
JOURNAL OF CHEMICAL PHYSICS VOLUME 111, NUMBER 3 15 JULY 1999
Ultraviolet-laser induced desorption of NO from the Cr 2O3„0001… surface:
Involvement of a precursor state?

M. Wilde and O. Seiferth
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4–6, D-14195 Berlin, Germany

K. Al-Shamery
Physikalische Chemie, Carl v. Ossietzky University, Postfach 2503, D-26111 Oldenburg

H.-J. Freund
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4–6, D-14195 Berlin, Germany

~Received 6 October 1998; accepted 22 April 1999!

NO molecules interact with the Cr2O3(0001) surface to form a chemisorption bond of 1.0 eV. At
higher coverages an additional more weakly bound species appears in thermal desorption spectra
with a binding energy of 0.35 eV. By infrared spectroscopy the weakly adsorbed species is identified
to be an unusually strong bound NO-dimer exhibiting a weak feature at 1857 cm21 beside the
chemisorbate absorption band at 1794 cm21. Laser induced desorption experiments performed at 6.4
eV are presented with main emphasis on the high coverage regime. The desorbing molecules are
detected quantum state selectively using resonance enhanced multiphoton ionization. The desorbing
molecules are strongly rotationally and vibrationally excited conform with a nonthermal excitation
process. The velocity distributions of single rovibronic states of desorbing NO are bimodal and
exhibit a strong coupling of rotation and translation. With increasing coverages an additional
channel is observed appearing in the time-of-flight spectra ofv950 as smoothly increasing intensity
at long flight times. The numeric values of these unusually long flight times are indicative for long
residence times on the surface rather than small kinetic energies. The desorption efficiencies weakly
depend on the concentration and vibrational state ranging from (2.060.3)310217cm2 at low
coverages to (1.060.4)310217cm2 at high coverages forv950. The intensity of the desorption
signal per laser pulse only increases proportional to the chemisorbate coverage. The data are
interpreted assuming the dimers to act as extrinsic precursors within the desorption process.
© 1999 American Institute of Physics.@S0021-9606~99!72027-1#
ft
ud

o
.
a

ic
tia
ith
fo

n
te
rp
u
ic

or
hi
it
t

er

the
n of
en

nor-
m

ping
ace

for
hich
fer-
ro-
ces
of

re
ept
on
n
ion

gh
i-

ion
I. INTRODUCTION

The dynamics of laser induced reactions at surfaces a
electronic excitation has been the subject of intense st
over several decades by now.1–3 Of particular interest is the
initial excitation and the energy transfer between the m
ecule and the surface and to internal degrees of freedom

Very common is an excitation mechanism implying
charge transfer within the adsorbate-surface complex.4–6 Af-
ter excitation the molecule can gain momentum perpend
lar to the surface from acceleration within the hyperpoten
of the excited state. In most cases, the residence time w
the excited state is rather short, for metals a few and
insulator surfaces a few tens of femtoseconds.7–9 Depending
on the lifetime within the excited state the gain of mome
tum may be sufficient to overcome the potential well af
relaxation into the ground state and thus to initiate deso
tion. In most cases reported so far, more than one molec
degree of freedom is relevant for the desorption dynam
beside the molecule surface distance.

The dynamics are complicated in the case that temp
trapping of the molecule occurs prior to desorption. In t
case, the molecule looses sufficient energy by colliding w
the surface to be unable for an immediate escape from
gas-surface potential. During a certain residence time, en
1150021-9606/99/111(3)/1158/11/$15.00
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may be accumulated in excess of the well depth so that
molecules can finally escape and desorb. The phenomeno
trapping or caging prior to desorption has frequently be
observed in several photodesorption experiments.10–13 In
those cases, internal state distributions after desorption
mally exhibit two channels, one hot channel resulting fro
direct desorption and a second channel attributed to trap
with internal state distributions accommodated to the surf
temperature.

However, it may come as a surprise that no examples
laser induced desorption have been reported so far w
discuss trapping into an intermediate molecular state dif
ent from the initial state before laser excitation. Such a p
cess would involve rather complex hyperpotential surfa
with more than one local minimum within the coordinate
the molecule-surface distance in the ground state.

The involvement of such multiple hyperpotentials a
well known for describing adsorption and led to the conc
of weakly bound precursors preceding chemisorption
solid surfaces in the fifties.14–16Since then it has become a
important issue, for example, in the studies of adsorpt
kinetics using scattering techniques.17 Two different cases
are distinguished. An intrinsic precursor state runs throu
initial physisorption on a clean surface followed by chem
sorption. The model for an extrinsic precursor in adsorpt
8 © 1999 American Institute of Physics
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1159J. Chem. Phys., Vol. 111, No. 3, 15 July 1999 Laser induced desorption: involvement of a precursor state
assumes that molecules adsorbed in a second layer are
to move freely until they reach a vacant adsorption site
the surface and are finally trapped within the chemisorb
state.16

As mentioned, numerous examples for the involvem
of precursors have been reported within investigations
adsorption while none is known for the involvement of
precursor state in UV-laser induced desorption. In this c
text NO on Cr2O3(0001) is a particularly interesting syste
to study as it exhibits a variety of molecular phases.
controlling the coverage, we have the opportunity to look
the photochemistry of isolated molecules interacting stron
with the surface or to study the high coverage regime wh
an additional more weakly adsorbed species coexists.

In this paper, we present in the first part a detailed ch
acterization of the NO adsorbed on an epitaxial film
Cr2O3(0001) grown on Cr~110! including infrared reflection
absorption spectra~IRAS! and temperature programmed d
sorption ~TPD! ranging from low to high coverages. W
shall show that the physisorbed species is due to dimer
mation at higher coverages. In the second part of the pa
quantum state selective experiments on the UV-laser indu
desorption are reported after excitation at 6.4 eV. From
cent investigations, it is known that photodesorption of N
at Cr2O3(0001) is initiated by an electron transfer from th
substrate to the adsorbate with the formation of an NO2 like
intermediate state from low coverages for the excitat
wavelengths used.18–21 In this paper, the main emphasis w
be put on desorption from the high coverage regime. T
data are discussed suggesting a mechanism in which
dimers act as a precursor state within the photoreac
process.

