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Desorption is obtained when ir laser pulses at 3320—3400 cm excite the N —H stretching modes
of NH3 and/or ND3 adsorbed on single-crystal Cu(100) and Ag film surfaces at low temperatures
and under ultrahigh-vacuum conditions. While resonant photodesorption occurs with a quantum ef-
ficiency of less than 10 for laser fluence up to 20 mJ/cm, no significant isotope selectivity in pho-
todesorption is observed when NH3 is vibrationally excited in co-adsorbed mixtures of NH3 and

ND3 Surface coverage, composition, and heat of adsorption of ammonia are determined by conven-
tional thermal desorption, x-ray photoemission, and laser-induced thermal desorption excited by
532-nm light pulses. Molecular desorption is detected by time-of-flight quadrupole mass spec-
trometry. The desorption behavior is studied as a function of laser frequency and fluence as well as
the surface coverage at different substrate temperatures. Calculations of the photodesorption rates
based on a master equation including phonon and electronic damping mechanisms are performed. It
is shown that the resonant or indirect heating effect caused by the energy damping can explain some
but not all of the major experimental observations. The possibility of internal molecular excitation
during the desorption process is suggested. This and other dynamic aspects of the ir photodesorp-
tion process are also discussed.

I. INTRODUCTION

A laser beam impinging onto an adsorbate-covered sur-
face of a solid can deposit all or part of its energy either
(a) into the solid directly, (b) into the surface bond with
which an adsorbed molecule is bound to the surface, or (c)
into some internal vibrational-rotational mode of the ad-
sorbed molecule. Process (a) can heat up the solid, leading
to thermal desorption: we refer to this as direct laser-
induced thermal desorption. It is feasible at all laser fre-
quencies at which appreciable absorption of light occurs
in the solid. ' In contrast, processes (b) and (c) are
resonant in character. The main thrust of this paper is to
study photodesorption of NH3 an'd ND3 from Cu(100) by
resonant laser-molecular vibrational coupling. Although
the desorption phenomenon due to resonant absorption of
infrared photons by adsorbed molecules has been observed
by Heidberg et pl. , ' and by Chuang and Seki, prior
experiments have been rather limited in laser-excitation
ranges, and detailed understanding of the basic surface
processes involved in the ir photodesorption is still lack-
ing. In this paper the recently obtained experimental data
will be analyzed and discussed on the basis of previously
developed theories. ' ' After a brief discussion of the
experimental apparatus we present thermal-des orption
data for NH3/Cu(100), which suggest two chemisorption
states in a monolayer regime and a physisorbed state in
the (2—3)-monolayer regime. Section IIC contains the
data for photodesorption by resonant layer-molecular vi-

brational coupling in the frequency range from 3300 to
3450 cm '. We report on time-of-flight (TOF) measure-
ments and give the frequency and fluence dependence of
the ir photodesorption yield' (fluence is the time integral
of the intensity of a pulsed laser). Section IID presents
results from co-adsorbed equal mixtures of NH3 and ND3.
Section IIE then reports an attempt to photodesorb ND3
from Cu(100) with a low-power laser in the frequency
range 2400—2550 cm ', and the results for NH3 and ND3
adsorbed on Ag films are presented in Sec. II F.

Section III is devoted to a thorough analysis of the ex-
perimental data using previously developed theories. In
Sec. IIIA we will show that resonant heating' ' or in-
direct heating"' seems to be a very important effect, on
the basis of which one can understand the major parts of
the data. In Sec. III 8 we present explicit calculations of
photodesorption rates taking only energy transfer via pho-
nons into account. ' Because the resulting resonant heat-
ing is not sufficient, we include in Sec. IIIC electronic
damping in a phenomenological model. In Sec. IIID we
then analyze the frequency dependence of the photo-
desorption yield, advancing the idea that in the chem-
isorbed monolayer only the symmetric stretch vibration of
NH3 is excited, whereas a multilayer random orientation
allows in addition the excitation of the antisymmetric
stretching mode. In the final section we draw some gen-
eral conclusions about systems in which, contrary to the
NH3-ND3/Cu(100) and Ag film systems studied here, one
might be able to avoid resonant heating and thus be able
to selectively desorb particular isotope species.
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Il. EXPERIMENTS B. Adsorption of NH3 on Cu(100)

A. Apparatus

The apparatus used in the present studies consists of an
ultrahigh-vacuum (UHV) chamber equipped with a com-
bination electron spectroscopy for chemical analysis
(ESCA) and an Auger-electron spectrometer, an ion gun, a
quadrupole mass spectrometer, and a radio-frequency in-
duction heater as described previously. "' A Q-switched
Nd:YAG (yttrium-aluminum-garnet) laser (Quanta-Ray)
is frequency-doubled to 532 nm and used to pump a dye
laser containing Exciton I.DS 765 and 867 dyes. The tun-
able ir pulses in the (2.5—4.2)-pm range are generated in a
I.iNb03 crystal from the frequency difference between the
1.064-pm radiation and the dye laser. The pulse duration
is 6 nsec and its repetition rate is 10 Hz. The laser
linewidth is about 1 cm ' or slightly less. The beam is
polarized parallel to the plane of incidence, focused and
incident at 75' from the surface normal to cover a surface
area of about 5 mm . The laser beam enters and leaves
the UHV chamber through sapphire windows to minimize
scattering of laser light in the vacuum chamber. The
visible-light pulses at 532 nm are also used to perform
laser-induced thermal-desorption studies.

The mass spectrometer is placed in a line-of-sight ar-
rangement along the surface normal with the ionizer lo-
cated about 45 mm from the Cu(100) sample. The
spectrometer has a time constant of 25 @sec at 10 and
10 A, the sensitivity ranges typically used in the experi-
ments. The time-of-flight mass signal is digitized with a
Tracor signal averager with 2-psec time resolution which
is triggered by the laser-synchronization pulse. A Cu(100)
single crystal is held with a manipulator and can be
cleaned by Ar+ bombardment, annealed by rf heating,
and cooled to about 90 K with liquid Nz. Ammonia gas is
dosed through a small copper tube directly facing the
crystal. The amount of surface coverage is determined
from ESCA intensity analyses and from thermal-
desorption spectra.

NH3-ND3 mixtures are prepared in the manifold just
before exposure. Surface concentrations are determined
by laser-induced thermal desorption using green (532-nm)
laser pulses. For this procedure the masses 17 and 20 are
traced following laser heating of the surface and the rela-
tive ratio of NH3 and ND3 adsorbed on Cu(100) is deter-
mined. In this way any uncertainties due to isotopic ex-
change of ND3 with hydrogen on the chamber walls can
be avoided.

