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UV photostimulated desorption of ammonia from Cu(111)
T. Hertel, M. Wolf, and G. Ertl
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany

~Received 19 September 1994; accepted 14 November 1994!

Upon irradiation with 193 and 308 nm laser light photoinduced desorption of ammonia from
Cu~111! was studied at three coverages less than one monolayer~ML !. The linear power dependence
of the desorption yield and angle-resolved translational energy distributions of desorbed molecules
indicate that desorption occurs due to an electronic excitation rather than a thermal process.
Polarization measurements indicate an excitation process which is mediated by hot substrate
electrons. The isotope effect, i.e., the ratio of the cross sections for photostimulated desorption~at
193 nm! of NH3 and ND3, respectively, decreases from 4.16 1.2 to 1.96 0.5 when the coverage—
with respect to the substrate atom density—was raised from'0.02 to'0.14 ML. The magnitude of
this isotope effect suggests that the energy which is required to break the molecule–surface bond is
acquired in an intramolecular coordinate during a short-lived electronic excitation. We propose that
for high vibrational excitation on the ground-state potential energy surface~PES!, efficientcoupling
of the inversion mode with the molecule–surface coordinate leads to desorption. In order to
illustrate the suggested desorption mechanism at a semiquantitative level, we performed trajectory
calculations on a two-dimensional model potential energy surface. The results predict that
desorption occursrapidlywithin a few vibrational periods of the umbrella mode~Tvib;35 fs!—with
comparable energy release into the translational and vibrational degrees of freedom. Ammonia is
furthermore expected to desorb in an inverted geometry, i.e., with the hydrogen atoms pointing
towards the surface as opposed to the adsorption geometry with the nitrogen end bound to the
surface. Angular distributions of flux and mean translational energy are strongly peaked around the
surface normal. Their width can be attributed to thermal motions parallel to the surface prior to
excitation. © 1995 American Institute of Physics.
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I. INTRODUCTION

Much of the current interest in the young field of surfac
photochemistry involving adsorbates is driven by the des
to unravel the microscopic events leading to photodeso
tion, photodissociation, and photoreaction.1 State-resolved
detection of products and isotopic substitution of photoe
cited adsorbates may be used as powerful tools to gain n
insights into the dynamics governing these processes.2

In contrast to the gas phase, little is known about exci
electronic states of molecules at surfaces which play a
role in many photostimulated processes and also in chem
bonding at surfaces.@Throughout this article the term excite
state will refer toboth electronic excitation of the neutra
molecule as well as formation of a temporary negative i
~or resonance!. Although a resonance is not always asso
ated with an excitation we use the term excited state in
sense that both processes result in atemporarychange of the
PES which governs the desorption dynamics.# Both the en-
ergetic location and lifetimes are expected to be significan
altered compared to gas phase due to interaction with
surface. Molecular resonances at metal surfaces, e.g., are
quently stabilized by interaction with the image potentia3

On the other hand, lifetimes of excited states are assume
be much shorter than in the gas phase, namely on the o
of 10215–10214 s due to new decay channels that are open
by the presence of a substrate.4 Modeling of photostimulated
surface processes may elucidate some of the changes w
are introduced to molecules upon adsorption.

Desorption of ammonia by excitation with light or elec
3414 J. Chem. Phys. 102 (8), 22 February 1995 0021-9606
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trons has been investigated by a number of groups in the p
decade. Photostimulated desorption of ammonia was first o
served with infrared excitation of NH3 or ND3 adsorbed on
Cu~100! by Husslaet al.5 For NH3 the authors found a reso-
nant desorption cross section centered at then1 asymmetric
stretch around 3337 cm21. For coadsorption of NH3 and ND3
photodesorption of both species was observed at the sa
laser wavelength, i.e., isotopic selectivity due to resona
excitation was removed. The desorption mechanism was p
posed to be a thermal process termed ‘‘resonant heatin
where the asymmetric stretching mode of ammonia serves
an ‘‘antenna’’ for energy transfer from the incident radiation
to molecular vibration. Coupling of the vibrational modes to
the substrate phonon bath eventually leads to thermal deso
tion of the adsorbate.

In contrast to the resonant heating mechanism respo
sible for infrared laser-induced desorption, UV photostimu
lated desorption of ammonia and deuterated ammonia fro
GaAs~100!6–8 was interpreted in terms of a modification of
the frequently used Menzel–Gomer–Redhead9,10 ~MGR
model! desorption scheme. The MGR model assumes th
after an initial Franck–Condon transition from the ground t
an excited-state potential energy surface, momentum, a
hence, kinetic energy is acquired by the nuclei due to th
different equilibrium geometries in the two states. Fast dee
citation, within 10215 to 10214 s, returns the molecule to the
ground-state potential energy surface while kinetic energy
conserved. The kinetic energy gained in this process can le
to desorption or dissociation. Naturally the amount of kineti
energy which is acquired during the lifetime on the excited
/95/102(8)/3414/17/$6.00 © 1995 American Institute of Physics
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state potential energy surface strongly depends on
nuclear mass for motion along the corresponding coordin
A larger mass will lead to less acceleration and thus le
kinetic energy is gained. As a consequence isotopic subs
tion may now help to identify the reaction coordinate respo
sible for energy transfer from electronic excitation to nucle
motion. In the ammonia/GaAs system the large isotope eff
in the photodesorption cross sections of NH3 and ND3 of
about 4 suggested that kinetic energy is acquired by an
tramolecular coordinate during the excitation–deexcitati
cycle. Zhuet al.first suggested that vibrational–translation
energy transfer from an internal vibrational mode to t
molecule–surface coordinate via coupling between both
ordinates leads to desorption.6,8,11 Therefore, the authors
used the term vibrationally mediated photodesorpti
~VMPD! to describe the process.

A somewhat different desorption mechanism—whic
also employs a temporary electronic excitation as an in
mediate to desorption—was proposed by Burnset al. for
electron stimulated desorption of ammonia from Pt~111!.12,13

The authors observed a similar isotope effect (sNH3
/sND3

' 3) and slightly higher mean translational energies co
pared to the NH3/GaAs system. The authors suggest tha
full inversion of the umbrella mode~time scale;17 fs! in
the excited state is required in order to induce desorpt
from a repulsive hard wall on the ground-state PES. T
possibility of vibrational–translational (V–T) energy trans-
fer was claimed to be unlikely. This seems plausible in vie
of the large frequency mismatch between intramolecular a
the molecule–surface vibration and because of the short
brational lifetime assigned to electronic damping on me
surfaces.14,15Molecular beam investigations by Kayet al.,16

however, revealed significant translational–vibrational e
ergy transfer when ammonia was scattered from a gold s
face. We believe that the coupling observed by Kayet al.
should also be operative for chemisorbed ammonia m
ecules which are vibrationally excited after quenching of
electronic excitation since the scattering experiments pro
the same regions of the ground-state PES some 10 m
above the desorption threshold. Regardless of the differen
in the two desorption schemes, the large isotope effect
served was attributed in both cases to nuclear motion al
an internalmolecular coordinate during the short-lived ele
tronic excitation.

Photodesorption of ammonia was also studied for t
NH3/Ni and NH3/NiO systems in an attempt to discern th
role of the substrate in the excitation process.17 Isotope ef-
fects, however, were not investigated.

In this article, we report on the results of a UV photod
sorption study of ammonia from Cu~111! at three different
adsorbate coverages in the submonolayer regime. At
coverage we find an isotope effect of 4.1 for photostimula
desorption of NH3 and ND3, respectively, which decreases t
1.9 with increasing coverage. The magnitude of the isoto
effect suggests that nuclear motion along an internal amm
nia coordinate in the excited state facilitates desorption
opposed to motion of the whole molecule with respect to t
surface plane. The observed decrease in the isotope e
with increasing adsorbate coverage is in agreement with
J. Chem. Phys., Vol. 102,
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pectations from the standard Menzel–Gomer–Redhea
~MGR!-type desorption process. Within the MGR model the
desorption cross sections and thereby the isotope effect
determined by the desorption probability, i.e., the probability
that an initial excitation leads to desorption. The coverage
dependence of the isotope effect reported in this paper ma
basically be attributed to a variation of the desorption prob
ability due to changes in the adsorbate binding energy.

As mentioned above, the magnitude of the isotope effec
in stimulated desorption of ammonia was attributed to mo
tion along an internal coordinate during a short-lived elec
tronic excitation in all studies.6,12,13However, the mechanism
by which energy could be transferred from molecular vibra-
tion to molecular motion remained rather unclear in the
original articles by Zhu et al.6 In this article we
introduce—in contrast to the mechanism proposed by Burn
et al.—a desorption mechanism which involves substantia
energy interchange on theground-statePES from the highly
excited inversion mode of ammonia to the molecule–surfac
coordinate. Surprisingly, it turned out that the photodesorp
tion cross sections for the ammonia/GaAs and ammonia
Cu~111! systems are rather similar. Naively this would not be
expected if molecular vibrations were involved in the de-
sorption process. The lifetime of the CO-substrate vibration
e.g., is known to decrease significantly from;4 ms to;2 ps
when CO is adsorbed on an insulator18 or metal15 surface,
respectively. The proposed coupling mechanism, howeve
will lead to rapid desorption within a few vibrational periods
of the inversion mode so the vibrational lifetime is long with
respect to the desorption process itself and vibrational damp
ing plays only a minor role. To illustrate the proposed cou-
pling mechanism we also report trajectory calculations on
model potential energy surface. The results of this calcula
tion are discussed in view of the measured isotope effect
translational energy distributions, and the existing state
resolved studies of Burnset al.12

In addition to the coverage dependence of cross section
and translational energy distributions we report on the infor
mation that can be gained from angular distributions of pho
todesorbed molecules. The observed width of flux and mea
translational energy distributions can be explained on the ba
sis of a simple model and is attributed to thermal motions
parallel to the surface prior to excitation. This suggests tha
during the desorption process translational energy is releas
essentially along the surface normal—a fact that reduce
some of the complexity involved in the study of such a mul-
tidimensional system.