A variety of other interesting phenomena observed in
laser induced desorption of NO/Cr2O3(0001) which occur at
lower excitation energies such as surface state induced
cesses and connected electron spin effects are discu
elsewhere.18–20 Likewise, the role of the initial vibrationa
population as well as the influence of hindered translation
subject of further publications.20,21

II. EXPERIMENTAL SETUP

The experiments were carried out in a ultrahigh vacu
~UHV! chamber which has been described in de
previously.22 The system was equipped with low-ener
electron diffraction~LEED!, Auger electron spectroscop
~AES!, x-ray photoelectron spectroscopy~XPS!, x-ray Auger
electron spectroscopy~XAES!, and a TPD facility. Infrared
spectra were recorded in a different UHV chamber descri
elsewhere, equipped with a Mattson Fourier-transform in
red spectrometer~FTIR! with 2 cm21 resolution.23 A ~110!-
terminated chromium single crystal was connected with t
talum rods to a sapphire attached to a copper liquid nitro
reservoir which allowed cooling to 90 K. The sample te
perature was controlled by a chromel-alumel thermocou
spot welded to the side of the crystal. Several cycles of n
ion bombardment and annealing were necessary to clean
crystal from contamination mainly due to atomic nitroge
An epitaxial film of Cr2O3(0001) of 30–50 Å thickness wa
obtained by oxidizing the cleaned crystal in an atmospher
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1026 Torr of oxygen at 600–800 K and annealing the oxi
to 1000 K. To remove contamination the sample was clea
prior to each experiment by flash heating to 1000 K.

The laser induced desorption~LID ! experiments were of
pump-probe type. Desorbing NO molecules were detec
using resonance enhanced multiphoton ionization~REMPI!.
The adsorbates were desorbed by pump laser pulses
broadband excimer laser~Lambda Physik EMG 200! run at
6.4 eV with normal incidence on the surface. The laser
ence was typically 1 mJ/cm2 per pulse in most of the experi
ments with a pulse length of 15 ns. The desorbing molecu
were detected in the gas phase after a well-defined time d
at a distancer of 32 mm parallel to the surface with a
excimer laser~XeCl, Lambda Physik LPX 205 i cc! pumped
tunable dye laser~Lambda Physik LPD 3002!. For the NO
detection, the well-known (111) REMPI scheme via the
A 2S state was employed.24 The ions were detected perpe
dicular to the desorption and detection laser beam direc
with a repeller electrode, a short drift tube, microchan
plates and a phosphor screen.

Time-of-flight ~TOF! spectra were obtained for singl
rovibronic states of the NO by fixing the detection las
wavelength to the maximum of a selected rovibronic tran
tion and varying the time delay between desorption and
tection laser pulses. At each time delay, the desorption sig
was averaged over 150 laser pulses to yield a good sig
to-noise ratio. The transformation into velocity distributio
P(v) was performed by weighting the measured sig
S(r ,t) with the flight time t. The corresponding velocityv
was calculated from the distancer of the detection laser to
the surface and the flight timet.

The NO molecules were redosed after each desorp
laser pulse using a pulsed molecular beam apparatus fo
low coverage regime~electromagnetic solenoid valve, Gen
eral Valve Corporation, driver pulse width 700ms, NO stag-
nation pressure52.0 bar, nozzle diameter5800mm!. The
repetition rate of the experiment cycles was 4 Hz. Details
the molecular beam will be given elsewhere.20 Under these
conditions, one beam pulse contained approximately
31024 ML of NO, as calibrated against the thermodeso
tion signal intensity of NO assuming a sticking probability
one~>lower limit!. The base pressure in the chamber did n
exceed 3310210Torr when the molecular beam was ru
ning.

To conduct photodesorption experiments at higher N
coverages background gas dosing was necessary in ord
redose a larger number of molecules between the desorp
laser pulses. Therefore, the detection laser was operate
twice the desorption laser frequency~2 Hz! and the back-
ground signal due to the gas phase NO recorded betwee
desorption pulses was then easily subtracted using a bo
integrator.

III. RESULTS

A. The NO adsorption on Cr 2O3„0001…

1. The clean oxide surface

Chromium oxide is a corundum-type oxide. The stacki
of layers along a direction perpendicular to the~0001! plane
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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1160 J. Chem. Phys., Vol. 111, No. 3, 15 July 1999 Wilde et al.
consists of basically flat oxygen layers alternating with bu
led metal ion layers. In principle, the polar bulk truncat
~0001! surface is electrostatically unstable due to the div
gence of the surface potential. A stable~0001! surface is
obtained by cutting the stack of layers between the buck
metal ion layer halving the number of metal ions left on t
surface~Fig. 1!. Further strong relaxation of the first fou
layers reduces the surface dipole moment and leads to
face energies close to those for nonpolar oxide surface
has been found in recent full dynamical LEED studies.25

2. TPD data of NO desorption from Cr 2O3(0001)

In order to get insight into the bonding of NO, a series
TPD spectra of NO/Cr2O3(0001) was recorded. Figure
shows a selection of TPD spectra as a function of increa
NO coverage deposited with the molecular beam doser a
K. The temperature ramp of 3 K/s was linear over the wh
temperature range. At low coverages, a chemisorbed spe
is observed at a desorption temperature of (340620) K. As
the peak position of the TPD signal is not much depend
on the surface coverage an assumption of first-order des
tion kinetics for the analysis of the chemisorbate appe
reasonable. From the analysis of the TPD data, a bind
energy of 1.0 eV~97.5 kJ/mol! was obtained according to th
method of Redhead using a prefactor of 1013s21.26 Beside
chemisorbed NO desorbing at (340620) K, an additional
more weakly adsorbed species is apparent in the TPD sp
at (125610) K at larger coverages. The inset of Fig. 2 sho
the integral of the TPD intensities of the two main spect
features as a function of dosing time. The graph clearly
hibits the saturation behavior for chemisorbed NO before
growth of the second species starts. The latter will be d
cussed further below.

