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Isotope and Quantum Effects in Vibrational State Distributions of Photodesorbed Ammonia
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A marked quantum effect has been observed in the vibrational state distribution of photodesorbed
ammonia. Namely, for quantum numbers larger than zero, symmetric and antisymmetric levels,in the
mode of the desorbed ammonia molecule are unequally populated. A strong propensity for symmetric
levels is observed for NH whereas the reverse is found for NDModel calculations reproduce this
effect. Moreover, it is found that the actual ratios probe the binding energy in the energetically less
favorable inverted geometry with the H atoms pointing towards the surface. [S0031-9007(97)02386-7]

PACS numbers: 82.65.Pa, 34.30.+h, 82.20.Kh, 82.20.Tr

Photostimulated desorption processes have attractaetbtails have been discussed in a recent publication [11].
considerable interest in recent years due to theiA pulsed excimer laser (193 nm, 17 ns) is used to illu-
fundamental importance and their ability to provide minate an area af X 8 mm (pulse fluence< 8 mJ/cn?)
complementary insights into molecule-surface interactioron the Cu surface. Ammonia is dosed between desorption
dynamics [1,2]. State resolved detection of desorbedhser pulses using a pulsed nozzle. The apparatus allows a
molecules and isotopic substitution of adsorbates are povdye laser beam to be aligned close (2.5 mm) to the sample
erful tools in unraveling the details of the microscopic[11]. 2 + 1 photon resonance enhanced multiphoton ioni-
events leading eventually to photodesorption [3—8]. Thezation (REMPI) via theB,E” state of ammonia is used to
photodesorption of ammonia has been proven to be detect photodesorbed ammonia molecules in a state spe-
system rich in detail, since the desorption dynamic<ific manner [18]. Spectra were recorded with the delay
follows a path which is multidimensional in canonical between the desorption and the dye laser set such that
coordinates [9—11]. Ammonia is believed to adsorb inpredominantly molecules in the maximum of the time-of-
atop sites with the N atom bound to the surface andlight distribution, 1000 and 850 ps for NH; and ND;,
an only slightly perturbed pyramidal internal geometryrespectively, we detected. Deuterated ammonia was ob-
[12]. An excitation to an electronically excited state of tained from Cambridge Isotope Laboratories with a speci-
approximate planar geometry leads to rapid acceleratiofied purity of 99%.
of motion in the out-of-plane bending’;-) mode when Because of lateral interactions, ammonia forms a num-
the molecule attempts to adopt the planar structure. Afteber of adsorbate states, which have been labele@,,
returning to the electronic ground state, which is expectednd 8, [13]. In this Letter we will solely present results
to happen within less than a vibrational period, thisfor the medium coveragg; state; this is not critical since
motion is continued. This motiodirectly couples to the no significant variation of the vibrational state distribu-
molecule-surface coordinate, since the H atoms are nowion has been observed as a function of coverage. The
approaching a highly repulsive region, thereby causingample was held at an elevated temperature at the onset of
desorption of the entire molecule. Recently this systenthermal desorption of thg, feature in order to achieve
has been the subject of a number of theoretical attempts & near constant coverage resulting from equilibration be-
model the desorption dynamics employing quasiclassicalveen thermal and laser stimulated desorption and pulsed
[13,14] and time-dependent quantum-mechanical methodgdosing between laser shots.

[14-16]. At the specified desorption laser fluences, about

In this Letter we report detailed vibrational state dis-10"* ML were found to desorb per laser shot. In
tributions of photodesorbed NHand ND; from Cu(111). common with the original observation on GaAs(100), a
Some results for NKHhave recently been published [11]. marked isotope effect in the desorption cross section is
For the first time, we observe a marked isotope-dependefound, with ratios(oxu,/oNp,) varying between 4.1 for
disparity of the population in the symmetry states in thelow coverages and 1.9 for saturation coverage for; NH
v, mode. Modeling shows that this feature probes theCu(111) [13]. Nonstate resolved time-of-flight mea-
binding energy of the molecule in its inverted geometrysurements showed that NHind ND; desorb with mean
which is not accessible by conventional spectroscopy. translational energies(Eans), of 102 = 7 and 93 =