II. EXPERIMENT

Experiments were performed in an ultrahigh vacuum
chamber, schematically depicted in Fig. 1. It was pumped b
turbomolecular, Ti sublimation, and cryo pumps to reach a
base pressure of, 1 3 10210 mbar. The chamber was
equipped with facilities for combined low-energy electron
diffraction ~LEED! and Auger electron spectroscopy~AES!,
thermal desorption measurements~TDS!, photodesorbate
time-of-flight ~TOF!, and electron time-of-flight spectros-
copy.
No. 8, 22 February 1995
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The manipulator with differentially pumped rotationa
feedthrough providedxyz manipulation as well as rotation
along the vertical axis. The Cu crystal was mounted betwe
a pair of tantalum wires which were connected to a copp
rod in thermal contact with a liquid-nitrogen-cooled rese
voir. This allowed us to cool the crystal down to 85 K. Th
sample could be heated either by electron bombardm
from a tungsten filament behind the crystal or resistive
through the Ta wires. Sample preparation in ultrahig
vacuum was achieved by repeated cycles of soft~700 eV!
Ar1 sputtering at room temperature and successive annea
at 770 K. Surface cleanliness was checked by AES and
visual inspection of the quality of the LEED pattern.

NH3 gas from Messer Griesheim had a stated purity
99.997% and deuterated ammonia~ND3! of 99.0% purity
was obtained from Cambridge Isotope Laboratories~CIL!.
The sample was exposed to NH3 or ND3 through a pinhole
doser with a 10mm orifice. This allowed us to keep the
background pressure as low as 23 10210 mbar during ex-
posure at a typical flux on the sample of'2 ML/min. The
pressure in the reservoir attached to the doser was monito
by a capacitance manometer. Before experiments with N3
were performed, the doser was passivated with several fi
ings of ND3 gas for at least one day to avoid isotopic subst
tution on the walls of the reservoir. The isotopic purity of th
sample~ND3:ND2H:NDH2:NH3! was estimated from TOF
measurements of photodesorbed ammonia and from ther
desorption data. From these experiments we estimated
isotopic purity of ND3 on the surface to be better than 90%
Note that isotopic substitution on the chamber walls prior
detection may prevent reliable estimates on isotopic comp
sition on the sample. For coadsorption of both isotopes, N3
was dosed from the pinhole while NH3 was provided from a
leak valve in order to avoid isotopic mixing in the reservoi

The relative ammonia coverages after adsorption a
subsequent laser-induced desorption were monitored by in

FIG. 1. Schematic drawing of the experimental apparatus.
J. Chem. Phys., Vol. 102, N
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gration of thermal desorption spectra. The desired ammon
coverages were obtained by maintaining the sample at a c
tain temperature and saturating it with the appropria
amount of ammonia. Saturation of the sample was ensur
by investigation of the uptake as a function of time at th
three adsorption temperatures. For coadsorption of NH3 and
ND3 we reached the desired coverages directly by offerin
appropriate amounts of gas. This, however, leads to som
what less reproducible coverages.

For irradiation of the sample with light at 193 nm we
employed an excimer laser~Lambda Physik, EMG 150
MSC! filled with an ArF mixture, while for measurements at
308 nm we used a second excimer laser~EMG 200E! oper-
ating with a XeCl mixture. Unless otherwise mentioned, th
laser-induced desorption measurements were performed a
sample temperature of 85 K. For all experiments care w
taken to ensure uniform illumination of the whole sample b
use of a telescope. The resulting beam profile was controll
by visual inspection of the burn pattern produced by the las
beam on photosensitive paper. The pulse fluence was
duced to less than 10 mJ/cm2 ~typical 5 mJ/cm2!. Based on
the equations given by Burgesset al.19 and the optical data
given in Ref. 20, the transient temperature rise of the irrad
ated sample surface for this fluence should be less than 35
The possibility of laser-induced thermal desorption coul
also be ruled out from the linear power dependence of th
desorption yield~see below!. Polarization of the unpolarized
laser light was achieved by use of a Rochon prism directly
front of the UV windows at the chamber.

The quadrupole mass spectrometer~Balzers, QMS
112A!, equipped with a cross-beam ion source, viewed th
crystal with an angular resolution of64° and can be consid-
ered to be a well collimated detector. To reduce diffuse bac
ground in photodesorption TOF measurements a copp
shield surrounding the ion source and part of the spectrom
eter was cooled with liquid nitrogen. Photodesorption TO
spectra were recorded with a multichannel scaler~SRS 430!
following pulsed laser irradiation of the Cu surface as de
scribed below. The ionizer-sample distance was 62 mm a
the NH3 ion flight time through the quadrupole was esti
mated to be 14 ms. Relative NH3/ND3 desorption signals
were obtained assuming the same ionization cross sectio
for both isotopes.

The procedure for the quantitative analysis of the TO
spectra has been described elsewhere.21 The analysis has to
take into account that mass spectroscopic detection measu
the particle density. The mean translational energy^Etrans&,
the mean velocitŷv&, and the variancês2& can be derived
by numerical integration from the flux-weighted curves.

Angular distributions of photodesorbed molecules wer
obtained from integration of flux-weighted TOF spectra. Th
angle between the incoming light and detected desorba
was either 45° or 90° due to the fixed positions of the QM
and our two UV windows. The measured flux at differen
sample orientations was thus normalized to the incident las
fluence per unit area normal to the crystal surface. To a
count for the decrease in the desorption yield due to a d
crease in adsorbate coverage during data acquisition, the fl
o. 8, 22 February 1995
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was also corrected using the previously determined photo
sorption cross sections.

The 6.4 and 3.5–4.0 eV output of the excimer or dy
laser was also used to record one- and two-photon pho
emission spectra. Kinetic energy distributions of photoem
ted electrons were obtained by the time-of-flight techniqu
For these measurements the sample was positioned insid
retractable electron TOF spectrometer shielded with a cyl
der of high-permeability alloy. The field-free flight region
inside a gold coated tube was 30 cm in length and the es
mated collection angle of the detector was63.5°. Electrons
leaving the field-free region were accelerated and focus
onto a fast channeltron. A photodiode signal from the las
pulse served as a time reference and flight times were
corded with a multichannel scaler allowing 5 ns time resol
tion. The overall time resolution, however, was limited b
the length of the laser pulses ranging from 13 to 25 ns.

The performance of the spectrometer for one- and tw
photon photoemission has been tested using the well-kno
Shockley state of the Cu~111! surface located 0.4 eV below
the Fermi level.22 The energy resolution for direct photo-
emission~1PPE! with hn56.4 eV at'1 eV kinetic energy
was determined to be 150 meV while for two-photon photo
emission~2PPE! at'2.5 eV kinetic energy it was 250 meV.
In order to avoid space charge broadening, the pulse fluen
for 1PPE was kept below 5 nJ/cm2 while for 2PPE it was
kept below'5 mJ/cm2. The absolute work function was de-
termined from the width of the 1PPE or 2PPE spectra. T
change in the work function at different ammonia coverag
was determined from the secondary electron cutoff whic
could be measured with a precision of'50 meV. For the
clean surface the work function was found to be 4.856 0.10
eV in good agreement with results reported elsewhere.23,24

III. RESULTS

To the best of our knowledge the ammonia–Cu~111! sys-
tem has not yet been investigated with TDS or work functio
measurements. Therefore, we will first characterize the s
tem using our thermal desorption and work function da
before we proceed with the results of the photostimulat
desorption. These will include the coverage dependence
cross sections and isotope effects as well as translation
energy and flux angular distributions of desorbed ammon

A. Thermal desorption data and work function
measurements

A series of mass 17 thermal desorption spectra followin
adsorption of different amounts of NH3 at 85 K is reproduced
in Fig. 2. The heating rate was'8 K/s. With increasing
coverage, desorption features labeleda, b1, b2 and the mul-
tilayerlike desorption featureg develop. In order to obtain
rough estimates for the binding energies at the respectivea,
b1, and b2 coverages we used Redhead’s peak maximu
method assuming first-order desorption kinetics and a fr
quency factor of 1013 s21. An evaluation of desorption tem-
peratures then yields activation energies for desorption at
a coverage~Tmax5275 K! of '0.71 eV, at theb1 coverage
~Tmax5190 K! an activation energy of'0.48 eV, and at the
b2 coverage~Tmax5140 K! an activation energy of'0.35
J. Chem. Phys., Vol. 102, N
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eV. These numbers should be considered with caution sin
Redhead’s peak maximum formula is strictly applicable on
for coverage independent binding energies. For the adso
tion of ammonia on metal surfaces this is certainly not th
case due to the strong permanent dipole moment of ammo
~1.47 D! leading to coverage dependent repulsive intera
tions. Probably more reliable values for the activation ener
to desorption at very small ammonia coverages@u !1 mono-
layer ~ML !# were obtained by Wu and Kevan for the
ammonia/Cu~100! system.25 By means of isothermal desorp-
tion measurements these authors derived an activation
ergy of 13.6 kcal/mol for NH3 ~0.59 eV! and 14.7 kcal/mol
for ND3 ~0.64 eV!. Since the thermal desorption traces ap
pear to be similar for both the Cu~100! and Cu~111!
surfaces,5 we assume that this method provides more acc
rate values for the activation energy at low coverage also
the ammonia/Cu~111! system than the crude estimate from
the position of thermal desorption maxima. The surprisin
difference in binding energies for isotopically labeled amm
nia may tentatively be attributed to different zero point ene
gies of the frustrated molecular motions but transition sta
theory was used to fully account for the effect.25