The experiments on ammonia adsorption and photo-
desorption on an Ag film at near 10 K are carried out in a
separate UHV chamber also described previously. ' Basi-
cally, a sodium chloride film is deposited onto a sapphire
substrate and a silver film is deposited on top of NaC1
film at 25 C. Deposition of the solid films at 25'C as
we11 as ammonia adsorption at low temperatures is moni-
tored with a quartz-crystal microbalance. The focused ir
beam is p-polarized and incident at 60 from the surface
normal covering a surface area of about 5 mm . The
time-of-flight distance is about 80 mm in this arrange-
ment.
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FIG. 1. X-ray-photoemission-spectroscopy spectra of NH3
adsorbed on Cu(100) single crystal at T =90 K: (a) clean sur-
face, (b) surface coverage about one monolayer (e= 1 }„(c)cov-
erage about four monolayers (e=4).

The adsorption behavior of NH3 on Cu(100) at 90 K
was studied by thermal-desorption spectroscopy (TDS)
and x-ray photoemission spectroscopy (XPS). XPS spec-
tra as shown in Fig. 1 show no major chemical shifts in
the core-level Cu(2@3/2 2p]/p) and N(ls) peaks due to
NH3 adsorption. The surface coverages (e) are deter-
mined from both the XPS intensity analysis and the
thermal-desorption spectra. The TDS spectra in Fig. 2 in-
dicate the presence of four different adsorbed states: solid
(5), multilayer (y), and two chemisorbed states (P,a) The
existence of these molecular species at 90 K is a function
of coverage. In the submonolayer regime two chem-
isorbed states desorb at a heating rate of 6.5+0.2 K sec
at 250+10 K (a state) and 185+10 K (P state), respective-
ly. In the (2—3)-monolayer regime a physisorbed state
desorbs at 132+7 K (y state), which for larger coverage is
preceded by desorption from the solid phase at 105+5 K.
To extract desorption energies Q we assume that desorp-
tion is first order, according to the rate equation
r =vexp( —Q/RT). The conventional choice of v=10'3
sec ' gives for the respective desorption energies
Qs ——26+ 3 kJ/mol, Qr ——32+3 kJ/mol, Qp ——45+ 5
kJ/mol, and Q~ =63+6 kJ/mol. On the other hand, we
can take the heat of sublimation for solid NH3, Q =39
kJ/mol, ' and, assuming first-order kinetics, then calcu-
late a pre-exponential factor from the peak in the TDS
spectrum 6 at T =105 K. We get v=SX10' sec '. As-
suming this value for all adsorption states gives their
respective heats of adsorption as Qr ——35+4 kJ/mol,
Q~

—52+5 kJ/mol, and Q =70+7 kJ/mol, respectively.
Within +10', the two sets of estimates agree reasonably
well. One might question whether desorption from a mul-
tilayer (y and 5 states) is indeed a first-order process.
Rather, one would expect sublimation, like evaporation, to
be a zeroth-order process. This is predicted for phy-
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large NH3 dipole moment, @=0.81 a.u. (1 a.u. =2.54 D)
with N H+ characteristics. The binding energy was
found to be 0.92 eV (=89 kJ/mol). An on-top site-
adsorption geometry was suggested with the nitrogen
atom on top of a copper atom.
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FIG. 2. Thermal-desorption spectra of NH3 adsorbed on
Cu(100) at 90 K at different coverages: 8=0.4, 0.8, 2, and 5,
respectively. Heating rate 6.5 K/sec. Phase a,P: NH3 chem-
isorbed on Cu(100), phase y: NH3 rnultilayers on top of chem-
isorbed NH3 and phase 5: solid NH3.

sisorbed multilayers in a mean-field model' and has also
been observed experimentally in the Xe-W system. ' '

For zeroth-order kinetics the TDS spectra have to be in-
terpreted differently. Because in the photodesorption ex-
periments only a very small fraction of a monolayer, of
the order of 10, is actually desorbed, the distinction be-
tween first and zeroth order for the physisorbed state is
not crucial.

The vibrational spectrum of NH3 adsorbed on Cu(100)
has not been measured. In an electron-energy-
loss —spectroscopy (EELS) study of NH3/Cu(110), Lackey
et al. ' found, at low coverages, bands at 3360 and 3430
cm ', which merged into a broad band centered around
3400 cm ' at more than 1 monolayer coverage. The
latter was assigned to the v, stretching mode. The corre-
sponding symmetric and antisymmetric N—H stretching
modes for adsorbed ND3 appeared at 2420 and 2520
cm . No evidence of dissociative adsorption of NH3 and
ND3 on the copper surface was observed. It was also sug-
gested that the molecular adsorption involved the nitrogen
lone-pair electrons interacting with the metal surface.
Similar vibrational frequencies and configurations of in-
teractions were also determined by EELS for NH3 and
ND3 adsorbed on silver surfaces.

From an analysis of the interaction of the closed shell,
lone-pair ligand NH3 with a Cu5 cluster by Bagus et al. ,
using the constrained space-orbital variational method
(CSOV), it is deduced that formation of covalent chemical
bonds is not particularly important for NH3,' the bonding
can be viewed as electrostatic and arising because of the
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FIG. 3. Time-of-flight mass-spectrometer signals of NH3
photodesorbed from Cu(100) at 90 K substrate temperature: (a)
8=1, v~„„——3340 cm ', and laser fluence I'I ——10 mJ/cm, and
b~ 8=3 4~ &laser=3370 cm ', and I'L ——10 mJ/cm . The laser

beam is p polarized and at a 75' angle of incidence. Sampling
average of 20 desorption events.

C. Photodesorption of NH3 from Cu(100)

ir-laser-induced photodesorption (ir-LIPD) signals from
a monolayer of ammonia, where species a, P, and some y
(just visible) are present, could be obtained by tuning the
laser in the range of 3320 to 3370 cm ' and applying a
laser fluence larger than a threshold value of 4 mJ/cm .
A time-of-flight signal is shown as curve (a) in Fig. 3.
The TOF spectrum appears to be too broad to be fitted to
a Maxwellian time-of-flight distribution, i.e.,

4
dbf tO —('0]')2

dt t

where tc l(m——/2k~T)' is the time that a particle of a
mass m and energy k~T needs to travel the distance I to
the detector. For the effective translational temperature
Td estimated from the peak of the TOF spectrum, we get
T~ ——80+25 K. Curve (b) in Fig. 3 shows a time-of-flight
signal from a multilayer with 6=3.4, obtained by tuning
the laser to v=3370 cm '. It is again a rather broad
spectrum for which a temperature of Td ——90+25 K can
be estimated from the peak position t~. Part of the spec-
tral broadening can be attributed to the time constant of
the mass spectrometer, which can shift the peak of the
TOF spectrum to a later time, resulting in a lower transla-
tional temperature. Therefore, the estimated Td at 80—90
K is very likely a lower limit. The spectral broadening
can also be due to excessive noise and to difficulties in es-
tablishing the zero levels of the signal.