Features atm/e544 appear simultaneous to desorpti
of weakly adsorbed NO for large coverages.M /e514 be-
haves similar tom/e544. This is indicative for N2O forma-
tion. From IR data it is apparent that the reaction occ
during heating with immediate escape of the N2O into the
gas phase after formation. Apparently, some impurities t
ger this reaction during thermal desorption as N2O is only
observed for high dosing rates using background dosing.
N2O formation occurred with molecular beam dosage
which the background pressure did not exceed
310210Torr.

FIG. 1. Schematic drawing of the Cr2O3(0001) surface.
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3. Adsorption of NO: low coverages

The chemisorbed species has intensively been studie
a variety of spectroscopic methods like electron-energy l
spectroscopy~EELS!, XPS, angular resolved UV photoelec
tron spectroscopy~ARUPS!, IRAS, and ion scattering spec
troscopy~SS!.27 The molecule is known to adsorb on top
the chromium ions with a tilt angle of 20°–40° with respe
to the surface normal.27 No superstructure has been observ
with LEED suggesting that the adsorbate layer is likely to
disordered and forms a (131) superstructure after saturatio
of the regular chemisorption sites. From photoemission d
it was confirmed that NO substantially covers the surface
other words that chemisorption is definitely not due to def
adsorption.27,28

The chemisorption energy is remarkably high for
transition metal oxide surface where the bonding is of
dominated by electrostatic interactions.29 In case of NO/
Cr2O3(0001), the adsorption energy is twice as large co
pared to what has been found for other systems.29 A stronger
chemisorptive interaction is also apparent from strong sh
of binding energies of molecular orbitals found in ARUP
from strong shifts of the vibrational frequency with respe

FIG. 2. Temperature programmed desorption spectra~TPD! of NO from
Cr2O3(0001) taken with a linear temperature ramp of 3 K/s for increas
dosing times at 90 K~dosing with a molecular beam: 4 Hz, driver puls
width 700ms, NO stagnation pressure52.0 bar, nozzle diameter5800mm;
lowest trace: equilibrium concentration at surface during LID experimen!
~QMS-signal maximum at 340 K.731029 A!. Inlet: integral intensities of
TPD spectra of NO/Cr2O3(0001) as a function of deposition duration at 9
K for the two main desorption species.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 3. ~a! FTIR spectra of NO/Cr2O3(0001) as a function of coverage~dosing via needle doser!. ~b! FTIR spectra of NO/Cr2O3(0001) for a high coverage
~dosing via needle doser! after subsequent short heating to different temperatures.
a
0

e
s

b
N
th
xi
e
f

io
th
io
e

te
N

th
a

in

e
lo
-

k
y

f
er-
n-

lid
-
our

un-

illa-
875
rp-
ite
orp-
i-
to

d
is

lent
fea-

ly
to the gas phase value27 and from the disappearance of
superstructure for the clean chromium oxide surface at 15
observed in LEED with adsorption of NO.30

In order to obtain a deeper insight into th
NO/Cr2O3(0001) interaction, IR spectra were recorded a
function of coverage as shown in Fig. 3~a!. At 1 L the vibra-
tional frequency is found to be at 1789 cm21 which is rather
different from the gas phase value of 1876.11 cm21 ~Ref. 31!
and which is conform with a strong interaction with the su
strate. At lower coverages, the absorption band of the
stretching vibration shows an asymmetric broadening at
low frequency side and a shift of the IR absorption ma
mum from 1789 to 1759 cm21 when reducing the coverag
from 1 to 0.1 L. Normally, distortions by coupling effects o
close lying frequencies from defects or regular adsorpt
sites of strong absorbers account for asymmetries in
spectra. In the low coverage limit simultaneous occupat
of defect and regular sites are likely to occur. In this regim
it is expected that the frequency of defect sites is shif
towards lower frequencies. This has been observed for
for a variety of systems with stronger 2p* back donation
and is eased by metald orbitals lying close in energy.32

However, at larger coverages, this effect is covered by
more important effect of dipole–dipole coupling leading to
further shift towards higher absorption frequencies with
creasing coverage and subsequent linewidth narrowing.33

4. Adsorption of NO: high coverages

The linewidth narrowing of the absorption band is rath
pronounced at coverages above 1 L. In contrast to the
coverage regime~0.1–1 L!, the frequency shift of the absorp
tion band from 1789 cm21 at a 1.5 L dosage to 1794 cm21 at
a 2 L dosage is small. Furthermore, a second small pea
1857 cm21 is observed. It disappears when heating the s
Downloaded 27 Jun 2007 to 141.14.129.106. Redistribution subject to AI
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tem above 220 K@Fig. 3~b!#. The maximum intensities o
both absorption bands grow further with increasing cov
age. The high frequency vibration couples marginally stro
ger than the one at 1794 cm21 as it shifts from 1847~1.5 L!
to 1856 cm21 ~2 L!.

Sharp bands are typically seen in multilayers of so
NO.34 However, multilayer formation of NO normally oc
curs at much lower temperatures than the 90 K used in
experiments @NO/Ag~111!: 15–40 K,11,34–36 NO/
Pt~polycryst.!:.20 K,37 NO/LiF~001!: 50 K,38 NO/MgF2: 20
K,39 NO, graphite: 30 K.40#. Hence, multilayer formation is
unlikely the cause of the weakly adsorbed species enco
tered here.