With increased exposure, the onset of the desorption fe
ture g starts to overlap with desorption from theb2 feature.
For photodesorption experiments the desired coverages w
prepared by saturation of the surface with an exposu
equivalent to a few monolayers at 120~b2 coverage!, 170~b1
coverage!, or 230 K ~a coverage!, respectively. These were
the only ammonia coverages investigated in the photodeso
tion experiments and in what follows we will refer to them

FIG. 2. Thermal desorption spectra of NH3 ~mass 17u! after adsorption of
different amounts of ammonia at 85 K. The heating rate was'8 K/s. From
our work function measurements theb2 coverage is estimated between
u50.12 to 0.16 monolayer~ML ! with respect to the substrate atom densit
of Cu~111!. The inset shows the growth of the desorption featureg with
increasing ammonia exposure.
o. 8, 22 February 1995
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using the Greek letters. In order to ensure that no multila
adsorption occurs at the chosen ammonia flux and at all
sorption temperatures we measured the ammonia uptake
function of exposure. For an adsorption sample tempera
of 100 K, the results of this experiment, as derived fro
integration of thermal desorption traces recorded imme
ately after exposure, are depicted in Fig. 3. An alternat
method to monitor the ammonia uptake is to record the a
monia partial pressure~above the mass 17 background si
nal! during exposure. It should be proportional to the fracti
r of impinging molecules not adsorbed by the surface. In
gration of the sticking probabilityS}(12r ) over time
should then yield the desired uptake to within a proportio
ality constant. In Fig. 3 we, therefore, also plotted the upta
derived from integration of the ammonia partial pressure d
ing exposure~solid line! which is in nice agreement with the
results from the thermal desorption measurements. The
served linear increase in the accumulated coverage follow
by saturation indicates that no multilayer adsorption occ
at an adsorption temperature as low as 100 K and con
quently also not at all higher temperatures.

Coadsorption experiments of NH3 and ND3 in combina-
tion with photodesorption TOF measurements showed
sign of thermally induced isotopic mixing at the surface.

In order to obtain more accurate estimates for the ab
lute coverages we measured the decrease in the work fu
tion and surface state intensity with UPS~hn56.4 eV! and
two-photon photoemission~2PPE,hn53.55 eV!. The work
function f which was obtained from the width of the two
photon photoelectron spectra is depicted in Fig. 4 as a fu
tion of coverage; the latter being derived from integration
the corresponding thermal desorption traces. For the cl

FIG. 3. Ammonia coverage vs NH3 exposure expressed in mbar s at a
adsorption temperature of 100 K. The dose refers to the integral of
pressure in the reservoir of the pinhole doser over time. This should no
confused with the ammonia partial pressure at the crystal which is
known. The open markers indicate ammonia coverages derived from t
mal desorption spectra while the solid line was obtained from integration
the ammonia partial pressure during exposure~see the text!.
J. Chem. Phys., Vol. 102,
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surface we obtained a value off54.856 0.10 eV. Clearly
evident is the linear decrease down tof53.30 eV which
corresponds to a change ofDf521.55 eV. At saturation the
work function has been lowered by 1.9 eV. This is in quali-
tative agreement with previous observations for ammonia ad
sorbed on Pt~111!26 and Ru~0001!,27 e.g., where the work
function changeDf at saturation was23.0 and22.4 eV,
respectively. Using the Helmholtz equation~Df
524pemn, wheree is the elementary charge,m the dipole
moment, andn the adsorbate density! we may now estimate
the absolute coverages given that ammonia adsorbs in th
expected geometry with the nitrogen end pointing towards
the surface28,29 and the molecular axis perpendicular to the
surface plane. If we use the gas-phase dipole moment as
lower bound and the induced dipole moment for adsorption
on transition metal surfaces26,27 ~'2 D! as upper bound for
the ammonia/Cu system, we obtain an absolute coverage o
2.13 1014 to 2.83 1014 cm2 at 120 K adsorption tempera-
ture. This corresponds to a coverageu of 0.12 to 0.16 with
respect to the substrate atom density atTads5120 K and a
coverageu50.24–0.32 at saturation of the work function.
Assuming a similar adsorbate density at monolayer coverage
as in the ammonia/Ru~0001! system~uML'0.25!, we may
tentatively assign the saturation of the work function to
completion of the first adsorbate layer in the ammonia/
Cu~111! system. The leveling off in the work function curve
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be
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FIG. 4. Upper panel: work function vs NH3 coverage as obtained from the
width of photoelectron spectra. The work function at the three investigated
coveragesa, b1, andb2 is indicated by arrows and the corresponding ad-
sorption temperatures~230, 170, and 120 K for thea, b1, andb2 coverages,
respectively!. Lower panel: intensity of the Cu~111! surface state vs cover-
age~hn56.4 eV!. The inset shows a typical photoelectron spectrum from
which the intensity of the surface state was derived.
No. 8, 22 February 1995
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at half the estimated monolayer coverage is likely to resu
from dipole–dipole interactions leading to neutral depola
ization. We think it is safe to assume that ammonia mo
ecules are not tilted at the coverages investigated~a,b1,b2!,
which all fall into the region of the initial linear decrease in
the work function.

Using photoemission at 6.4 eV, we were also able
follow the evolution of the Cu~111! surface state with vary-
ing adsorbate coverage. The linear decrease in work funct
nicely correlates with the decrease in the surface state int
sity which cannot be attributed to attenuation of the phot
emitted electrons by the adsorbate layer, see Fig. 4. Ob
ously the surface state is completely quenched only
coverages beyond at least half a monolayer.

B. Photodesorption cross sections

The yield of photodesorbed ammonia was found to in
crease linearly with laser fluence up to at least 8 mJ/cm2

~hn56.4 eV! as shown in Fig. 5. This indicates that desorp
tion occurs due to an electronic rather than a thermal proc
for which a stronger than linear increase of the desorpti
yield is expected. Measurements of the relative desorpti
yield at masses 15, 16, and 17~NH,NH2,NH3! from TOF
spectra reproduced the ratios known from the ammonia QM
cracking pattern. TOF distributions were also identical fo
the different fragments. Thus within the limits of this analy
sis, the detected fragments are produced in the ion sou
from the desorbed ammonia parent and not by a stimula
surface process. This observation was further reinforced
the shape of post-irradiation TD spectra which showed
sign of recombinative thermal desorption of NH2 and atomic
hydrogen at higher desorption temperatures. From these
sults we estimated that the cross section for photon induc
decomposition of NH3 at the surface is smaller than 10222

cm2. In contrast, deuterated ammonia is dissociated upon
radiation on the GaAs~100! surface7 with a cross section of
'10221 cm2 at 6.4 eV.

FIG. 5. Dependence of the ammonia desorption yield on laser pulse flue
at hn56.4 eV up to 8 mJ/cm2. The linear increase indicates that desorptio
is not due to laser-induced heating of the surface.
J. Chem. Phys., Vol. 102, N
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The cross sections for photostimulated desorption ar
determined from the decrease of the adsorbate coverage w
photon exposure. This decrease can be monitored by integ
tion of post-irradiation TD spectra or, alternatively, from the
decrease in the ammonia TOF signal during photon expo
sure. Especially at low adsorbate coverages, however, t
TOF measurements may lead to systematic errors due to m
nority species with higher desorption cross sections or due
changes in the desorption dynamics with varying coverag
e.g., a change in the angular distribution of desorbing mo
ecules. To avoid these problems for the two low coverag
phases~a andb1!, we therefore determined the decrease in
ammonia coverageQ from integration of TD spectra taken
after photon exposure. Starting at identical coverages th
procedure was repeated for thea andb1 phases for a number
of different photon doses. In addition, the cross section fo
the b1 phase was also determined from the decrease in th
TOF signal. The cross sections for the high coverage pha
b2 were determined by the time-of-flight technique only. As-
suming first-order desorption in coverageQ and a linear
power dependence, the differential cross sectionsdes is then
obtained from the slope of a ln~Q! vs exposure curve,

sdes52
d ln~Q!

d f
,

where f is the photon fluence.
A series of post-irradiation TD spectra is displayed in

Fig. 6 @starting from theb1 coverage~upper panel! and thea
coverage~lower panel!, respectively#. It can be seen that
much higher photon doses are needed to remove an identi
fraction of the coverage when starting with the low coverag

ce

FIG. 6. Thermal desorption~TD! spectra taken before and after irradiation
of the ammonia covered surface with 6.4 eV photons. Upper half: TD spe
tra after initial preparation of theb1 coverage and irradiation with 0, 1.4, and
2.4 3 1019 photons/cm2, respectively. Lower part: TD spectra after initial
preparation of thea coverage and photon doses of 0, 1.8, and 3.53 1020

photons/cm2.
o. 8, 22 February 1995
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a phase if compared with the higher coverage phaseb1. The
a-peak position shifts to higher temperature with increasin
photon exposure, i.e., decreasing adsorbate coverage. T
closely follows the evolution of thermal desorption feature
as a function of coverage upon NH3 adsorption.