In Fig. 4 we show the frequency dependences of the
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FIG. 4. ir-photodesorption yields of NH3 adsorbed on
Cu(100) at 90 K as a function of laser frequency: (a) e=1 and
I'L ——10 mJ/cm, and (b) 8=3.4 and I'I ——10 mJ/cm . Each
data point is an average of mass-spectrometer signals due to 20
desorption events. Some error bars are also indicated.

FIG. 5. Photodesorption yields of NH3/Cu(100) at 90 K as a
function of laser fluence taken at the maximum of the frequency
dependence: (a) 8=1, v=3340 crn ', and (b) 8=3.4, v=3370
cm '. Sample average of 20 desorption events.

desorption yields for both the monolayer (dashed curve)
and the multilayer (solid curve) situation at the same laser
fluence. The statement in an earlier paper' that these
curves were taken at different laser fluences is in error. It
should be noted that peak heights, half-widths, and center
positions are different for the two adsorbates. Figure 5

gives the dependence of the peak height as a function of
laser fluence, showing that the yield from a monolayer is
always less than that from a multilayer. We note that
raising the laser fluence to more than 20 mJ/cm causes
the resonance features to diminish, indicating that direct
heating of the copper substrate becomes efficient enough
to desorb NH3 thermally. It is possible that at this laser
fluence, the increase in surface temperature can be greater
than 35 K above T, at 90 K to thermally desorb some
physisorbed molecules due to substrate absorption of laser
photons. Because the heat of adsorption for a (chem-
isorbed) monolayer QUA=52 kJ/mol is considerably larger
than in a multilayer with QUA=35 kJ/mol, one expects
that the resonance behavior in the two situations disap-
pears at different temperatures related roughly by
Tz/Tp=Q&/Q~. This is indeed borne out by experi-
ment.

The absolute photodesorption yields are difficult to
determine. We irradiated the adsorbate at both the mono-
layer (with v at 3340 cm ') and the multilayer (with v at
3370 cm ) coverages with 500 laser pulses at FL, ——10
mJ/cm covering a sample area of 5X5 mm . This was
done by translating the sample during the laser-irradiation
period and examining the sample with XPS, which probes

about the same surface area. No measurable changes in
XPS intensities (within 10% uncertainty) due to laser
photodesorption at these laser frequencies were observed,
although no desorption signals by mass spectrometer
could be detected after 50 pulses. Clearly, the amount of
molecules desorbed from the surface is very small, possi-
bly less than 10" molecules/cm per pulse, i.e.,
&6&(10 molecules per incident ir photon. The desorp-
tion quantum yields per absorbed ir photon are estimated
to be less than 5&(10 . In contrast, decrease of NH3
coverage on the Cu(100) surface by a single laser pulse at
532 nm and IiL ——20 mJ/cm, which is quite strongly ab-
sorbed by the Cu substrate to cause laser-induced thermal
desorption, is readily detected by XPS.

D. Photodesorption of NH3 and ND3 from Cu(100)

The composition of the gases co-adsorbed on the copper
surface is directly determined by laser-induced thermal
desorption with 532-nm light pulses. ND3 is detected at
20 amu and NH3 at 17 amu by the mass spectrometer.
Figure 6 shows the TOF signals for a NH3 and ND3 (1:1)
mixture thermally desorbed by a 532-nm light pulse.
From the observed t, the translational temperature of
desorbing particles, Td is estimated to be about 300 K.

When a monolayer of this gas mixture is absorbed on
Cu(100) at 90 K, the photodesorption signals due to reso-
nance excitation in the (3320—3350)-cm ' range are very
weak. Therefore, the surface coverage was increased to
about 2—3 monolayers. As shown in Fig. 7, both NH3
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FIG. 6. Time-of-flight signals due to laser-induced thermal
desorption of a NH3-ND3 {1:1)mixture adsorbed on Cu(100) at
90 K excited by 532-nm light pulses at 20 MW/cm, 8=4.
Single-desorption events.

and ND3 desorption are detected at v=3370 cm=' and
laser fluence FL ——6 mJ/cm . The relative desorption
yields are about the same. Repetitive measurements show
that within the relatively large experimental uncertainties,
i.e., about +25%, there is no apparent isotope selectivity
in the photodesorption of the isotopic co-adsorbates.
Clearly, although only NH3 molecules are initially excited
by ir photons, either by direct vibrational energy transfer
or by therma11y assisted processes, the co-adsorbed ND3
can be desorbed with almost equal probability as NH3 It
should be noted that an earlier study by Chuang"' on
C585N and C5D5N at about 2 monolayer coverages co-
adsorbed on a KCl surface excited by CO2 laser pulses
also showed a lack of isotopic selectivity in the
multiphoton-excited desorption. The new results demon-
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FIG. 7. Time-of-flight signals of NH3 and ND3 photo-
desorbed from Cu(100) at 90 K for a (1:1) mixture in the ad-
sorbed phase: e=2.5, v=3370 cm ', and IL ——6 mJ/cm .
Sampling average of 20 desorption events.

strate that a single-photon absorption cannot promote ef-
ficient separation of different ammonia (multilayer) iso-
tope species from a Cu(100) surface by ir photodesorption
either. The translational temperatures of the photo-
desorbed species, as estimate from TOF signals shown in
Fig. 7, are about 75+25 K.

E. Photodesorption of ND3 on Cu(100)

The N —D stretching vibrational modes for adsorbed
ND3 on Cu(100) are expected to be in the (2400—2550)-
cm ' region. -When the adsorbate at a monolayer or mul-
tilayer coverage is excited with laser pulses in this spectral
region at FL 4mJ/c——m no significant photodesorption is
detected by the mass spectrometer. We cannot produce
more intense laser pulses because the laser approaches its
tuning limits and the ir generating efficiency is quite low
at or near 4 pm. The result suggests that ir photons at 4
mJ/cm near 2500 cm ' can excite adsorbed ND& mole-
cules but cannot induce significant desorption by single-
photon absorption. In contrast, we recall that physisorbed
NH3 molecules can be readily desorbed by ir photons at
3370 cm ' with the same laser fluence. This should not
be surprising because one ir photon at 2500 cm ' can sup-
ply the molecule an energy equivalent to 30 kJ/mol,
which is smaller than the adsorption energy of 35 kJ/mol
for physisorbed ammonia, whereas the ir photon at 3370
cm ' corresponds to 40 kJ/mol, enough to 'break the phy-
sisorption bond by single-photon absorption. The result
further suggests that at 4 mJ/cm the laser fluence is ap-
parently inadequate in promoting multiphoton excitation
to enhance desorption. This is also consistent with the ob-
servation that at this low fluence neither chemisorbed
NH3 nor ND3 can be photodesorbed at v=3340 cm ' or
near 2500 cm