The experiments have been carried out using a conve® meV, respectively. State-resolved time-of-flight mea-
tional molecular beam apparatus [17]. Most experimentasurements have confirmed these values and have shown
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no evidence for a systematic dependence of the medevels for v, > 0 are more strongly populated than the
translational energy on the quantum state probed [19]. antisymmetric ones.
Quantum state-resolved measurements showed thatWe define the parity as
NH; desorbs with a rotational temperatuig,,, differing
by not more than 20 K from the sample temperature
[11]. Only for the very low coverage regimer) does
the rotational temperature exceed the value expected for
accommodation with the sample temperature by 100 Kwhere N(v5) are the populations of the symmetiie-)
No evidence for deviations from Boltzmann statisticsand antisymmetriqd—) levels for quantum numbev,.
could be found. Hence, it can safely be concluded thagsing this definition we find that, for NH parities are
the rotational degrees of freedom are not relevant in the-g 14 + 0.14,0.41 + 0.16, and0.53 + 0.31 for v, = 0,
desorption process, although this statement may need 0 and 2, respectively.
be relaxed for the low coverage regime. The same data The data for NO show reversed parities, namely,
set showed that NHdesorbs with a vibrational tempera- (.08 + 0.15 and—0.45 * 0.12 for v, = 1 and 2, respec-
ture, 7\ip, of about 820 K for the,, mode (Fig. 1). tively. Forwv, = 0 the value could not be measured, but
These findings corroborate a two-dimensional modejve assume that it will be 0, as for NHand as predicted
put forward by Burnset al. [10] and Hertelet al. [13]. by theory (see below).
Accordingly, a ground state wave function is Franck- Time-dependent two-mode two-state wave packet cal-
Condon transferred to an electronically excited state  culations have been carried out. Accordingly, we ob-
where it survives for an ultrashort lifetime After return  tain numerically the nuclear wave functign(x, z; 1) for
to the ground stat&,, the wave packet may split into a a Franck-Condon excited particle surviving in the excited
recaptured and a desorbing part (Fig. 2).
New data for N show that this molecule desorbs

N(vy) = N(vy)
N(wy) + N(vy)’

P(Vg) = (l)

with a rotational temperature identical to that observed for
NH;. However, the average energy in thgvibration is
found to be significantly smaller at about 500 K.
In this Letter we focus on a finer detail of the 05
vibrational state distributions than the more global mean
energy in this degree of freedom. Namely, we have found i
a marked nonequal population of the states of different
symmetry in ther, manifold: For NH the symmetric
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FIG. 2. Contour plot of the ground state potential energy
surface used.z denotes the molecule-surface distangeis

FIG. 1. Boltzmann graph for the population distribution in the the intramoleculaw, coordinate. Contour lines are drawn each
symmetric and antisymmetric levels of the mode for NH 100 meV. A snapshot of the wave packet after 50 fs is depicted
(O, @) and ND; (A, A). The data have been obtained at a (after a residence time; of 7.5 fs). Clearly, two parts can be
sample temperature df; = 170 K. The dashed lines indicate distinguished, one being recaptured but vibrationally excited,
Boltzmann distributions withr,, = 820 and 500 K for NH the other approaching the exit channel towards desorption. The
and ND;, respectively. Symmetric levels are marked by closedcartoon at the bottom sketches the classical motion of the
symbols, antisymmetric levels by open symbols. molecule.
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state for some residence timg as
X(x’ it TR) — e*if{g(ter)/he*ilflg(zfﬂrR)/hX(x,Z;O) )
@
&
Here, x(x,z;0) is the initial wave function in thex &
(inversion mode) and coordinate, andd, and H, are 0.4} } ND. i
the excited and ground state Hamiltonians, respectively. 0.6} : -
Expectation values for any observallere then obtained 08 . | =
by running several quantum trajectories [Eq. (2)] and 0 1 2 3
incoherently averaging according to [4] v, Vibrational Quantum Number
% FIG. 3. Observed parity for individual levels in the,
f drre” ™/ (x(t; 7r) | Ax (t; TR)) manifold (O:NH;, ®:ND;). The lines represent the theoretical
N Jo results.
(A) = = )
f drre r/T
0
wherer is the electronic lifetime of the system. In discussing these results, we first mention that it