Residual NH3 and ND3 coverages after photon exposur
at normal incidence and 85 K are reproduced in Fig. 7 as
function of laser fluence. The resulting cross sectionssdesfor
desorption with 193 nm laser light~6.4 eV! are displayed in
Table I together with the corresponding isotope effect~ratio
of sNH3

/sND3
!. While the absolute cross section for photode

sorption of NH3 ~at 193 nm! increases in going from the low
to the high coverage phase by a factor of 30, the same cr
sections for photodesorption of ND3 increase by a factor of
65. This gives rise to the observed decrease in the isoto
effect from 4.1 to 1.9 when the coverage is increased. T
continuous decrease in the photodesorption cross section
also evident from the variation of the slope in the semilog
rithmic plot of yield vs photon exposure, see Fig. 8. Withi

FIG. 7. Logarithm of the residual coverage~a andb1 phase! after irradiation
and logarithm of the photodesorption yield~b2 phase! vs photon exposure
~hn56.4 eV!. For the two smaller coverages the residual coverages we
derived from integration of post-irradiation TD spectra in order to avoi
systematic errors.

TABLE I. Cross sections for photostimulated desorption of ammonia fro
Cu~111! at different adsorbate coverages and photon energies.

a ~Tads5230 K!
~10220cm2!

b1 ~Tads5170 K!
~10220cm2!

b2~Tads5120 K!
~10220cm2!

Cross section NH3
6.4 eV 0.31 4.1 8.7
4.0 eV ••• 0.18 0.84

Cross section ND3
6.4 eV 0.07 1.2 4.6

Isotope effect 4.161.2 3.461.3 1.960.5
J. Chem. Phys., Vol. 102,
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the error bars of the analysis the cross sections as determ
from post-irradiation thermal desorption spectra and from t
time-of-flight experiments are identical.

From TOF experiments we also determined cross se
tions for photostimulated desorption at 308 nm~hn54.0
eV!, see Table I. The corresponding cross sections at theb1
and b2 coverages are about a factor 10 to 30 smaller th
those measured at 193 nm. This observation is typical fo
number of systems,8,30,31where the desorption cross section
are all found to increase more than linearly with photon e
ergy.

When NH3 and ND3 were coadsorbed the isotope effec
was not removed and we observed basically the same cr
sections and isotope effects for irradiation with 193 nm las
light. This argues against intermolecular energy transfer b
tween adsorbates and excludes the resonant heating me
nism for UV photodesorption which was proposed for infra
red laser-induced desorption of ammonia from Cu~100! by
Husslaet al.5 As mentioned earlier these authors observe
that the isotope effect resulting from resonant excitation
the asymmetric stretch was completely removed when N3
and ND3 were coadsorbed.

C. Time-of-flight and angular distributions of
photodesorbed ammonia

Time-of-flight distributions were measured at bot
wavelengths~193 and 308 nm! for detection along the sur-
face normal. The velocity distributions reproduced in Fig.
where obtained from TOF distributions by conversion to th
flux domain and using the Jacobiandt}v22 dv. Fitting with
a modified Maxwell–Boltzmann distribution2 yields the val-
ues for the mean energy in the flux domain listed in Table
Within the error bars the mean translational energies~at 193
nm excitation wavelength! are independent of coverage fo
both isotopes~1026 7 meV for NH3 and 936 9 meV for

re
d

m

FIG. 8. Logarithm of the NH3 photodesorption yield vs photon dose~hn
56.4 eV! as obtained from integration of TOF spectra after initial prepa
ration of theb2 coverage. The desorption cross section is derived from t
initial slope. The decline of the slope reflects the continuously decreas
photodesorption cross section as the coverage is reduced. Within a sim
Menzel–Gomer–Redhead-type desorption scheme this can be attribute
an increase in binding energy~when going to smaller coverages! giving rise
to a reduced desorption probability.
No. 8, 22 February 1995
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ND3!. Similarly to photostimulated desorption of ammoni
from GaAs~100! and for electron stimulated desorption in
the ammonia/Pt~111! system where no differences in the
translational energies for both isotopes were reported,
observe that NH3 and ND3 desorb with nearly the same ki-
netic energy. The trends in our experimental data, howev
suggest a slightly higher^Etrans& for NH3 than for ND3. When
the excitation wavelength is changed from 193~6.4 eV! to
308 nm ~4.0 eV! the mean translational energies becom
significantly smaller. Evaluation of the time-of-flight spectr
yields 876 6 meV for NH3 ~b1 andb2 coverage only! and
52 6 2 meV for ND3 ~b2 coverage only!. Again no signifi-
cant coverage dependence is observed at this photon ene
however, the mean translational energy of photodesorb
ND3 is clearly smaller than that of NH3. Values for the vari-
ance^s2& obtained from the fitting procedure are all close t
that corresponding to a thermal Maxwell–Boltzmann distr

TABLE II. Mean translational energies,^Etrans&, of ammonia photodesorbed
from Cu~111! for different adsorbate coverages and photon energies. Err
are supposed to reflect the margins as given by the signal-to-noise ratio
the fit procedure. Additional systematic errors should not be relevant fo
comparison of the values obtained at identical experimental conditions.

a ~Tads5230 K! b1 ~Tads5170 K! b2 ~Tads5120 K!

NH3: ^Etrans&
6.4 eV ~meV! 96610 10167 10764
4.0 eV ~meV! ••• 9065 8468
ND3: ^Etrans&
6.4 eV ~meV! 86610 9569 9869
4.0 eV ~meV! ••• ••• 5262

FIG. 9. The velocity distributions obtained from time-of-flight distributions
~hn56.4 and 4.0 eV, respectively! measured along the surface normal fo
theb2 coverage of NH3 ~upper panel! and ND3 ~lower panel!, respectively.
The mean translational energies derived from these spectra are listed
Table II.
J. Chem. Phys., Vol. 102, N
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bution ~0.13!. The observation that a decrease in photon en
ergy is paralleled by a decrease in translational energy o
photodesorbed molecules was also made for photostimulate
desorption of O2 from Pt~111!.31

The angular distributions of the NH3 photodesorption
yield as well as the corresponding mean translational ene
gies are strongly peaked in the normal direction. In particula
the latter effect is indicative for a photochemical rather than
a thermal process. This was already suggested by the line
power dependence of the photodesorption yield. In Fig. 1
the angular distributions for the high coverageb2 phase are
reproduced for irradiation at a sample temperatureTs of 85
K. Fitting the data with a cosine law@cosn(q)# yields best
results for an exponentn of 176 4.A priori, however, there
is no physical justification for fitting with a cosn distribution.
We have, therefore, developed a simple model which ac
counts for the influence of thermal molecular motions paral
lel to the surface prior to excitation and the energy release
along the surface normal. The angular distributions of both
flux and mean translational energy can be fitted very wel
using the equations introduced in the discussion~see below!.
As seen in Fig. 10 the mean translational energies also sho
an angular dependence which is peaked in the normal dire
tion and decreases from̂Etrans&'105 meV atq50° down to
^Etrans&'35 meV atq550°. The angular distributions for the
two low coverage phases~a andb1! are the same as for the
b2 phase. However, they could not be measured with th
same precision due to the reduced signal-to-noise ratio. N

rs
nd
a

in

FIG. 10. Flux~upper panel! and mean translational energy~lower panel! of
photodesorbed NH3 ~hn56.4 eV! vs detection angleq obtained at 90 K
sample temperature. The detection angleq is measured with respect to the
surface normal~see inset!. The flux distribution can be fitted with a
cos1764~q! angular dependence~dashed line!. The model described in the
text yields an excellent fit to the angular dependence of both flux and mea
translational energies~solid lines!.
o. 8, 22 February 1995
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influence of the substrate temperature on the translatio
energy distribution is observed forTs ranging from 85 to 165
K ~b1 phase!.

IV. DISCUSSION

The photostimulated desorption of ammonia at 193 a
308 nm is found to be the result of an electronic excitati
rather than a thermal process. This becomes evident from
linear power dependence of the desorption yield as well
the small calculated temperature rise during the pu
duration19,20 and the angular flux distributions which ar
strongly peaked around the surface normal. The results
our measurements, in particular the isotope effect, will gi
us some insight into the underlying mechanism that leads
photostimulated desorption. The following discussion will
principle follow the individual steps of the photodesorptio
process. Starting with the initial adsorbate excitation we w
discuss what can be learned from the polarization dep
dence of the photodesorption yield~described below!. The
precise nature of the excited state is, unfortunately,
known but some of its fundamental characteristics can
guessed from what is known about excitation of gas-ph
ammonia by interaction with either photons or electrons. W
then discuss the isotope effect which is attributed to the p
turbation of the internal equilibrium geometry of the mo
ecule during the short-lived electronic excitation. The su
gested desorption mechanism which involves energy tran
from the inversion mode to the molecule–surface coordin
after decay of the electronic excitation is also discussed
some detail. To illustrate the proposed coupling mechan
at a semiquantitative level we report on trajectory calcu
tions on a model potential energy surface.