Data of isotope mixtures on polycrystallinea-Cr2O3

taken under ambient conditions showed that the NO osc
tors with absorption bands at 1735–1745 and 1865–1
cm21 are equivalent and are not related to different adso
tion sites.41 The cited results rule out a second adsorption s
with a weak adsorbate-substrate interaction. Such an ads
tion would involve a weak dipole moment and a concom
tantly weak adsorption band with an IR frequency close
the gas phase value of 1876.11 cm21.42

Cis-dinitrosyl species~two NO molecules bound to the
same chromium ion without dimer formation! are discussed
to account for an absorption band at 1755 cm21 and a weaker
band at 1875–1880 cm21 on silica supported chromium
ions.42–44 However, the interpretation is controversial an
other authors claim cis-dimer formation to occur for th
polycrystalline system.45,46

As the Cr-d-orbitals are known to be localized,47 long
range interactions between the NO molecules at equiva
adsorption sites as cause for the appearance of a second
ture in IRAS and TDS may be ruled out as this would imp
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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1162 J. Chem. Phys., Vol. 111, No. 3, 15 July 1999 Wilde et al.
interactions on distances of 5 Å~5 the distance betwee
equivalent surface Cr-atoms!.

5. NO dimers

The frequency of 1857 cm21 characterizing the weakly
bound NO on Cr2O3(0001) is very similar to the symmetri
stretching frequency of NO dimers~gas phase value: 186
cm21 48!. The corresponding asymmetric stretching fr
quency of the dimer in the gas phase is known to be at 1
cm21. This frequency matches well with the observed f
quency of 1794 cm21 at higher coverages.

Symmetry arguments as stretched out in detail
Brown, Gardner and King can be used to determine the
entation of the dimer.34 In the gas phase, NO dimers have
cis-planar trapezoidal structure displaying aC2v symmetry.
The coupling of the unpaired 2p* electrons give a singulet
(1A1) ground state which explains why the trans conform
tion is much less stable.49 There are a number of example
for which this structure is sustained in solids,50 matrixes,51

and on surfaces.34,35,52The N–N–Obond angles are 101.3
in solid NO.50 The N–N distance ranges from the rath
large value of 2.236 Å in the gas phase to 2.18 Å in the so
This long N–N distance concomitant with the weak dim
bond is attributed to the Pauli repulsion between the e
trons in the 1p orbitals of the NO molecules within the dime
plane.

We assume that the usually foundcis-planar trapezoida
configuration of the dimer is also sustained on Cr2O3(0001).
Even though dipole selection rules principally differ on su
faces of oxides and of metals, screening effects are still p
sible on thin insulating films due to an underlying metal,
that in a first approximation the metal selection rules
likely to be sustained also on the 30–50 Å thin epitax
chromium oxide film.53,54 Therefore, it is unlikely that a
rather flat lying dimer would have significant intensities
the vibrations. Furthermore, it is known fromab initio cal-
culations on similar systems like NO/NiO~100!55 that the in-
teraction of the oxygen 2p bands and the 2p system of the
NO molecules is strongly repulsive. From both argument
is very likely that the molecular plane shows a stronger
with respect to the surface. The interaction of the dim
with the underlying support is asymmetric, if one chromiu
ion is involved in the surface bond. The resulting symme
is eitherCs

2 ~end on symmetry as depicted in Fig. 4! or C1 .
In both cases, both NO stretching vibrations are allow
from symmetry selection rules. Let us assume a geom
with an end-on symmetry as depicted in Fig. 4. For t
packing arrangement, the net dipole moment of the symm
ric stretch will be perpendicular to the direction of the N–
bond while it will be parallel to the N–N bond for the asym
metric stretch. As the symmetric stretching vibration
higher frequencies~1857 cm21! is approximately parallel to
the surface the intensity of this vibration remains mu
weaker in intensity than the corresponding asymme
stretching vibration~at 1794 cm21!. The case is just the othe
way round for an adsorption geometry with both N-ends
teracting with the surface~‘‘upright’’ or ‘‘tilted,’’ i.e., with a
certain tilt of the molecular plane with respect to the s
face’’! for which the symmetric stretch would dominate t
Downloaded 27 Jun 2007 to 141.14.129.106. Redistribution subject to AI
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spectrum. Therefore, an adsorption geometry close to
end-on stacking arrangement like the crystal-packing str
ture of NO/graphite depicted in Fig. 4 is very likely to occ
or a geometry close to it allowing a tilt of the N–N axis wit
respect to the surface normal.52 The arguments based on N
interaction with the surface via a N–Cr ion bond. The sa
arguments still hold in case bonding occurs via the oxygen
NO which cannot be ruled out from IR-selection rules.

Such a packing structure could also explain the cover
dependence of the frequencies. Similar to our observat
Brown, Gardner, and King observed a loose coupling of
symmetric stretch in the second layer and an initial unc
pling of the asymmetric stretch at low multilayer concent
tions in adsorption of isotope mixtures of NO on Ag~111!
~Ref. 34! which they related to the end-on stacking arrang
ment as discussed above.

Anyway, the existence of a dimer at such elevated te
peratures as 90 K is very unusual. The desorption temp
ture of the weakly adsorbed species of NO/Cr2O3(0001) cor-
responds to a binding energy of 0.35 eV as derived from
simple Redhead analysis26 when assuming a prefactor o
1013s21. However, if the molecule is freely rotating in th
transition state for the desorption this factor can be up to 2
orders of magnitude larger, in other words the binding e
ergy can even be larger. This is in strong contrast to
dissociation energy of the gas phase dimer at 0.0
60.005 eV.56 When interacting with a surface dimers can
stabilized at higher energies as has been shown
NO/Ag~111!,34,35 NO/Cu~111!,57 and NO on oxidized
Mo~110!.58 In those cases, dimers exist even at a surf
temperature of 90 K. However, this is the exception rat
than the rule. Normally, the molecule surface interaction
either so strong that monomer adsorption is preferred
weakly interacting NO molecules dimerise immediately.