As shown in [20], this procedure corresponds rigoro-is not surprising that Nk and ND; show rotational
usly to the solution of an open system Liouville—von state distributions of near identical temperature since the
Neumann equation, when the quenching rate is coorotational degrees of freedom are accommodated to the
dinate independent and hence the decay exponential sample temperature, indicating that no forces are acting
time. 7 = 1.5 fs was determined by adjusting the the-in the desorption process which transfers energy into
oretical isotope effect in the total desorption yields torotational degrees of freedom.
agree with the experiment, and Eg. (3) was evaluated The lower average energy in the vibration for NDs
sampling100 7x points between 0.25 and 25 fs. Otheris expected, since, due to the higher reduced mass, en-
computational parameters and further details can be takesrgy transfer into this coordinate, which proceeds while
from Ref. [14,15]. the molecule is in the excited state, is less efficient.

Calculations using the potential energy surface proif the process is interpreted inatural, i.e., curvilin-
posed by Hertelet al.[13] predicted parities for NEi  ear, coordinates, which has been discussed as a semi-
of opposite sign to the experiment. Careful inspectiomquantitative interpretation [11], the reduced vibrational
of the model potential showed that the only featuretemperature follows naturally from the different ratios
which could be modified without influencing the predictedof the molecular to the reduced internal mass for;NH
isotope effect and average translational and vibrationahnd ND;.
energy severely was the depth of the potential in the The core of this Letter is the observed nonthermal
region where the molecule approaches the surface withopulation of the states of different symmetry and the
the hydrogen atoms toward the surface. All other asisotope dependence of this effect. The first question
pects were either fixed by the experimentally observedrising is whether this effect arises from simple Frank-
vibrational frequencies of the adsorbed molecule and th€ondon arguments involving the initial and asymptotic
asymptotic potential of the free molecule or led to re-wave functions or whether it is due to the dynamics.
sults in conflict with the experiment. Systematic vari- For this reason, calculations with the other isotopomer’s
ation of the well depth in the inverted geometry showednitial wave function were carried out. The results for
that the calculated parities depend strongly on the choicBlD3;, assuming the initial wave function from NHgave
made and even change sign. Using a binding energy gfarities practically identical to the ones obtained foryND
the potential in this region of 0.35 eV, which is half the with its proper initial wave function. Thus, the effect does
value experimentally determined for the upright geometrynot simply arise from the different initial wave functions
(at low coverage), the measured parities for;Neduld  or their overlap with the asymptotic ones.
be reproduced (Fig. 3). Moreover, the calculated average Liu and Guo [21] have used the potential energy surface
vibrational energy, 132 vs 89 meV experimentally, andof Hertelet al. [13] to study NH surface scattering. For a
average translational energy, 122 vs 102 meV, are iscenario where the NHnolecules were prepared in states
broad agreement. of different symmetry, they found rather strong mixing

Applying the same model to NDwithout varying any of these states such that the scattering process totally
parameter gave desorbates vibrationally colder than NHscrambles the symmetry states. Since the photodesorption
by a factor of 1.74 (experiment, 1.64). Moreover, theprocess is essentially a half-collision, this should also
calculation predicts parities of 0.8,0.05, and—0.214 for ~ apply in our case.
vy = 0, 1, and 2, respectively, in close agreement with the Thinking in terms of time-independent scattering the-
experiment. ory, each asymptotic eigenstate collects a certain phase
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