A. Excitation mechanism

Since the results of the photodesorption measuremen
193 and 308 nm indicate that ammonia is desorbed a
consequence of an electronic excitation, we have to elucid
how the incident photon energy is coupled into the adso
tion complex. While the path for adsorbate excitation may
traced on the basis of the polarization dependence of
yield we can only speculate on the character of the exci
state itself. Nonetheless, provided with the broad knowled
from excitations of gas-phase ammonia this speculat
seems to be worthwhile since it yields valuable insights in
the dynamics in the excited state of free and to some ex
also for adsorbed ammonia. Theoretical calculations as w
as experimental data on the adsorption geometry and vib
tional excitation of ammonia on Cu~100!, e.g., reveal that
neither the intramolecular equilibrium geometry of free am
monia nor its vibrational modes are significantly altere
upon adsorption.25,32,33Apart from this, the strength of the
chemisorption bond is to some extent attributed to elect
static interactions of the adsorbates dipole moment with
substrate electrons and not exclusively to covalent bondin28

This encourages us to assume that some of the main cha
teristics of gas-phase ammonia~and its excitations! survive
in the presence of the surface.

When the surface is irradiated with light the adsorba
may either be excited directly by the electric field at th
J. Chem. Phys., Vol. 102,
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surface or indirectly by photogenerated electron-hole pai
Luckily, discrimination of both processes is feasible if th
transition dipole moment for optical excitations is perpen
dicular to the surface plane.34 This can be achieved by inves-
tigation of the polarization dependence of the desorpti
cross section. This is due to the fact that a substrate media
process will scale with the polarization dependence of lig
absorption in the bulk while the direct process will depen
on the components of the electric field strengths in the s
face region. The following evaluation of the polarizatio
measurements based on Fresnel’s equations has been
viewed elsewhere35 and has been applied with success to
number of systems.31,36,37 The components of the mean
square electrical field strengths of the standing wave at
surface boundary and the absorption fors- and p-polarized
light are reproduced in the upper panel of Fig. 11 as a fun
tion of the angle of incidence~measured with respect to the
surface normal!. They were computed from the equation
given in Ref. 35 using the optical constants for Cu.20 Here
s-polarized~p-polarized! refers to light whose electric field
vector lies perpendicular~parallel to! the plane of incidence
as defined by the incoming and reflected beams. In order
reduce systematic errors from the different instrumental a
rangement at different angles of incidenceq i we measured
the ratio of the desorption yieldsp/ss rather than the abso-
lute cross sections for each angle. The results are displa
together with the ratiosAp/As for light absorption by the

FIG. 11. Dependence of the calculated electrical field strengths and s
strate absorption on polarization and angle of incidence for light impingin
on a copper surface withhn56.4 eV~upper panel!. The subscriptsp ands
refer to light polarized with the electric field vector parallel or perpendicula
to the plane of incidence, respectively. Forp polarization the components
normal~parallel! to the surface are indicated byz(x). Lower panel: ratio of
the NH3 desorption yieldsp/ss for p and s polarized light~solid circles!
and ratio of the corresponding substrate absorptionAp/As . The results indi-
cate a substrate mediated excitation process~see text!.
No. 8, 22 February 1995
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bulk in the lower panel of Fig. 11. The good agreement b
tween the experimental ratios and those obtained from b
absorption strongly suggests that the process is substrate
diated. However, in order to exclude a direct excitatio
mechanism we also have to compare this to the ratios
pected for such a direct process. Therefore, we have to kn
which components of the electric field^Ep,x

2 &, ^Ep,z
2 &, or ^Es

2&
are required to excite the molecule. For this purpose let
briefly review what is known about optical excitations o
gas-phase ammonia.

It is now generally accepted that all known excited ele
tronic statesÃ, B̃, C̃, etc. of gas-phase ammonia are Rydbe
in character.38 Each of the identified electronic excitation
involves promotion of one 3a1 lone pair electron which is
accompanied by a transition from the pyramidal~C3v sym-
metry! ground state to a planar~D3h symmetry! configura-
tion in the excited state. This change in symmetry impli
that the molecule can be excited only by electric field co
ponents parallel to the molecular symmetry axis. For amm
nia adsorbed on Cu~111!, the molecular axis is believed to b
perpendicular to the surface plane~see above!. The probabil-
ity distribution of the molecular orientation due to frustrate
rotations can be safely neglected since it would have
Gaussian width of less than 9°@estimated from the excitation
energy for the frustrated rotationr r for NH3 on Cu~100!

33 of
560 cm21#. For simplicity let us now assume that the orie
tation ~with respect to the molecular symmetry axis! of the
transition dipole moment for optical excitations of adsorb
ammonia is not altered substantially with respect to the g
phase. The expected molecular orientation to the surf
plane would thus require that the adsorbed ammonia
practically only be excited by thez component̂ Ep,z

2 & of the
incoming laser light. Thus one would expect that the ratio
the desorption yield forp- and s-polarized light would in-
crease tremendously (sp/ss@1) at higher angles of inci-
dence which is clearly not the case.

From these considerations we conclude that light abso
tion in the metal, which leads to production of electron-ho
pairs, constitutes the first and predominant step in the inv
tigated desorption process. In principle the excitation m
then proceed by electron scattering from or attachment to
adsorbate or similar interactions including a hole. The m
bility of holes, however, is in general assumed to be mu
lower than that of electrons which leads to a greatly reduc
scattering frequency in the surface region. Adsorbate exc
tion via electron scattering thus seems more likely.

In this context it is noteworthy that for resonant electro
scattering by gas-phase NH3 and ND3 Arfa et al. have ob-
served isotope effects ranging from 1.36 to 2.50~depending
on the vibrational level that was excited! for the asymmetric
stretching moden1,3.

39

In the gas phase, excitation of ammonia by electron sc
tering is feasible for energies above 5.14 eV,40 whereas elec-
tron attachment may occur at an energy as low as 4.93 e41

For hot substrate electrons generated by 6.4 eV photons
processes are attainable. For the ammonia/Cu~111! system
we also observe photodesorption for excitation with 4.0
laser light, albeit with cross sections approximately an ord
of magnitude smaller than at 6.4 eV. For electron attachm
J. Chem. Phys., Vol. 102,
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this would imply a downward shift of the gas-phase reso
nance by at least 1 eV. This can be accounted for by th
expected influence of the surface image potential and by th
formation of the chemisorption bond. Similar stabilization of
a resonance by electronic polarization of the substrate h
been proposed to account for photodesorption of molecul
oxygen from Pt~111!36 and Pd~111!31 for excitation at 3.9 eV
and higher energies. Excitation wavelength dependent tran
lational energies have also been reported for photodesorpti
in the O2/Pd~111! system. The observed variation in transla-
tional energy for different excitation energies was tentativel
attributed to the regions with different slopes that are acce
sible in the excited-state potential when the kinetic energy o
the scattering electrons is altered. A more comprehensive e
planation of this phenomenon, which we also observed in th
ammonia/Cu~111! system, is given by a new approach to
electron induced desorption introduced by Harris an
Holloway.42

B. Isotope effect

The electronic excitation of an adsorbate by electrons o
holes is often accompanied by a change of the equilibrium
configuration within the adsorption complex. At surfaces
most of these electronic excitations are believed to be sho
lived with lifetimes ranging from some'10215 to '10214

s.4 The forces acting along different coordinates of the sys
tem during the temporary perturbation induce nuclear mo
tion. The kinetic energy gained can subsequently lead to d
sorption or dissociation after return to the ground-stat
potential energy surface. Such a mechanistic picture was d
veloped to account for electron stimulated desorption from
surfaces by Menzel, Gomer,9 and Redhead10 in 1964 ~MGR
model!. The same year Bardsleyet al.43 also developed a
rather similar concept to model negative ion formation cros
sections for dissociative electron attachment in gas-phase e
periments~impulse approximation!. Their model was first
applied to account for the isotope effect of 200~!! ! in the
negative ion formation cross section for dissociative electro
attachment at H2 and D2.

44 The individual steps of this or the
MGR model may be visualized as an initial Franck–Condo
transition to an excited-state PES, movement on the excite
state PES, relaxation to an eventually desorption or dissoci
tion on the ground-state PES, as illustrated in the left pan
of Fig. 12. During the time the system spends in the excite
state, a lighter particle will travel further than a heavy one
and will thus acquire more kinetic energy. A convenient ex
pression describing this isotope effect, as derived from th
above model, is given by45,46

sm1

sm2

5S sex

sm1
D Am2 /m121

or
sm1

sm2

5S 1

Pm1
D Am2 /m121

,

~1!

where the desorption probabilityPm1
is connected to the

desorption cross sectionsm1
by

Pm1
5sm1

/sex.

Heresex is the excitation cross section which is in genera
unknown. It should be pointed out that although the basi
No. 8, 22 February 1995
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concept was developed as a one-dimensional model it is
applicable to multidimensional systems as long as the
evant coordinate is associated with the reaction path in
excited state. The experimentally observed isotope eff
may then be used to identify this reaction path, i.e., the
ordinate in the excited state along which the kinetic ene
required to break the molecule–surface bond is gained.

Applying the above formula to the measured isotope
fect of 4.1 for photostimulated desorption of NH3 and ND3
from Cu~111! ~a coverage! with the desorption cross section
sNH3

andsND3
and using the two masses for molecular m

tion along the molecule–surface coordinate~m1517,
m2520!, we obtain an excitation cross sectionsex of 5.43
10214 cm2. This cross section of more than 500 Å2 is physi-
cally unreasonable. In other words: the large isotope eff
cannot be accounted for by motion along the molecul
surface coordinate in the excited state using reasonable e
tation cross sections. In contrast, motion along the invers
coordinate, e.g., with reduced masses 2.5 and 4.2 for N3
and ND3, respectively, would yield a more sensible excit
tion cross section of 3.23 10219 cm2. Thus, using the same
arguments previously applied to photodesorption of amm
nia from GaAs~100! by Zhu et al.6 we also assign the large
isotope effect to the fact that the energy required to break
molecule–surface bond stems from nuclear motion in
excited state along aninternal ammonia coordinate.