Stabilization of the dimer on Cr2O3(0001) could occur
either by an interaction of both NO molecules with the su

FIG. 4. Schematic drawing of the crystal-packing structure as suggeste
Suzanneet al. ~see Ref. 52! at high coverages of NO on graphite; arrang
ment of dipole moments for~a! the symmetric stretch of the NO dime
viewed from on-top and~b! the asymmetric stretch viewed from the side
the 3D structure@after a drawing of Brown, Gardener, and King~see
Ref. 34!#.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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1163J. Chem. Phys., Vol. 111, No. 3, 15 July 1999 Laser induced desorption: involvement of a precursor state
strate~which was ruled out from IR intensity arguments! or a
substantial change of the Pauli repulsion between thep
orbitals. This may be caused by either a strong distortion
the electronic structure of the NO end in contact with t
substrate or from the strong electric fields of the polar s
face.

This kind of perturbed dimers seems to be a peculia
of certain oxidic surfaces as similar observations have b
found by Queeney, Pang, and Friend for NO dimers on o
dized Mo~110!.58 Dimer formation did not occur on Mo~110!
~Ref. 59! and Mo~110! modified with atomic oxygen in high
coordination sites,60 though both exhibit rich NO spectra i
IRAS and high-resolution electron energy loss spectrosc
~HREELS!. Supported by elaborate isotopic experime
they attributed a feature at 1871 cm21 to dimer formation on
oxidized Mo~110! while a second feature at 1820 cm21 was
related to dinitrosyl. A feature at 1728 cm21 belonging to
monomeric nitrosyl only marginally shifted to higher fre
quencies and sharpened with dimer occurrence.

6. N2O formation?

N2O formation is observed for a number of systems l
the high coverage regime of NO on Si(111)(737),61 NO on
Mo~110!,59 and oxygen modified Mo~110!60 or NO dimers
on Ag~111!.34 N2O formation does not occur from simpl
adsorption at Cr2O3(0001) as is evident when comparing th
N2O/Cr2O3(0001) IR spectrum~Fig. 5! to the high coverage
spectrum of NO~Fig. 3!. The N2O spectrum exhibits a
prominent feature centered at 2246 cm21 corresponding to
the gas phase value of 2224 cm21 ~Ref. 62! of the N–N
stretching vibration and a feature centered at 1237 cm21 cor-
responding to the gas phase value of 1285 cm21 ~Ref. 31! of
the N–O stretching vibration. These features are absen
the NO spectra even after heating the surface. This indic
that N2O observed in TPD is formed during heating wi
immediate escape of the molecules into the gas phase
oxidized Mo~110!, N2O formation evolves via a dinitrosy
intermediate rather than from dimeric species as shown
Queeney, Pang, and Friend.58 The lack of N2O formation
during adsorption implies that the photochemistry of the l
and high coverage regime can be studied
NO/Cr2O3(0001) without the complication of surface rea
tions and possible subsequent photodissociation of such
action products. Also no photoreaction products in detecta
amounts have been observed in TPD and XPS measurem
after photoexcitation. With this respect our data differ fro

FIG. 5. FTIR spectra of 6 L N2O/Cr2O3(0001) deposited at 90 K.
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other systems such as NO/Si(111)(737) for which cover-
age dependent photochemistry has been studied.61

B. Photodesorption of NO from Cr 2O3„0001…

1. Desorption efficiency

The photodesorption cross sections were measured
preparing a defined initial coverage via molecular beam d
age and a subsequent monitoring of the desorption signa
the gas phase as a function of photons impinged on the
face. Assuming desorption kinetics of first order, the data
be analyzed by plotting the logarithm of the intensity of t
desorbing species in a single rovibrational state as a func
of the total number of photonsnph impinged on the surface
From the slope the desorption coefficients is extracted.

An example for the analysis of the depletion curve sta
ing with a saturation coverage of chemisorbed NO, i.e., a
coverage of regular adsorption sites on Cr2O3(0001), is
shown in Fig. 6. From TPD data it is apparent that the init
surface coverage is substantially depleted depending on
number of photons impinged on the surface. Basically, t
slopes can be observed in the semilogarithmic plot of
data. The desorption cross section for coverages excee
1/5 of the saturation coverage of the chemisorbate is (

FIG. 6. ~a! desorption signal in the gas phase (v52100 m/s,J9524.5,v9
51, 2P1/2! as a function of laser pulses impinged on the surface after p
paring a defined initial coverage via molecular beam dosage~5 min dosing
at 4 Hz, driver pulse width 700ms, NO stagnation pressure52.0 bar, nozzle
diameter5800mm! after LID with 6.4 eV.~b! Evaluation of photodesorp-
tion cross sections from the slope of a plot of the logarithm of the inten
of the desorbing species from~a! as a function of the total number o
photonsnph impinged on the surface.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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60.3)310217cm2, independent of the laser fluence. At co
erages below;1/5 of the saturation coverage, a desorpti
cross section of (2.661.2)310218cm2 is measured. The lat
ter can be attributed to defect desorption. This can also
related to our infrared data in which defect influences
apparent for low concentrations within the absorption ba
of the NO stretching vibration. Since the desorption cro
section from coverages with dominating defect adsorptio
much smaller than the cross section for higher coverages
NO final state distributions were obtained from measuring
a steady state coverage well above the regime of defec
fluences~lowest trace, Fig. 2!, it is concluded that the phe
nomena discussed below result from the majority spec
i.e., NO at regular adsorption sites.

The desorption efficiency of NO from chromium oxid
compares well to measurements on a variety of other ox
surfaces.3 However, there are some specific state and cov
age dependent effects which may be related to the oc
rence of two different adsorption species at larger covera
This will be stretched out in the following paragraph.

By increasing the coverage above saturation of
chemisorption sites the cross section drops by a facto
;1.3 to (1.560.4)310217cm2 in v951 as soon as the
weakly adsorbed species is apparent in TPD. The exact
erage dependence of the desorption cross section is show
more detail in Fig. 7 together with the initial desorption si
nal per pulse forJ9524.5, 2100 m/s,v951, 2P1/2 as a func-
tion of the initial dosing with a molecular beam.