F. Photodesorption of NH3 and ND3 from Ag film

The 50-nm-thick silver film that we have prepared hap-
pens to be quite rough and not entirely continuous, possi-
bly because of the rough underlying NaC1 film deposited
on the sapphire substrate. For NH3 adsorbed on Ag film
held at 60—90 K, laser-induced thermal desorption by
direct substrate heating is clearly evident. Molecular
desorption at a monolayer coverage can take place for flu-
ence FI as low as 2 mJ/cm and independent of the laser
frequency. The severe laser substrate-heating effect is
most likely due to the roughness and discontinuity of the
metal film. We therefore lower the substrate temperature
and observe desorption due to resonance absorption of ir
photons at T, & 15 K. The results presented below are ob-
tained at T, = 10+2 K. A typical TOF signal for NH3 on
the Ag surface with 8=2 excited at v=3390 cm ' and
Fl. ——3 mJ/cm is shown in Fig. 8. The translational tem-
perature determined from t~ of the TOF signal is about
80 K. Thermal contribution from the direct laser sub-
strate heating is not negligible because thermal desorption
is detectable when the laser fluence is raised by only a fac-
tor of 2.5. Since some physisorbed NH3 molecules desorb
near 130 K, it is likely that at least part of the Ag surface
is heated up to the 50-K range at FI ——3 mJ/cm . The
desorption yield as a function of the laser frequency under



3494 HUSSLA, SEKI, CHUANG, GORTEL, . KREUZER, AND PIERCY 32

M

C

L

C

O
C
O

I I

182 @sec

400
I I 1 (

800 1200
Time (@sec)

1600

(h

C

Cl

C0

0I'a0
0

Q

NH3/Ag(Fi Jm)
Tsubstrate

FIG. 8. Time-of-flight (TOF) signal of NH3 photodesorbed
from Ag film at 10 K with 8=2; v=3390 cm ' and FL ——3
mJ/cm . Note that the TOF distance is increased by a factor
of 1.8, in comparison to the NH3/Cu(100) system.

I I I I

4 6 8 10

Laser Fluence FL (mJ/'cm )

12

such an excitation condition and a substrate temperature
of 10 K is shown in Fig. 9. At this surface coverage
(6=2), NH3 desorption due to the photon absorption by
both the physisorbed and the chemisorbed molecules (at
lower vibrational frequencies) is quite evident. Namely,
absorption of ir photons by the underlying chemisorbed
layer can also induce some physisorbed molecules in the
top layer to desorb. When the thickness of the molecular
overlayer is increased, this effect is reduced, similar to
that observed in the NH3/Cu(100) system shown in Fig.
4(b), whereas at 6=3.4, desorption due to excitation in
the chemisorbed layer (v=3340 cm ') is apparently less
pronounced. Also, as in NH3/ Cu(100), the desorption
yield increases with the overlayer thickness in the higher-
vibrational-frequency (physisorbed) region. The desorp-
tion yield as a function of laser fluence at a multilayer
coverage 6=4 in NH3/Ag film is shown in Fig. 10. The
data point at I'I ——10 mJ/cm in the figure is due partly

FIG. 10. Photodesorption yields of NH3 adsorbed on Ag film
at 12 K as a function of laser intensity: 6=4 and v=3400
cm

to the thermal desorption induced by the direct laser
substrate-heating effect.

A NH3-ND3 (1:1) mixture is prepared and dosed onto
Ag film at 10 K with a surface coverage of about 3—4
monolayers. The relative NH3 and ND3 surface concen-
trations are determined directly by laser-induced thermal
desorption of the mixture with high-intensity ir laser
pulses at v=3500 cm, which is not in resonance with
any vibrational bands of the adsorbed molecules. When
the adsorbed NH3 is excited at v=3400 cm ' and II ——6
mJ/cm, desorption of both NH3 and ND3 molecules is
detected by the mass spectrometer. Within the relatively
large experimental uncertainty (+25%), no significant iso-
tope selectivity in the photodesorption is observed.
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III. ANALYSIS AND DISCUSSION

A. Heating effects

In this section we will present a thorough discussion of
the experimental data given in the preceding section. We
will use previously developed theories' ' and also set up
phenomenological models to find a quantitatively con-
sistent picture. We base the initial discussion on the fol-
lowing facts: (i) the photodesorption yield from the
chemisorbed monolayer is less than that from a phy-
sisorbed multilayer (ii) for a multilayer adsorbate the
desorption yield increases with the overlayer thickness,
(iii) the photodesorption yield per laser pulse is of the or-
der of only 10 of a monolayer, and (iv) from an equal
mixture of co-adsorbed NH3 and ND3 at two or more
monolayer coverages, one photodesorbs about equal
amounts of the two species, i.e., no enhanced molecular
selectivity.
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The last fact, in particular, suggests that the laser ener-

gy, initially resonantly coupled into NH3, is rapidly de-
graded into thermal energy that is equally accessible to
both species making the final desorption process indepen-
dent of the initial excitation mechanism. This process has
been termed resonant heating' or indirect heating. "
Before we outline the mechanism of resonant heating, we
present a phenomenological analysis of the data. We first
note that the photodesorption yield Y is the total number
of molecules desorbed per laser pulse of a given fluence.
We assume that

Y~Xptird . (3)

The constant of proportionality includes the efficiency of
the detector. Because XPS signals indicate that after 500
laser pulses less than about 10 ' of a monolayer is
desorbed (i.e., F &2X10 X,„,), we can get as a crude
upper limit for the desorption-rate constant

iV,„,
&d &2X10 tL '=3X10 sec

Xo

where X,„, is the number of molecules in a monolayer.
A smaller photodesorption yield for a monolayer of NH3
can be traced to a smaller desorption-rate constant. Fig-
ure 5 suggests that at a fluence of 10 m J/cm
rd '-3r~' If we u.se a Frenkel-Arrhenius parametriza-
tion for the rate constant,

Y 0-No(1 —e ),
where No is the number of molecules originally present on
the surface area illuminated, rd is the desorption rate con-
stant, and tL is the time over which desorption takes place
which we might equate with the laser-pulse duration. Be-
cause tL « td ——I/rd with ti ——6 nsec for all experiments
reported here, we immediately get

explanations come to mind: (i) Because of the high
resonant heating rate suggested by these estimates, name-
ly, a temperature rise of some 120 K in tL

——6)& 10 sec,
slow particles are preferentially desorbed. Such a scenario
has been suggested by Tully and is claimed to explain
laser-induced thermal-desorption data of CO from copper
surfaces. (ii) It is possible that the desorbing molecules
have about half of their energy stored in rotation. With
the rotational temperature of NH3 being T„,=11 K, we
find that 100 K worth of energy leads to a rotational
quantum number J=2—3. At this stage these scenarios
are purely speculative.