Using the MGR model and the above expressions for
isotope effect we may now also try to understand the gene
trends in the desorption cross sections and resulting isot
effects when the ammonia coverage is altered. Obviously,
probabilityPm to overcome the activation energy for desor
tion ~from the ground state! has a crucial influence on the
isotope effect. For a given topology of the excited-state PE
the desorption probability depends—if we neglect relaxati
phenomena on the ground-state PES—on the excited-s
lifetime t and the ground-state binding energyEB . Larger
binding energies to the substrate require more kinetic ene
~in the internal coordinate! to break the bond while shorte
lifetimes in the excited state reduce the amount of kine

FIG. 12. Schematic illustration of a MGR-type desorption process for t
different reaction coordinates in the excited state. Steps leading to des
tion are: initial Franck–Condon transition to an excited-state PES; mo
ment on the excited-state PES within the average lifetimet; quenching att ret
followed by motion on the ground-state PES and eventually desorption if
kinetic energy~KE! exceeds the remaining barrier towards desorption. T
different reaction paths in the excited state are considered: motion along
molecule–surface coordinate~left panel! and motion along an internal coor-
dinate, e.g., the ammonia umbrella mode~right panel!.
J. Chem. Phys., Vol. 102,
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energy that can be acquired during the excitation. Bo
trends lead to a reduced desorption probability. The increa
in the isotope effect when going from the high to low cov
erage phase may thus be attributed to the increasing bind
energyEB ~'0.35 eVb2 coverage,'0.48 eVb1 coverage,
and '0.71 eV a coverage! which reduces the desorption
probability.

The energy which is gained by a particle in th
excitation–deexcitation cycle is given by a probability distr
bution P(E), whereE is the total—kinetic plus potential—
energy. Within the framework of the MGR model this distri
bution can be calculated using semiclassical Gaussian w
packet dynamics.47 The corresponding procedure which wa
developed by Gadzuk results in a Gaussian probability d
tribution P(E) which is schematically depicted in Fig. 12
However, only a fraction of particles within this probability
distribution has acquired enough energy to break t
molecule–surface bond, indicated by the shaded areas in
P(E) curves in Fig. 12. This fraction of molecules which ca
desorb~typically on the order of 1022 to 1024! depends on
the width and position ofP(E) with respect to the desorption
threshold EB , i.e., on the total energy gained in the
excitation–deexcitation cycle. The mean kinetic energy
desorbed molecules, however, is determined by the shape
the probability distribution aboveEB , which is not altered
substantially when the center of gravity ofP(E) is slightly
shifted. Thus, using this model, one doesnot expect a strong
correlation between desorption probability and kinetic e
ergy of desorbing particles. This conclusion is in agreeme
with our observations athn56.4 eV for the mean transla-
tional energies at different adsorbate coverages where
pronounced difference in translational energy was found d
spite the large differences in the desorption yield. It may al
account for the similar kinetic energies measured for the tw
isotopically labeled species despite their different desorpti
probabilities, which are manifest in the isotope effect. How
ever, using these arguments there is no simple explanat
for the strong increase in the isotope effect in the trans
tional energy at 308 nm compared to that at 193 nm.

The observed trends in the isotope effects and desorpt
cross sections may also be calculated on a semiquantita
level using the so-called displaced oscillator model describ
by Gadzuk and Holloway.48 Given that the isotope effect is
attributed to intramolecular motion in the excited state, w
use this model to calculate the amount of vibrational ener
which is acquired by the corresponding ammonia coordina
When a harmonic oscillator in the ground state is subject
a time-dependent perturbation—representing the forces
the excited-state PES—one may obtain analytical solutio
for the population of thenth vibrational level in the coordi-
naten after the perturbation is switched off at the timet ret.
The individual steps of this MGR-like excitation–
deexcitation cycle are basically the same as described ab
and are displayed in the right panel of Fig. 12. If the forc
constants in the excited and ground states are the same,
then obtains the simple Poisson distribution for the transiti
probabilityP(0→nn)
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P0→nn
~ t ret!5

bnn exp~2b!

nn!
, ~2!

whereb is given by

b52b0[12cos(vt ret!# with b05
Dq2•m
2\v

.

HereDq is the displacement of the two harmonic oscillat
potentials,v is the oscillator frequency in both ground an
excited state,t ret the time of return to the ground state, andm
is the reduced mass for motion along that coordinate.
needs to be mentioned that expression~2! is also the exact
quantum mechanical excitation probability function.48

The condition that ground- and excited-state vibration
frequencies should be identical is well satisfied for the inv
sion coordinate of gas-phase ammonia,41 to use this one as
an example. To account for the average lifetimet in the
excited state we have furthermore calculated the ti
weighted average for the transition probabilityP(0→nn):

P0→nn

t 5
1

t E
0

`

dtret expS 2
t ret
t DP0→nn

~ t ret!.

In order to obtain the desired expressions for the cov
age depedence of desorption cross sections and isotop
fects we then computed the probability of finding a molecu
with enough vibrational energy to break the surface bo
For simplicity, this implies that every molecule which is ca
pable of doing so will eventually desorb. This requires th
desorption occurs fast with respect to vibrational relaxatio
an assumption that seems to be justified for the propo
desorption mechanism~see Sec. V!. The desorption probabil-
ity Pdes for a given binding energyEB is then

Pdes~EB!5 (
nn•\v>EB

P0→nn

t .

For the calculation of the isotope effect,Pdes~NH3!/
Pdes~ND3!, at arbitrary binding energy we used a linear i
terpolation between the steps of the energy dependenc
Pdes(EB). For the low coverage phasea ~EB50.71 eV! we
obtained best agreement with the measurement isotope
fects of 4.1 for an excited state lifetimet of 1 3 1015 s.
Using this lifetime we then calculated the energy depende
of the desorption probability and isotope effect, see Fig.
For the estimated binding energies of theb1 phase this would
yield an isotope effect of 3.1 and for theb2 phase an isotope
effect of 2.4 which is—considering the simplicity of th
model—in nice agreement with the experimental trends a
isotope effects of 3.46 1.3 and 1.96 0.5, respectively.

This model also accounts— at least qualitatively—f
the continuous decrease in the effective cross section
lower adsorbate coverages as derived from the slope of
yield vs photon exposure curves~Fig. 8!. This becomes clear
if we keep in mind that strong dipole–dipole interactions
polar adsorption complexes lead to coverage-depend
binding energies, i.e., to coverage-dependent desorp
probabilities.

However, a crucial parameter of the whole analysi
namely the excited-state lifetime—remains subject to pu
J. Chem. Phys., Vol. 102,
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speculation as in most other studies involving such a
excitation–deexcitation cycle. This lifetime, which is known
to some extend for gas-phase excitations, remains almo
completely unknown due to a lack of direct measuremen
for excitations at surfaces. Theoretical calculations of th
n51 andn52 resonance widthsG for hydrogen in front of
an aluminum surface49 yield approximately 0.3 to 3.0 eV
which would correspond to a lifetime of'2.0–0.23 10215

s. Keeping in mind that all excited states of free ammonia
which is isoelectronic with neon—and also the first excited
states of the anion are associated with promotion of one
the 3a1 valence electrons to a Rydberg-like orbital of the
molecule,38 i.e., to a ‘3s’, ‘3 p’...-like orbital, a comparison
with the calculated resonance widths for hydrogen makes th
estimated lifetime of 13 10215 s at least plausible.

To sum up the results of this section:~i! the large isotope
effect for the desorption cross sections of NH3 and ND3 is
attributed to motion along an internal ammonia coordinate i
the excited state without assignment to a particular mode
this point;~ii ! the trends in the isotope effect and qualitative
agreement with the coverage dependence can be attributed
the variation of the desorption probability due to a change i
binding energy;~iii ! the estimated lifetime of 13 10215 s
seems reasonable considering the Rydberg character of
corresponding excited states in gas-phase ammonia.

C. Desorption dynamics

The amount of energy released along the different coo
dinates of the system during the desorption process provid

FIG. 13. Calculated dependence of the isotope effect~upper panel! and
desorption probability for NH3 and ND3, respectively~lower panel! on the
adsorbate binding energy~desorption threshold! using the displaced oscilla-
tor model described in the text. The results reproduce the observed trend
the coverage dependence for the isotope effect.
No. 8, 22 February 1995
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an avenue for probing the microscopic forces that are
volved in the desorption process. In this section we will d
cuss what can be learned from the angle-resolved distri
tions of flux and mean translational energy of desorb
ammonia. In addition we present trajectory calculations o
model PES which are intended to illustrate the proposed c
pling mechanism between the ammonia inversion mode
the molecule–surface coordinate. At a semiquantitative le
the calculations also yield the energy disposal into trans
tional and vibrational degrees of freedom.