The initial desorption signal per pulse remains const
as soon as the chemisorbate species is saturated thoug
overall coverage can still be further increased. This indica
that the weakly bound species, though influencing the cr
section, is not directly involved in the initial excitation ste

As will be discussed further below occurring trappin
processes result in thermalization of the vibrational exc
tion for trapped molecules. Therefore, the observed des
tion of NO in v951 results from the direct desorption cha
nel. Hence, the analysis of the data assuming first o
kinetics is justified for this internal state.

Desorption cross sections differ forv950 from vibra-
tionally excited states for those coverages involving
weak adsorbate state and depends on the time delay afte

FIG. 7. Desorption cross sectionss ~filled squares! and intensity of the
initial desorption signalI 0 ~filled dots;J9524.5, 2100 m/s,v951, 2P1/2! of
NO as a function of predosing the Cr2O3(0001) crystal at 90 K with a
molecular beam doser~dosing at 4 Hz, driver pulse width 700ms, NO
stagnation pressure52.0 bar, nozzle diameter5800mm! after LID with
6.4 eV.
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excitation event. The cross section is found to be (
60.4)310217cm2 for v950 for fast desorption velocities
independent of the rotational state. For a delay time of 8
ms, a cross section of (2.160.6)310217cm2 was obtained.
Therefore, as the desorption process is more complex
larger coverages for NO inv950, the given cross section
have to be taken more likely as fitting parameters then be
a quantitative description of a first-order kinetics for NO d
sorption within v950 though the logarithmic plots ar
clearly linear within a range of two orders of magnitude ev
in this case.

The error bars are rather large and single measurem
can easily differ by a factor of 2 from the average value. T
is a well-known problem for cross-section measureme
However, we have to note that there is a clear trend
smaller desorption probability for NO in the vibration
ground state at fast desorption velocities for larger cov
ages.

The photon energy dependence discussed elsewhe
indicative for a surface induced desorption process wh
implies an initial excitation of the substrate followed by
temporal charge transfer to the adsorbate.18,20

The desorption efficiency is temperature dependent.
increase of the desorption cross section by about a factor
is observed in the temperature range of 90 and 260 K
thermal desorption channel due to the laser induced temp
ture jump within the surface can be ruled out as the temp
ture rise within the surface is only a few tens of Kelvin und
the experimental conditions, while the desorption tempe
ture of chemisorbed NO with 340 K is 240 K above th
surface temperature of 100 K.63 One-dimensional wave
packet calculations attributed the increase of desorption
ciency with increasing temperature to the increasing ther
population of higher states of the molecule-surface stretch
vibration.21

2. Velocity distributions

a. Low coverage regime.NO desorption from low cov-
erages on Cr2O3(0001) has been intensively studied as pu
lished elsewhere.18–21 The major findings will be summa
rized in the following. NO desorbs from Cr2O3(0001) highly
rotationally and vibrationally excited. As can be seen fro
Fig. 8, the shape of the velocity distributions of NO phot
desorbed from low coverages show a strong dependenc
the excitation of the various internal degrees of freedom
the desorbing molecules. They are non-Boltzmann like a
bimodal showing a pronounced shift of their maxima t
wards higher velocities with increasing rotation
excitation.20 For low rotational states ofv950 (J9<16.5),
the velocity distributions exhibit a further unusual covera
dependent peaking at slow velocities which will be discus
further below. The molecules desorb strongly directed alo
the surface normal evident from two-dimensional imagi
measurements of the angular distributions.20

The rotational-level population distribution obtaine
from the integral of the velocity distributions can be d
scribed by a Boltzmann distribution. A phenomenologic
rotational temperature of (700680) K is extracted, indepen
dent of the vibrational or spin-orbit state of NO. This degr
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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of rotational excitation is much larger than in laser deso
tion products of many other systems.1–3 The Boltzmann plot
is shown in Fig. 9~a! for the 2P1/2 state as a function o
vibrational excitation. A corresponding vibrational tempe
ture of (29006450) K is obtained from the integral popula
tion of the first three vibrational states when averaging o

FIG. 8. Velocity distributions of NO desorbing from Cr2O3(0001) after LID
with 6.4 eV as a function of rotational and vibrational (v950,1,2) excitation
of the desorbing molecules in the2P3/2 state~maxima normalized to 1!.

FIG. 9. ~a! Evaluation of a phenomenological rotational temperature from
Boltzmann analysis by plotting the logarithm of the integrals of the veloc
distributions of NO desorbing from Cr2O3(0001) after LID with 6.4 eV
normalized by the degeneracy factor of the respective rotational state
function of rotational energy for the first three vibrational states of NO
2P1/2 @Q111P21(v950,1:450 m/s;v952:2000 m/s)#. ~b! Boltzmann plot
from the integral population of the first three vibrational states of N
desorbing from Cr2O3(0001) after LID with 6.4 eV for the two spin-orbi
states2P1/2 and2P3/2 state.
Downloaded 27 Jun 2007 to 141.14.129.106. Redistribution subject to AI
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the two spin-orbit states. The2P1/2 state has a slightly lowe
vibrational population than the2P3/2 state@Fig. 9~b!#. The
reported populations are typical for laser induced nonther
desorption and are similar to values found in a large num
of other systems before.3

b. High coverage regime.So far, velocity distributions
have been presented which are independent of the partic
detection geometry and can be compared directly to theo
ical calculations. However, such a transformation of TO
data into velocity distributions is only meaningful in case t
rupture of the surface bond proceeds quasi instantaneou
the time scale of the time-of-flight spectra. This is main
fulfilled for direct bond breaking. On the other hand, in ca
that trapping and diffusion on the surface or similar pr
cesses occur prior to desorption, the time required for
molecules to escape from the surface can be long comp
to the flight time into the detection volume. In such a case
is more appropriate to analyze the original spectra recor
as a function of time delay after the desorption pulse. As w
be seen, the latter is the case for the high coverage regim
that both, velocity as well as time delay spectra will be p
sented.