B. Model calculations: Phonon damping

We now turn to explicit calculations of photodesorption
rates and briefly outline the theory of photodesorption of
molecules by resonant laser-molecular vibrational cou-
pling, ' including resonant heating. ' Physisorption and
weak chemisorption of a molecule onto a surface can be
adequately described by a surface potential. Molecules
trapped into their bound states form the adsorbate. Be-
cause the energy fiQ of the vibrational mode of the mole-
cule into which the laser couples is typically much larger
than the energy difference between adjacent energy levels
in the surface potential (E~+~ E; ), one—can decouple
these degrees of freedom. Assuming that the lowest few
vibrational states of the molecule are harmonic, we can
write the energy of a molecule in its vth internal vibra-
tional state and in an energy level E; in the surface poten-
tial E =E;+(u+ —,

' )fiQ. The theory of photodesorption
of molecules by resonant laser-molecular vibrational cou-
pling is based on a master equation

max

n (t)= g g [(W," +P;" )n;" (t) (W,"';"+P;";"—)n;"(t)j
dt

p~eg/RT
we obtain

(5) —Q (P," +Q,";")n (t)
v'=0

(7)

3 exp
vy RTy

Note that the superscripts (b) and (a) are related to the
two graphs of Fig. 4, the multilayer (b) and the monolayer
(a) situation, respectively, while subscripts /3 and y are re-
lated to the different phases present on the surface as a
function of coverage and with different heats of adsorp-
tion Q~ and Qz determined by conventional TDS spec-
troscopy (see Sec. IIB). Assuming that vp and vr do not
differ significantly, one would estimate that
T~/Tr-Q~/Q&-1. 5. The time-of-flight spectra in Fig.
2 suggest that Td(P) =1.14Td(y). However, it is still in-
structive to insert some numbers; e.g., for v=5X10'
sec ' and Qr-35 kJ/mol, one gets Tz &177 K; for
v=10' sec ' and Qr ——32 kJ/mol, one gets Tr &194 K.
Desorption temperatures for the chemisorbed monolayer
are higher yet by some 50% according to this argument.
It is very improbable that the time-of-flight measurements
are so slow that their peak corresponds to only half of
these estimated desorption temperatures. Two possible

(see Ref. 13). Here, n (t) is the time-dependent occupa-
tion function for a molecule in a state i of the surface po-
tential and the vth excitation of the relevant internal vi-
bration mode.

In master equation (7), W,';" is the rate at which the
coupling of the molecular dipole to the electromagnetic
field of the laser causes transitions up or down the vibra-
tional excitations; we note that it is only nonzero for i =i'
and v =v'+1. P;";" is the transition rate between bound
states mediated by one-phonon absorption and emission
processes calculated according to Fermi's golden rule
from a microscopic Hamiltonian. P,";" and Q,";" are the
transition rates from a bound state (i, u) into all continu-
um states, with the first mediated by phonons and the
second being an elastic tunneling process. These two
terms lead to desorption. More details can be found in
Ref. 13, where the transition probabilities have been cal-
culated for a surface Morse potential. A schematic pic-
ture of all processes involved is given in Fig. 1 of Ref. 13.

The above harmonic approximation needs some justifi-
cation; e.g., for NH3 the anharmonicity amounts to about
39 cm '. This would imply that a laser with a spectral
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resolution better than 1 cm ' cannot populate the U =2
state. However, we recall that the physisorbed species is
bound by less than A'Q, so that a single-photon excitation
is sufficient to lift the molecule into a state degenerate
with the continuum. As for the chemisorbed surface
species, we note that the coupling to the solid typically in-
duces a linewidth of the order 10—50 cm ' that will, in
most systems, offset the effects of the anharmonicity.
Moreover, in the low-intensity region (i.e., below satura-
tion) the laser-induced desorption rates are not very
dependent on the highest vibrational level accessed by the
laser, as can be inferred from the rising parts of the yield
curves in Figs. 11 and 12 and Fig. 3 of Ref. 13.

At low temperatures an adsorbed molecule will be in
the ground state of energy

E; —Ep —Ep+ AQ .

13

=10—
O
CD g

~ 8—X

lU /—
CC

C0 6—
0
'8I 5—
0 4—

CL

++2T O (9)

where X is the thermal diffusivity. For a heat source at
the surface, Eq. (9) has to be supplied with a radiative
boundary condition

Upon absorption of a laser photon the molecule will be in
a state Ep from which it can either absorb more photons
to go u~ to a higher U or emit a phonon of energy %co such
that E; =Ep —fm. It is then in an excited state of the
surface potential from which it can cascade down to i =0,
emitting more phonons and thus heating up the solid.
This process we have termed resonant heating. ' As long
as the coupled gas-solid system is in local equilibrium,
resonan't heating can be quantified by coupling the master
equation to Fourier's law of heat conduction'

0
0 2 4 6 8 10 12 14 16 18

Laser Fluence FL (m J/cm )

FIG. 12. ir-photodesorption rate r~ for NH3 on Cu(100) vs
laser fluence I'L ——ItL, . I is the incident laser intensity and tJ
the duration of the laser pulses, =6 nsec, based on Eq. (7). The
angle of incidence is 75, the effective charge q given below cor-
responds to laser linewidths I L ——3.0—1.0 cm '. Curve b:
Q =35 kJ/mol, v=5X10' sec ', R =4.6X10' sec
q =(2—4)e. Curve a&. Q =51 kJ/mol, v=5X10' sec
R =2.7X10" sec ', q =(4.2—7.8)e. Curve ai. Q =51
kJ/mol, v=5&&10' sec ', R =2.6&&10"sec ', q =(5—9)e.
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where U is the energy supply during the desorption pro-
cess, with n~ (t) the nonequilibrium occupation function
for phonons of wave vector p and mode o. Its change is
due to the bound-state —bound-state transitions in the
master equation; details are worked out in Ref. 14. N, is
the number of adsorbed molecules.

We have calculated the photodesorption rates from the
model based on master equation (7), coupled to the heat,
Eq. (9). We recall that the diagonalization of the matrix
of transition probabilities on the right-hand side of (7)
yields a set of eigenvalues A,J, so that the solution of Eq.
(7) gives

—2—
-3—

n;"(t) =g S;Je
J

(12)
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FIG. 11. Desorption rates rd as a function of laser fluence
Fz, for different parameters ca'lculated from Eq. (7).