1. Angular-resolved distributions of flux and mean
translational energy

As for the ammonia/Cu~111! system, the flux of photo-
desorbed molecules frequently exhibits angular distributio
strongly peaked along the surface normal. This behavio
anticipated for MGR-type reactions in which translation
energy is preferentially released along the surface norm
Despite the missing physical background these distributio
are commonly characterized by a cosn(q) law angular de-
pendence whereq is the polar angle with respect to the su
face normal. The flux angular distribution for photodesor
tion of NH3 from the high coverageb2 coverage, depicted in
the upper panel of Fig. 10 may best be approximated b
cos1764~q! distribution. The wings of the measured distribu
tion, however, deviate significantly from the cosn fit. We
therefore tried to model these distributions given that tra
lational energy is released exclusively along the surface n
mal. To calculate the angular distributions of both flux a
mean translational energy one then has to evaluate the n
ber densityN(vx ,vy ,vy) for different angles of detection
Given that motions parallel to the surface are independen
the perpendicular one, the number of molecules per unit v
ume having velocities betweenvx , vx1dvx , vy , vy1dvy ,
and vz , vz1dvz may be written as a product of the indi
vidual components perpendicular and parallel to the surfac2:

Nv~vx ,vy ,vz!d
3v5Nvi~vx ,vy!Nv'~vz!d

3v.

The perpendicular velocity distributionNv' is characterized
by the mean translational energy^Etrans

' & and the variance
^s2&—as derived from fitting the measured TOF distributio
~for detection along the surface normal!. For the velocities
parallel to the surface we simply assume that thermal m
tions prior to excitation are conserved in the desorption p
cess. The distributionNvi is then determined by the sampl
temperatureTS and frequencies for the frustrated transl
tions. Evaluation of the above expression with^s2&50.13
~the value for a thermal Maxwell–Bolzmann distribution!
and conversion to the flux domain then yields the flux ang
lar distribution f (q)dV:

f ~q!dV}
cos~q!dV

@sin2~q!/TS12kB•cos2~q!/^Etrans
' &#2

. ~3!

Details of the calculation and the more general form for
bitrary ^s2& will be presented elsewhere.50 For the mean
translational energy in the flux domain one obtains a simi
expression:
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^Etrans&
2kB

5S sin2~q!

TS
1
2kB•cos2~q!

^Etrans
' & D 21

. ~4!

The distributions resulting from Eqs.~3! and~4! are also
depicted in Fig. 10 together with the measured angular d
tributions using the experimental values for theb2 coverage
^Etrans

' &5107 meV andTS590 K. The excellent agreement
of calculated and experimental distributions, also for th
mean translational energies, encourages us to attribute
observed angular broadening to thermal motions parallel
the surface prior to the excitation. This implies that durin
the desorption process no forces are active parallel to t
surface~other than thermal excitations! and that kinetic en-
ergy from the electronic excitation is transferred essential
into thez coordinate~i.e., along the surface normal!.

2. Simulation of desorption dynamics: Trajectory
calculations

In the following we discuss the desorption dynamics o
the basis of a two-dimensional model which accounts fo
many of the experimental findings on a semiquantitativ
level. We first summarize what can be concluded from th
above discussion about the relevance of different coordina
for the desorption mechanism:~i! The magnitude of the iso-
tope effect reveals that the energy necessary to break
molecule–surface bond is acquired predominantly by an i
tramolecular coordinate during a short-lived electronic exc
tation. ~ii ! Comparison with the energetically lowest elec
tronic excitations of gas-phase ammonia by either photons
electrons suggests that at the surface the excited state sho
favor a change from the pyramidal equilibrium geometry to
wards a more planar configuration.38 This will result in vi-
brational excitation of theinversion mode~umbrella mode!
after deexcitation to the electronic ground state.~iii ! The
ammonia surface scattering experiments of Kayet al.16 re-
vealed substantial translational to vibrational energy transfe
i.e., a coupling between the inversion mode and th
molecule–surface coordinate. The observed coupling shou
also be operative for chemisorbed ammonia molecules w
high vibrational excitation of the inversion mode since th
scattering experiments of Kayet al.probe similar regions of
the ground-state PES above the desorption threshold. Dur
the excitation process other vibrational modes are likely
be excited as well~e.g., the symmetric or asymmetric stretch
ing mode!; we believe, however, that coupling of these
modes to the desorption coordinate is inefficient when com
pared to the inversion mode. The desorption mechanism p
sented below will allow efficient desorption within very few
periods of the umbrella vibration.~iv! Angle-resolved flux
and translational energy distributions indicate that the exce
energy channeled into translation is predominantly releas
along the surface normal. In view of these observations, w
conclude that the simplest description of the desorption pr
cess has to include at least the intramolecular umbrella v
bration and the motion along the surface normal.

In order to simplify the simulation of desorption dynam-
ics we restrict our model to two dimensions, namely, th
molecule–surface coordinate and the inversion mode, whe
the surface is assumed to be of infinite mass. The inversi
No. 8, 22 February 1995
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coordinatex is defined by the distance between the pla
intersecting the hydrogen nuclei and the nitrogen atom, wh
the coordinatez refers to the distance of the ammonia cent
of mass to the surface. The definition of both coordinates
illustrated by the cartoon in Fig. 14.

The desorption process is now modeled on the basis
an MGR-like desorption scheme. The first step involves e
citation to an excited-state PES which favors a planar geo
etry. Movement on this surface transfers potential into
netic energy in the inversion coordinate. The electron
lifetime in the excited state determines how much of th
energy is acquired up to the moment of deexcitation a
thereby governs the isotope effect. Movement on the grou
state PES thereafter determines how much energy is eve
ally channeled into the two degrees of freedom due to c
pling of both coordinates.

Some of the general topological aspects of the tw
dimensional ground-state PES are inferred from what
known about ammonia in the gas phase and the adsor
state~theoretical and experimental data!. At large distances
from the surface the PES will resemble the gas-pha
double-well potential with identical minima atx560.72

FIG. 14. Model PES of the ground state and excited state, respectively,
in the simulation of the desorption dynamics. The coordinatez refer to the
ammonia center of mass to surface distance whilex is defined as the dis-
tance of the hydrogen plane to the nitrogen atom~see cartoon!. The lower
section shows a contour plot of the ground-state PES~contour spacing 100
MeV!. The solid line displays for a typical desorption event a calculat
trajectory which has spent 9 fs on the excited-state PES.
J. Chem. Phys., Vol. 102,
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a.u. ~1 a.u.50.529 Å! which are separated by a barrier o
0.26 eV. Our work function measurements indicate that a
monia is adsorbed with the nitrogen end pointing towards t
surface (x.0). The depth of the chemisorption minimum is
given by the binding energy as derived from our therm
desorption data~0.7 eV,a coverage! while the positions inx
and z are adopted from cluster calculations for NH3 on
Cu~100!32 ~x510.7 a.u.,z54.1 a.u.!. Its curvature in both
coordinates is determined by vibrational frequencies th
have been measured for the ammonia/Cu~100! system.25,33

Furthermore, the electrostatic contribution to the chemisor
tion bond is expected to be present at arbitraryx due to the
strong polar character of the individual nitrogen–hydroge
bonds. This should lead to formation of a second, weak
chemisorption minimum in the inverted geometry (x,0)
and also to a lowering of the barrier between both minim
The position and depth of the second minimum~depth50.2
eV; x520.72 a.u., z54.8 a.u.! is guided by the calcula-
tions of Burnset al. for the NH3/Pt~111! system. Preliminary
results from a calculated PES for the NH3/Cu system by
Saalfranket al.suggest a somewhat larger separation alongz
between both minima.51

For our model calculations we have developed an an
lytic ground-state potential function which is consistent wit
the known experimental data and closely follows the topo
ogy of the calculated potential energy surfaces as describ
above. A contour plot is shown in the lower part of Fig. 14
The explicit functional form of the PES is given in the Ap
pendix. Note, that transformation to the ND3 center of mass
leads to a smaller separation,Dz, between the two minima
~ND3: Dz50.55 a.u.; NH3: Dz50.72 a.u.!. The analytic
form of the PES allows us to study the influence of the we
depth and position of both minima on the simulation of th
desorption dynamics. Trajectory calculations performed
this ground-state PES qualitatively reproduce the vibration
excitation in the inversion mode as observed in the scatter
data from Kayet al.16

Guided by the gas-phase potential of ammonia in theÃ
state, we use a displaced harmonic oscillator potential
both coordinates centered atx50 a.u. andz54.1 a.u. for
the excited-state PES. The nitrogen atom is not displac
along the surface normal. The vibrational quantu
\vx5100 meV alongx is chosen close to the gas-phas
value, while for\vz we use value for the molecule surfac
vibration ~45 meV for NH3!.

29 Due to the small reduced
mass in the internal vibrational coordinatex, motion on this
excited-state PES results predominantly in excitation of t
inversion mode.

In the ammonia center of mass coordinates the kine
energy terms in the Hamiltonian separate and the class
two-dimensional Hamiltonian is given by

H~x,z,px ,pz!5
px
2

2mx
1

pz
2

2mz
1V~x,z!,

wherepx andpz are the linear momenta alongx andz and
the two coordinatesx and z are coupled by the interaction
potentialV(x,z). The reduced mass in the inversion coord
natemx is 2.47~4.2! u, while the total mass ismz517 ~20!
u for NH3 ~ND3!, respectively.

sed

d
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The classical equations of motion are

dq

dt
5

pq
2

mq
,

dpq
dt

52
]V

]q
,

whereq refers to the coordinatesx andz, respectively. The
calculation follows a procedure developed previously
Hasselbrink.52 The starting conditions are derived from
random choice of initial coordinatesx, z, px , and pz
weighted by the appropriate ground-state wave function53

These are approximated by Gaussians determined by the
brational quanta\vx5120 ~92! meV and\vz545 ~41!
meV for NH3 ~ND3!, respectively. We then begin the simu
lation starting with the initial conditions by integration of th
above equations of motion on the excited-state PES~Vex!.
Quenching of the electronic excitation is modeled by a co
stant deexcitation probabilityPdex5t21 per unit time for the
return to the ground state. This results in an exponentia
decaying probability exp(2t/t) for a trajectory to continue
on Vex at the timet. If the total energy after deexcitation i
above the desorption threshold the trajectory calculation
continued on the ground-state PES.