Figure 10~a! shows velocity distributions for a selecte
rovibronic state (J9517.5,v950, 2P1/2! as a function of NO
coverage. The steady state concentration during the exp
ment is controlled by the NO background pressure. T
overall intensity desorbed per laser pulse increases with
background pressure compatible with the idea of a satura
monolayer of chemisorbed NO@Fig. 10~c!#. At low cover-
ages, the velocity distribution is bimodal. With increasi
coverage the slow channel is increasingly pronounced.
maximum of the distribution shifts significantly from 59
m/s~corresponding to a time delay of 54ms! at a background
dosing pressure of 3310210Torr down to 200 m/s~160 ms!
at 531028 Torr. These velocities can formally be tran
formed into temperatures~via Ttrans5Ekin/2kB! resulting in
314 K which corresponds to 590 m/s and 36 K~200 m/s!,
respectively. The latter is a quite unphysical value as it
pears rather unlikely that the mean translational tempera
of the desorbing molecules is a factor of 3 smaller than
surface temperature. Obviously, other processes like di
sion or trapping retain NO molecules on the surface prior
their escape into the detection volume. Therefore, it is m
appropriate to look at the spectra taken as a function of t
delay after the desorption event as shown in Fig. 10~b!.

From Fig. 10~b! it is apparent that the change in th
overall shape of the delay time spectra occurs continuou
within the whole range of NO coverages under investigati
This is in contrast to the TD spectra in which the weak
adsorbed species only appears after the chemisorption
are saturated.

At time delays as long as 150ms after the photoexcita
tion event, the rotational spectrum of desorbing NO s
shows substantial rotational excitation. A rotational tempe
ture of (5006100) K is extracted from a Boltzmann analys
of the spectrum at this time delay. At a delay time of 800ms,
a rotational temperature of (400650) K was obtained. On
one hand, this is much lower than for directly photodesorb
NO @Trot5(700680) K#. On the other hand, the rotationa

a

s a
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FIG. 10. ~a! Velocity distributions as a function of background dosing pressure (J9517.5,v950, 2P1/2! of NO desorbing from Cr2O3(0001) after LID with
6.4 eV, filled dots: molecular beam dosing~dosing at 4 Hz, driver pulse width 700ms, NO stagnation pressure52.0 bar, nozzle diameter5800mm!. ~b!
Corresponding original spectra as a function of time delay between desorption and detection event of~a!. ~c! Black dots: integrals of velocity distributions
from ~a! as a function of background dosing pressure. Black square: integral of velocity distribution from~a! of molecular beam dosing. Triangles: integra
of TPD spectra corresponding to velocity distributions from~a!.
ra
io

sp

g
ib
n
en

n
bi
a-
a

of
a

m
nd
-

ra

as

in
n

tion.
ing
ers

orp-
om.
ol-
no
ith

r-
on

her

UV
em-

in
er

ee-

has
ulse
pe-
tion
pe
/or
excitation is not fully accommodated to the surface tempe
ture. It has to be noted that the drop in rotational excitat
with increasing delay time is smooth.

IV. DISCUSSION

We have shown that NO adsorbs as a chemisorbed
cies at low NO coverages on Cr2O3(0001) with a binding
energy of 1.0 eV. A weakly adsorbed species appearin
higher coverages is attributed to NO dimers with a poss
bilayer like structure according to the IR data. The stro
dimer bond is unusual. In the low coverage regime, conv
tional observations have been made for the UV laser~6.4 eV!
induced desorption such as high vibrational and rotatio
excitation of desorbing neutral NO molecules exhibiting
modal velocity distributions with strong coupling of transl
tion to rotation. These findings are typical for a non therm
desorption process. Confirmed by further experiments18–21

this is conform with an initial charge transfer excitation
an electron from the substrate to the adsorbate to form
NO2 intermediate state. With this respect NO/Cr2O3(0001)
is not different to a number of other adsorbate syste
on similar oxidic supports as found experimentally a
theoretically.3,7,8However, the following unusual experimen
tal observations have to be discussed for the high cove
regime:

~1! Slow components in the delay time spectra incre
with increasing NO coverage forv950. They are related to
retarded desorption after photoexcitation rather than be
indicative to low kinetic energies. Residence times are fou
Downloaded 27 Jun 2007 to 141.14.129.106. Redistribution subject to AI
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to be up to several hundred microseconds before desorp
A smooth increase of delayed desorption with increas
coverage is in contrast to the TPD spectra in which dim
only appear once the chemisorption sites are saturated.

~2! The desorption cross sections depend on the des
tion channel, on coverage, and internal degrees of freed
The desorption probability drops at larger coverages for m
ecules evolving from a direct desorption process while
drop in desorption efficiency is observed for molecules w
delayed desorption.

~3! The initial desorption signal per pulse is only propo
tional to the chemisorbate coverage for molecules from n
retarded desorption.
Furthermore, the question rises how is the dimer at hig
coverage involved in the photoreaction?

The latter question has to be addressed as direct
laser induced photodissociation of NO dimers has been d
onstrated to be operative for (NO)2 on LiF~001!,38 MgF2

~Ref. 39! at 248 nm and cryogenic films on Ag~111! at 220–
270 nm.11 The NO fragments have been reported to occur
rather highly excited rotational and vibrational states. Dim
dissociation in the gas phase at 193 nm64–66 also showed
substantial excitation of internal molecular degrees of fr
dom. However, in case of NO/Cr2O3(0001), neither a
change in the population of internal degrees of freedom
been observed nor did the desorption signal per laser p
increase with increasing coverage of the weakly bound s
cies. Therefore, we exclude a nonthermal photodissocia
of the dimers. This might arise either from the different ty
of dimer on Cr2O3(0001) compared to other systems and
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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a substantial shift of the resonance state with respect to
weakly adsorbed dimer.

If a direct nonthermal photodissociation of the dimer
to be ruled out, the question remains which mechanis
cause retarded desorption.