It turns out that one of the eigenvalues is much smaller
than the others and occurs in Eq. (12) with a much larger
weight, S;J. It is therefore identified as the rate constant
rd. It is obviously a function of temperature, the latter
~sing during the course of desorption due to resonant
heating. The input parameters of the theory are depth Vp
and range y

' of the surface Morse potential, the
resonant frequency fl of the vibrational NH3 mode excit-
ed by the laser, the dynamic dipole moment or effective
charge Q =Op/Bx of the molecule, and the index of re-
fraction of the metal which we take to be very large.

In Fig. 11 we give the photodesorption rates as calculat-
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ed from (7) as a function of laser fluence FI for different
potential parameters and temperatures. We get rates of
the order of 10 sec ' at much too lotu fluences. In the
linear regime the laser-induced transition W; is the
rate-determining step. It must be stressed that for both
monolayer and multilayer desorption, r~ is linear in I'I in
this regime, despite the fact that for a multilayer a one-
photon excitation is sufficient, whereas a monolayer ad-
sorbate demands absorption of at least two photons. The
reason is simply that with Z,' being the rate-
determining step the level v =1 in the monolayer is emp-
tied out much faster by the phonon-induced transitions
P;". This is quite different from the gas-phase situation,
where this loss mechanism is obviously absent, although
energy transfer to rotational or other vibrational degrees
of freedom is possible. Coherent two-photon excitations
would, of course, produce a dependence like Ft, but then
they are negligible whenever incoherent two-photon pro-
cesses [included with all other multiphoton cascades in
Eq. (7)j are possible. This point will be demonstrated in
greater detail in a forthcoming publication in which we
will calculate all fourth-order processes; there we will
show that coherent one-photon —one-phonon excitations
are indeed sometimes of importance. We will return to
this point later.

For the highest fluences, r~ becomes independent of FI
because now the tunneling rates Q„and P„ into the con-
tinuum are the rate-determining steps. The reason why
such low fluences are sufficient in the theory can be
traced back to the fact that the loss mechanism P;;""

(whereby a molecule de-excites by creating phonons in the
solid) are too weak. They can be enhanced by a stronger
coupling to the solid, i.e., by reducing the range of the
surface potential y ', as clearly demonstrated in Fig. 11.
This brings us then to a necessary modification of the
theory. It was originally conceived to describe photo-
desorption of molecules from insulators such as CH3F
from NaC1. ' ' Dealing now with a metal, we should
note that the molecule, internally or externally excited at
the surface of a metal, can lose its energy not only by
creating phonons but also by direct coupling into the elec-
tronic degrees of freedom. In particular, for the chem-
isorbed state this should be a rather efficient energy-loss
mechanism.

E =E;+(u+ —,
' )fiQ, (13)

where E; is the energy level in the surface potential and 0
is the vibrational frequency of the molecule into which
the laser couples, we can then write'

n;"(t)=a„(t)e ' ge (14)
J

C. Model calculations: Electronic damping

To account for electronic losses we have set up a
phenomenological version of the master equation. We
first recall from our earlier work that below saturation,
phonon transitions within the surface potential, i.e., the
rates P;", are very fast and basically keep a thermal occu-
pation of the i states throughout the desorption process.
With the energy of a molecule in state i, v being given by

where P=(kiiT) . Inserted in Eq. (7), one can derive a
set of equations for a, (t), namely,

R"' =pe '(P"" +R"." ) ge
l, l J

is the thermally averaged loss rate due to phonons (P;" )

and electrons (R ). We will treat R"" as a phenomeno-
logical parameter. %'e also define

R„"=pe '(P,' +Q,';") ge
U 71

as the rate constant for the desorption channel. As long
as we are below saturation, we can neglect the terms with
u'&u so that R~ becomes the thermal-desorption rate R~
independent of u, for which we assume the Frenkel-
Arrhenius parametrization.

With each transition due to R and P;", energy is
given to or (much less likely) taken from the solid. This
occurs at a rate (per adsorbed molecule)

U(t)=gg(E E;" )(R —+P;")n (t) . (18)
l, l U, U

In order to simplify Eq (15).we recall that the phonon-
induced transitions in each well, i.e., P;", are the fastest
in the system. We can therefore argue that the transitions
(iu)~(i'u') (i.e., R;";"+P;";",with u&u') are immediately
followed by the fast cascade of phonon-emission processes
(i'u') —+ . —+ ~(0,u') and that the net energy sup-
plied to the solid in this sequence is E —Eo. This should
be inserted into Eq (18) instead of E;" E;", with simu—l-
taneous exclusion of the terms with u =u' in the summa-
tion. Now we can again invoke Eq. (13); observe that due

PE.
to the exponential factor e ', no serious error is made
replacing E;" Eo by Eo—Eo ——iriQ(u —u'), an—d finally
we get

U(t) =A'0 g (u u')R ' "a„(t) . — (19)
U, U

Obviously, RU" has to be nonsymmetric; it indeed must
satisfy detailed balance (assuming instantaneous thermali-
zation of electrons in the metal),

R U'U —PAQU R UU'e —PRQU' (20)

U(t) is the rate with which the energy is given to the solid
due to a de-excitation of a vibrationally excited molecule.
The total energy rate for X, adsorbed molecules is then

X, U(t). It leads to a temperature rise that is partially
compensated by heat conduction into the solid controlled
by Fourier's law, Eq. (9), with boundary conditions Eq.
(10). This equation can be solved analytically, but because
temperature also appears in Eq. (15) via the thermal-
desorption rate R~, Eqs. (15) and (9) have to be solved
self-consistently, leading to what has been termed
resonant heating via laser-adsorbate coupling. '

We briefly examine the rate equations for the mul-
tilayer situation where we can restrict ourselves to v =0
and 1. Take L, '=I, R '=R, and assume R '0=0, im-

=g(L"" +R"" )a, g—(L'"+R"")a„R—ga„, (15)
U U

where
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Qp

—L —R —Rd a1 (21)

which, of course, can be solved explicitly by matrix diago-
nalization to yield

—A, ta;(t)=QSJe
J

where the eigenvalues are

A2 ——Rd+R +2L,

(22)

(23)

d the weights S" follow from the initial conditions.
13—15From the experience with the cascade model, we

know that the slower (thermal) rate X~ determines the
desorption process, whereas the faster A,2 will aid in
resonantly heating the solid.

For the increase in surface temperature one can find an
approximate solution

2A'Q ~X%&

v ~A, &+2I.