The simulation revealed two types of desorption even
i.e., trajectories with positive total energy. While approx
mately 50% ‘‘desorbed’’~z.10 a.u.! directly within a few
vibrational periods of the inversion mode~tvib'35 fs! the
remainder populated quasibound orbits and did not sepa
from the surface within several picoseconds, i.e., a time sc
longer than what would be inferred from vibrational dam
ing at surfaces.14,15Because energy (T1) relaxation of adsor-
bate vibrations on metals is known to be fast due to damp
by electron-hole pair excitations, only those desorpti
events were considered for which the trajectory left the co
pling regime within the first several hundred femtosecon
after deexcitation. To exclude physically unlikely desorptio
events from the calculations, we terminated integration
trajectories at 1.2 ps. The influence this had on our res
was negligible~within changes of a few percent for the iso
tope effect! when this time limit was altered from 1 to 1.5 ps

The average lifetime in the excited state was adjusted
t 51.1 fs to yield reasonable desorption probabilities of t
order of 1023 and good agreement with the measured isoto
effect for thea coverage. Note that trajectories which act
ally desorb spend a much longer time~typically 5–8 fs! on
Vex. Calculation of 23 106 and 43 106 trajectories for NH3
and ND3, respectively, rendered a desorption probability
Pd,NH3

5 0.18% andPd,ND3
5 0.045% which corre-

sponds to an isotope effect ofsNH3
/sND3

5 4.2. Ourcal-
culations indicate that the isotope effect is mainly determin
by the lifetimet in the excited state and that possible co
tributions from the ground-state PES, e.g., due to differe
coupling efficiencies for both isotopes are negligible.

The calculated translational and vibrational energy d
tributions of the desorbing molecules are displayed in F
15. An average translational energy of^Etrans, NH3

& 5 108
meV and^Etrans, ND3

& 5 90 meV is obtained for NH3 and
J. Chem. Phys., Vol. 102,
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ND3, respectively. These numbers are in fair agreement wit
our experimental data@^Etrans&5102 ~93! meV for NH3
~ND3!# for ammonia on Cu~111!. The model also yields an
isotope effect for the mean vibrational energy@^Evib&5115
~80! meV for NH3 ~ND3!#. These isotope effects in the aver-
age vibrational and translational energies, which are sma
compared with the isotope effects in the yield, can be ratio
nalized if one considers that a heavier isotope acquires on t
average less energy in the excited state and hence less ene
will be available after deexcitation to be channeled into th
different degrees of freedom. From the trajectory calcula
tions we find no indication for a correlation between the
translational and vibrational energy of desorbed ammonia.

The calculated energy release into vibrational excitatio
of the desorbed molecules may be compared with rece
quantum-state-resolved data for stimulated desorption of am
monia. When ammonia was desorbed by electron impa
from Pt~111! Burnset al.12 report vibrational temperatures of
about 950 K~^Evib&'85 meV!, identical for both isotopes
within the error bars. Comparison with their experiments
shows that the energy disposal, particularly in the inversio
mode of the desorbing ammonia, is overestimated by ou
model calculation. This may be attributed to the low dimen
sionality of our model which prevents energy release int
other modes. Particularly, one might expect a coupling be
tween the inversion coordinate and the rotational degrees
freedom as suggested by Burnset al. Furthermore, the sur-
face has been treated as rigid and electronic damping of a
sorbate vibrations in the electronic ground state was com
pletely neglected for the first 1.2 ps. Even with these
simplifying approximations, our model is consistent with
many of the experimental findings, at least on a semiquan
tative level.

Further analysis of our trajectory calculations indicate

FIG. 15. Calculated energy release into the translational and vibration
degrees of freedom obtained from trajectory calculations~see the text!. Left
graph: desorption probability vs translational energy for NH3 and ND3.
Right graph: semilogarithmic plot for the vibrational population of desorbed
NH3 and ND3.
No. 8, 22 February 1995
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that ammonia molecules leave the surface exclusively in
inverted geometry (x,0), i.e., with the hydrogen atoms
pointing towards the surface. A trajectory representing a typ
cal desorption event is shown in Fig. 14. After energy ha
been acquired by the inversion coordinate during th
excitation–deexcitation cycle the molecule undergoes anin-
version on the ground-statePES. Obviously, desorption oc-
curs rapidly on a time scale comparable to the intramolecu
vibrational period~tvib'35 fs!. This reinforces our assump-
tion that damping on the ground-state PES can be neglect

We find that within the first picosecond the majority
~82%! of all desorption events is due to such rapid and dire
desorption processes while a small fraction~18%! performs a
few oscillations between both minima of the ground-sta
PES prior to desorption. This is illustrated in the histogra
shown in Fig. 16. Those desorption events that have und
gone multiple inversions prior to desorption~a process which
might be termed ‘‘vibrational predesorption’’! may contrib-
ute more strongly to the desorption yield provided that th
relaxation time of the inversion mode exceeds several vib
tional periods. If the displacement between the two minim
of the ground-state PES is increased we find that the relat
contribution of this second channel also increases. Howev
the general results of our model, i.e., the large isotope effe
and the comparable amount of energy disposed into trans
tion and vibration, are unaffected by such details of the PE

An interesting aspect of the desorption path seems to
its resemblance to the reaction paths frequently found f
elbow-type potentials in the case of a so-called ‘‘early ba
rier,’’ e.g., in gas-phaseA–BC exchange reactions.54 In this
picture the vibrational energy initially acquired in the inver
sion coordinatex adiabatically ends up in translational en
ergy alongz.55 The coupling on the PES, which is related to
the curvature along the reaction path, determines the ene
interchange between the two degrees of freedom. In su
mary we conclude that the isotope effect is determined by t
properties of the excited-state PES~e.g., the lifetime, slope,

FIG. 16. Number of desorption events vs number of inversions perform
prior to desorption as derived from the trajectory calculations. Within th
first picosecond the majority of all desorption events~82%! follows a direct
reaction path and performs a single inversion only.
J. Chem. Phys., Vol. 102, N
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etc.! while the energy partitioning between the internal an
translational coordinates is related to the details of the co
pling on the ground-state PES.

V. SUMMARY

The UV stimulated photodesorption for the ammonia
Cu~111! system has been investigated at three coverages
the submonolayer regime. From our results we conclude th
the desorption process involves the following steps:

~1! At both laser wavelengths used~193 and 308 nm!
light absorption in the substrate leading to generation of h
electron-hole cascades is believed to be the primary exci
tion step leading to desorption. Temporary localization of th
excitation at the adsorbate is then assumed to occur via el
tron scattering from ammonia molecules.

~2! The measured isotope effect in the photodesorptio
cross section of NH3 and ND3, respectively, is attributed to
the fact that the energy necessary to break the molecul
surface bond is acquired by an internal coordinate of th
molecule. The observed variation in the isotope effect wit
adsorbate coverage is attributed to changes in the adsorb
binding energy and can be calculated on the basis of a sim
excitation–deexcitation MGR-like desorption mechanism
when we employ an excited-state lifetime of 13 10215 s.

~3! Angle-resolved distributions of flux and mean trans
lational energy indicate that energy release into translatio
occurs predominantly along the surface normal. The angu
width can be assigned to molecular motions parallel to th
surface prior to excitation.

~4! Energy interchange between an internal ammon
mode and the molecule–surface coordinate requires coupl
of both coordinates. Our trajectory calculations indicate th
the inversion mode is particularly promising to account fo
efficient coupling. Ammonia is predicted to desorb rapidl
within a few vibrational periods in an inverted geometry, i.e
with the hydrogen atoms pointing towards the surface. E
ergy disposal into translational and vibrational degrees
freedom is not correlated and is found to be of similar mag
nitude.

To improve our understanding of the desorption mech
nism, state-resolved detection including also a characteriz
tion of other than the umbrella mode would be beneficial.
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APPENDIX

In the following we give the analytic form of the ground
PES used in the trajectory calculations~see Sec. V B!. The
coordinater is defined as the distance between the surfa
and the nitrogen atom and the coordinatex is defined by the
distance between the plane intersecting the hydrogen nuc
and the nitrogen atom, respectively. Transformation into th
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ammonia center of mass coordinatesz, x is straightforward.
All numbers and variables are in atomic units.

The ground-state potentialVg(x,r ) is modeled by a
modified Morse potential plus a term approximating the ga
phase double-well potential alongx:

V~x,r !5E~x!H F12expS 2dH r2r 0

21.07 sin2Fp5 S x/x02 3

4D G J D G221J
1Dx~0.44x

420.46x210.12!

with

E~x!5EBH 0.310.7 cos2Fp4 ~x/x021!G J
and

d5Amzvz
2

2EB
.

Here,Dx5mx•vx
2, EB is the binding energy for chemisorp

tion, vz andvx are the vibrational quanta, andr 054.0 a.u.
andx050.7 a.u. are the equilibrium distances alongr andx,
respectively~\vz545 meV and\vx5120 meV for NH3,
EB50.7 eV!. The massmz is the total ammonia mass an
mx is the reduced mass alongx.

The surface to nitrogen atom distancer transforms into
the ammonia center of mass coordinatez according to
r5z2x•m3/mz , wherem3 is the mass of the three hydroge
or deuterium atoms, respectively.
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