As relaxation processes of electronic or vibrational ex
tation are known to occur on a femtosecond and picos
time scale,1–3,9 the long residence times of hundreds of m
croseconds after nanosecond excitation have to imply a
time diffusion process, in other words, mobility of the N
molecules along the surface plane after excitation. Mom
tum perpendicular to the surface needed for desorption
can be gained from collisions between the molecules.
presented results differ from other examples in the literat
implying trapping or caging as normally the time for tra
ping is negligible with respect to the time scale of delay tim
spectra. Internal state populations are reported to be clos
the surface temperature as typical for a preceding therm
sation process. Examples for this type of photodesorp
mechanisms are NO desorption from multilayers of NO
Ag~111!11 or from cryogenic films,12 NO generated in sub
strate mediated photodissociation of NO2 adsorbed on
Pd~111!10 or NO desorbing after photodissociation of mon
layers and multilayers of tert-butyl nitrate on Ag~111!.13

Simple caging underneath further adsorbate layers
be ruled out for the NO/Cr2O3(0001) case for a further rea
son. The retarded desorption component inv950 is also
apparent under experimental conditions for which only
chemisorbate state was observed in TPD and IR.

Photoinduced desorption involving collisions on the s
face after photoreaction of adsorbed molecules has bee
ported for O2/Ag(110).67 For this system, photodesorptio
of O2 is assumed to result from a two-step mechanism. P
todissociation of molecular oxygen is followed by collisio
of hot oxygen atoms on the surface channelled along
rows of Ag~110! with unreacted molecules of initially zer
kinetic energy. This collision is followed by desorption
translationally rather hot O2 molecules.67 A dramatic in-
crease of the photodesorption cross sections with increa
O2 coverage was explained by an increase of localized
lisions. In our experiments differences of desorption e
ciency are marginal. The difference might be a more effici
quenching of excited states and less channelled collision
contrast to the O2/Ag case.

The retarded desorption is only observed inv950. This
indicates that vibrational excitation of the NO stretch is fu
accommodated to the surface temperature for trapped
ecules. Rotational excitation is not completely thermalised
is obvious, for example, fromTrot5400 K at 800ms time
delay between excitation and detection~distance of 32 mm
from the surface!. The elevated rotational temperatures ru
out a pure thermal dissociation mechanism of dimers from
small laser induced temperature jump within the surface.
such a process, the rotational excitation would be expecte
come close to the surface temperature.

The fact that a NO dimer forming a bilayer like structu
is observed and the fact that desorption can occur aft
longtime diffusion process without a complete rotation
thermalisation strongly point to the involvement of an extr
Downloaded 27 Jun 2007 to 141.14.129.106. Redistribution subject to AI
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sic precursor. The model for an extrinsic precursor in adso
tion assumes that molecules adsorbed in a second laye
able to move freely until they reach a vacant adsorption
in the first layer and adsorb there.16

Therefore, we want to suggest the following speculat
model for the desorption process. The NO is excited by
initial charge transfer from the substrate to the strong bo
NO end in direct contact with the surface. This is consist
with the initial desorption signal per pulse being proportion
to the chemisorbate coverage for molecules from non
tarded desorption. Direct desorption after backtransfer of
electron can occur and/or temporary trapping of hot m
ecules in an extrinsic precursor state results in a second
sorption channel. The latter may be either from trapping
NO originating from the first layer in contact with the su
strate or from NO molecules of the weakly bound seco
layer kicked off like billiard balls from the underlying ex
cited chemisorbates. The trapped molecules have eno
momentum to move freely parallel to the surface. They m
collide with other molecules or they may be recaptured a
vacant chemisorption site in the first layer in contact w
chromia. The more chemisorption sites are occupied
larger is the number of sites available in the second lay
i.e., sites for trapping. This can explain the drop in deso
tion probability for direct desorption. On the other hand, t
probability for final recapturing of the molecules in the fir
layer will become smaller with increasing coverage. Furth
more, the necessarily increased collision rate within the s
ond layer of mobile molecules will increase the probabil
to gain momentum perpendicular to the surface. Alter
tively the rate for kicking off the physisorbed species whi
remain trapped for some time may increase. Both mec
nisms are consistent with the increasing amount of dela
desorption.

Full rotational accomodation is not necessary for tra
ping in an extrinsic precursor state as found in scatter
experiments for O2/Ni(111) by Beutl, Rendulic, and
Castro.68 In other words, the molecule may rotate more
less freely which explains why it is not surprising to fin
elevated rotational temperatures for NO molecules desorb
after a long residence time from Cr2O3(0001).

V. CONCLUSIONS

We have shown for the first time to our knowledge t
involvement of a precursor state in UV-laser induced deso
tion. Desorption was initiated at 6.4 eV for NO adsorbed
Cr2O3(0001) using nanosecond laser pulses at a subs
temperature of 100 K. At large coverages of NO, two deso
tion channels are observed: a direct one exhibiting str
translational, rotational, and vibrational excitation typical f
initial charge transfer excitation within the adsorba
substrate complex, and a second one characterized by
tarded desorption with trapping times of several hundred
croseconds. Within this second channel the internal deg
of freedom are thermalized to the substrate temperature
cept for the rotational excitation. The desorption probabil
for a direct desorption process is reduced in case the trap
channel gains importance. The data are interpreted assu
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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that dimers observed at large coverages by IR spectros
forming a bilayer like structure act as extrinsic precurs
within the desorption process.

It will be interesting to repeat UV laser induced deso
tion of adsorbates for which the existence of different p
cursor states have already been well established. Also s
tering experiments for the system presented would be ra
helpful to further confirm the existence of the suggested p
cursor sate in the adsorption of NO on Cr2O3(0001).

The possibility that long time diffusion processes m
also occur in photoreaction processes under certain co
tions can have interesting consequences, for example
limitations of surface structuring in an applied field like las
microfabrication.
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7T. Klüner, H.-J. Freund, J. Freitag, and V. Staemmler, J. Chem. Phys.104,
10030~1996!.
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