X [v t e(t —t)+(~t —Qt t )e(t —t )],— (24)

where A, =Czar/V~, and ti is the duration of the laser
pulse. The prefactor in Eq. (24) for Cu is about
2.26X 10 6 (e being the surface coverage):

'2
q (mi+mz) 2nr S1I14

eocmlm2fiQ n„+[1+(1—1/n, )tan2$]'~2

1
X

tLE I
(25)

plying that the electronic degrees of freedom of the solid
do not supply energy into a U =0 to U = 1 transition in the
molecule. We then get for the rate equations

othQ' is increased or R is increased to 2)&10 sec, bot
possibilities actually being reasonable. A set of rd-vs Ft-
curves that seem a reasonable fit to the experimental re-
sults is given in Fig. 12. Note that very effective heating
in the chemisorbed state leads to a nonlinear dependence
of r~ on FL. We note that the effective charge on the
NH3 dipole is typically q=(2—7)e to fit the data. This
should be interpreted as an effective increase in the elec-
tric field strength at the surface by that factor rather than
an additional polarization of the adsorbed molecule. In
Fig. 13 we show the fluence dependence of the maximum
surface temperature during the desorption processes.

The fits presented in Fig. 12 are such that the photo-
desorption rate is rd -10 sec for I'I ——10 mJ/cm o6 —1 2 r
the physisorbed system. Because we only have an upper

4limit on rd from experiment, we might also take rd —10
sec ', the resulting fits are indistinguishable for about the
same Q, but for 8 smaller by about 50%%uo. It thus seems
that resonant photodesorption, including resonant heating,
can produce an explanation of the data, except for the fact
that the time-of-flight spectra indicate too low a transla-
tional temperature. If, indeed, time zero in the time-o-- f-
flight signals is known well enough to determine tempera-
tures to within 25 K, then it seems necessary to consider
additional mechanisms to take up energy. This seems to
us to be in rotational excitation of desorbing particles. As
NH molecules interact with each other via hydrogen3

bonds„ it seems reasonable that, in that breakage, some an-
gular momentum is generated on the molecule. With the
rotational temperature of NH3 being T„,=11 K, the ex-
cess energyss energy between the theoretical (170—200 K) and the

ihexperimental (90+25 K) would produce rotations wit
J=2 from the physisorbed state and J=2—3 from the
chemisorbed state. A possible alternative explanation of
th low translational temperature observed could stem

1
2ofrom the high heating rates which, according to Tul y,

result in preferential desorption of slow particles.

where m1 and m2 are the masses associated with the
molecular dipole, c is the velocity of light, and q is the ef-
fective charge. P is the angle of incidence of the laser
with respect to the surface normal, assuming that the di-
pole is perpendicular to the surface. n„ is the refraction
index. For a metal we set n„~~ 1.

To try some numbers, we assume a linewidth of the
U =1 level of 0.5 cm '. This corresponds to a damping
R = 10" sec- ' leading, for a fluence of FL ——10 mJ/cm
and at monolayer coverage 8= 1, to a maximum tempera-
ture rise of only 25 K. This temperature rise could cause
a small fraction of physisorbed molecules to desorb, but
not chemisorbed species. Here we assumed an effective
charge on the NH3 dipole q-0.4e suggested by calcula-
tions of Bp/Bx in the free molecule. If q is reduced at the
surface to account for the shift in frequency, then FL
mus e

'
t be increased by the square of the reduction factor.

6We recall from the earlier discussion around Eq. ( )

that thermal desorption would necessitate temperatures of
the order T =180—190 K and Tp-1.ST&. This wouldr=
imply that the U =1 linewidth in the physisorbed state
would correspond to an electric loss rate of the order of
10' —10" sec ', whereas for the chemisorbed state either

250

150

0 2 4 6 8 10 12 14 16 18
Laser Fluence FL (lT)J/crn2)

FIG. 13. Maximum temperature rise used for Fig. 12 with
the maximum rise from Eq. (24) using t =tl ——6 nsec.
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D. Frequency dependence

We return to Fig. 4, depicting the frequency depen-
dence of the photodesorption yield and thus the resonant
character underlying the desorption process. In Table I
we have compiled vibrational frequencies of NH3 and
ND3 in the gas, liquid, and solid phases, and adsorbed on
silver and copper substrates. It is obviously the sym-
metric (v, z„——3377 cm ') or the antisymmetric (degen-
erate) (v, s„——3414 cm ') stretching modes of NH3 into
which the laser couples. The monolayer results [curve (a)

of Fig. 4j suggest a resonance centered at v=3340 cm
with a full width at half maximum of about 33 cm
This is very close to the gas-phase value of the symmetric
stretching mode, which on Ag(110) (Ref. 22) is actually
shifted downward by 20 cm '. lt is thus very likely that
the observed resonance is indeed due to the photoexcita-
tion of the symmetric stretching mode. We note that in a
monolayer, NH3 is likely adsorbed perpendicular to the
surface, with the N on top of a Cu so that the dynamic di-
pole moment due to v, is also perpendicular to the surface
and thus infrared active. On the other hand, for v, the

TABLE I. Vibrational frequencies (in wave numbers) of fundamental modes of NH3 in different states. NA indicates data not
available.

R y' v(M-X) 5, (NH3)' 5, (NH3} vg(NH3)' v, (NH3) Remarks, references

NH3 (gas)
ND3 (gas)

950
748

1628
1191

3337
2419

3414
2555

G. Herzberg, Bd. II Molecular Spectra
and Molecular Structure (Van Nostrand, Princeton,
1945); K. Nakamoto, Infrared and Raman
Spectra of Inorganic and Coordination
Compounds (Wiley, New York, 1978)

NH3 (liquid)
ND3 (liquid)

1032
NA

1628
NA

3250
NA

3382 J. Corset, P. V. Huong, and J. Lascombe,
NA Spectrochim. Acta 24A, 1385 (1968)

NH3 (solid)
ND3 (solid)

360
270

1060
815

1646
1196

3223
2318

3378 F. P. Reding and D. F. Hornig,
2500 J. Chem. Phys. 19, 594 (1950)

NH3/Ag(110)
Chemisorbed
Second layer
Multilayer

ND3/Ag( 1 10)
Chemisorbed
Second layer
Multilayer

430
340
400

210
260
310

430 1050
1100
1070

825
860
830

1640
1630
1630

1190
1146

3320
3320
3320

2370
2370
2400

3400 EELS
3390 J. L. Gland, B. A. Sexton, and
3388 G. E. Mitchell, Surf. Sci. 115, 623 (1982)

2530
2510
2510

NH3/Cu{1 10)
Low coverage 560
High coverage 560

ND3/Cu(110)

1150
1130

870

1600
1600

. 1190

3360
3400

3430
3400

2520

&s»a
Not resolved
D. Lackey, M. Surman, and D. A. King,
Vacuum 33, 867 (1983)

NH3/Ag film
Multilayer 1075 Photoacoustic measurements

H. Coufal, T. J. Chuang, and F. Trager,
J. Phys. 44, 297 (1983)

NH3/Cu{ 100)
Multilayer

NH, /Cu(100)
Low coverage
Multilayer

1056

3340
3340 3370

CO2-LIPD absorption-desorption spectra
I. Hussla and T. J. Chuang, Ber.
Bunsenges. Phys. Chem. S9, 294 (1985)

I

ir-LIPD, this work
Absorption-desorption spectra

NH3/Ag film
Multilayer 3320 3390 ir-LIPD, this work

Absorption-desorption spectra

'Rotation about axis in x -y plane, also called p, (NH3}.
Also called outer mode or adsorbate mode.

