de-
sorption rate. The strong isotope dependence derives fr
the sensitivity with respect to particle mass of the dipo
matrix elements for transitions with energies much larg
than the fundamental vibrational energy.

We measure a much larger photodesorption rate for2

adsorbed at steps than at terraces,7 3 1023 s21 versus
8 3 1024 s21 at 296 K background blackbody radiation
This difference is striking and only partly accounted fo
by the larger dipole activity of the step-adsorbed H2. The
effect is interesting and deserves further attention.

The infrared radiation can also excite phonons at th
metal surface [16] and the adsorbed molecules may sub
quently be desorbed via single-phonon annihilation [4,5
The rate of absorption of photons with̄hv . Eth by sub-
strate phonons at the Cu(510) surface can be directly c
culated from their cross section for dipole excitation a
measured by electron-energy-loss spectroscopy [16]. W
find that this rate is2 3 1025 s21 per surface unit cell at
a blackbody temperature of 296 K. These high frequen
phonons are, however, weakly coupled to the translation
coordinate of the physisorbed molecule and the resulti
phonon-induced desorption rate is several orders of ma
nitude smaller than the direct photodesorption rate [17].

In summary, we have shown that direct infrared pho
todesorption of an adsorbate can be an effective proc
for light and weakly bound species such as physisorb
H2 as suggested from previous theoretical consideratio
Our observation of intense dipole-excited transitions

TABLE I. Dipole matrix elements,mn ­ jk0jmadjnlj, for the
0 ! n vibrational transitions of H2 physisorbed on the ter-
races of Cu(510). The measured values were evalua
from the vibrational intensities (see Ref. [10]). The calcu
lated values are derived with the use of the dipole fun
tion, mad ­ m0 expf2bsz 2 z0dg, where b ­ 1.5a21

0 , m0 ­
0.0342 D, and z0 is the position of the potential energy mini-
mum; in units of debye (D).

n Measured Calculated

1 0.021 0.021
2 0.015 0.014
3 0.0086 0.0091
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bound levels close to the continuum and the excelle
agreement we find between measured and calculated ra
of photodesorption caused by blackbody radiation, for H2

adsorbed on the terraces of a Cu(510) surface, provi
compelling evidence for this mechanism. The observatio
of a much larger photodesorption rate for H2 adsorbed
at step sites than at terrace sites is interesting and d
serves further attention. We believe that direct infrare
photodesorption could be effective also for other ligh
physisorbates, in particular, at intentionally introduce
low-coordinated adsorption sites.
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