'Bending mode, symmetric.

Bending mode, asymmetric; also called degenerated.
'Stretching mode, symmetric.
Stretching mode, asymmetric; also called degenerated.
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dynamic dipole moment should be at right angles with
respect to the molecular symmetry axis and thus to the
surface normal. Image effects will thus render it more or
less infrared inactive. The large linewidth (33 cm ) of
this absorption-desorption band may be due to the inho-
mogeneous broadening of the two different chemisorbed
states a and P which are present at a monolayer coverage
and may have different vibrational frequencies for the
symmetric stretching mode.

Turning next to the multilayer situation [curve (b) of
Fig. 4], we note that molecular orientation induced by the
surface should largely disappear, so that v, will also be-
come ir active. This latter change is enhanced by the di-
minishing image charge effects as one moves into second
and third overlayers. As more layers are adsorbed, v, and

v, will approach their values in solid NH3, namely 3323
and 3378 cm ', respectively. The observed photodesorp-
tion peak at 3370 cm ' for the adsorbed multilayer is
thus likely due to the excitation of the antisymmetric
mode. Whereas for a monolayer this mode is ir active, for
a multilayer with molecules pointing in all directions the
laser

'
couples to both symmetric and antisymmetric

modes. The oscillator strength at v, does not differ very
much from that at v, for ammonia in the gas phase. "'
This is also true for the adsorbed multilayer phase, e.g. , in
NH3/Ag(110) (Ref. 22) or NH3/Cu(110). ' However,
more ir energy is absorbed in the multilayer situation sim-
ply because the laser interacts with more molecules, which
results in a higher desorption yield. Furthermore, if the
first chemisorbed layer does not change appreciably in the
vibrational frequency with the presence of two additional
physisorbed layers, one would expect the multilayer spec-
trum to be a composite of both the v, and v, components.
This is observed more clearly in the photodesorption spec-
trum of NH3 at 0=2 adsorbed on Ag film (see Fig. 9). It
would be very useful to carry out a detailed infrared-
absorption-reflection spectroscopic measurement to deter-
mine the coverage dependence of the v, and v, modes in
order to verify these assignments. In any event, we have
demonstrated how ir photodesorption can be used to ob-
tain ir-absorption —desorption spectra of adsorbates with
the high-frequency resolution of an infrared laser.

IV. SUMMARY AND PERSPECTIVES

We have presented arguments based on model calcula-
tions that the resonant or indirect heating can result
mainly from electronic damping mechanisms for mole-
cules adsorbed on metal surfaces. We have also provided
experimental evidence to show that thermally assisted
processes, including direct and resonant (or indirect) heat-
ing effects, play a very important role in determining the
ir-photodesorption yields. It should be emphatically
pointed out, however, that thermal effects alone cannot
account for all the major observations for the ir-excited
desorption phenomenon, in particular, the low desorption
yields and the low translational energies of desorbed parti-
cles as calculated from the time-of-flight spectra. If
indeed the resonant or indirect heating is capable of rais-
ing the local surface temperatures to T& ——135 K for
desorbing the physisorbed species, and to Tp ——175 K for

the chemisorbed species, then the observed photodesorp-
tion yield ( & 2 X 10 " monolayer per pulse) should be
much higher and the observed translational temperatures
90+25 K should be much closer to T& or T~. Since this
is not the case, we therefore suggest that the desorbing
species may be in internally excited states, most likely in
vibrational and rotational modes. This internal excitation,
not necessarily the original vibration excited by the laser,
may be acquired via the rapid inter- and intra-molecular-
energy transfer processes in the adsorbed molecular layers.
Internal excitation, in particular the rotational excitation,
may also take place during the rapid heating and desorp-
tion process. Therefore, it is essential to determine the
internal energy'distributions before and after the mole-
cules are desorbed into the gas phase. This is a difficult
experiment to perform but it can definitely yield tremen-
dous insight into the desorption dynamics.

Furthermore, the velocity distribution of the desorbed
particles should be more clearly determined and checked
as to whether it obeys a Maxwell-Boltzmann distribution.
If it does, the translational temperature can be compared
with the vibrational and rotational temperatures, if they
are available, and one can determine the degree of surface
accommodation. In order to obtain a complete picture,
quantitative measurements of the photodesorption yields
are also necessary. As far as the theory is concerned, the
evaluation of the effective dipoles influenced and/or
enhanced by the surface electromagnetic fields, and realis-
tic estimates of the inter- and intra-molecular vibrational
relaxation rates, are essential for microscopic understand-
ing and modelings. Removing the harmonic assumption
for the molecular vibration to take into account the
anharmonicity in the molecular potential should also be
very useful.

As to the future of the photodesorption of molecules by
resonant laser-molecular vibrational coupling, there is no
doubt that extensive experimental and theoretical work is
still needed before a complete understanding of the
phenomenon is achieved. If molecular selectivity and iso-
tope separation are the goal, our analysis suggests that in-
termolecular energy transfer and thermal effects, includ-
ing the direct and indirect (or resonant) heating, must be
minimized. Thus, one .should choose highly-ir-
transparent or -reflective solids and good thermal-
conducting materials as substrates, the latter to allow the
energy deposited via resonant heating into the surface of
the solid to be dissipated rapidly. It should also be helpful
to keep the substrates at very low temperatures in order to
decrease the thermal desorption rates Low su.rface cover-
age (in the submonolayer range) could also reduce lateral
intermolecular interactions. For molecular systems with
relatively weak intermolecular interactions and large
differences in vibrational frequencies between different
isotopic species, it might be possible to observe the isotope
effects in the ir photodesorption. From this reasoning, H2
and 02 appear to be a good system to investigate both ex-
perimentally and theoretically.

Note added in proof. Recently, we achieved LIPD of
physisorbed NH3 from Cu(100) single crystal via resonant
pulsed CO2 laser excitation of the symmetric deformation
mode of 5, . In this case photofragmentation and pho-
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toionization at increased laser intensities are also ob-
served.
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