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Ultraviolet-laser induced desorption of NO from the Cr »,03(0001) surface:
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NO molecules interact with the @b3(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 beside the
chemisorbate absorption band at 1794 ¢nbaser 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 specttd &f0 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=@3)x 10 cn? at low
coverages to (1:00.4)x 10" ¥’ cn? at high coverages fas”=0. 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 Physids50021-960809)72027-1

I. INTRODUCTION may be accumulated in excess of the well depth so that the
molecules can finally escape and desorb. The phenomenon of
The dynamics of laser induced reactions at surfaces aftarapping or caging prior to desorption has frequently been
electronic excitation has been the subject of intense studgbserved in several photodesorption experim&hiS. In
over several decades by ndw Of particular interest is the those cases, internal state distributions after desorption nor-
initial excitation and the energy transfer between the molmally exhibit two channels, one hot channel resulting from
ecule and the surface and to internal degrees of freedom. direct desorption and a second channel attributed to trapping
Very common is an excitation mechanism implying awith internal state distributions accommodated to the surface
charge transfer within the adsorbate-surface comblAf-  temperature.
ter excitation the molecule can gain momentum perpendicu- However, it may come as a surprise that no examples for
lar to the surface from acceleration within the hyperpotentialaser induced desorption have been reported so far which
of the excited state. In most cases, the residence time withidiscuss trapping into an intermediate molecular state differ-
the excited state is rather short, for metals a few and foent from the initial state before laser excitation. Such a pro-
insulator surfaces a few tens of femtosecofidDepending cess would involve rather complex hyperpotential surfaces
on the lifetime within the excited state the gain of momen-with more than one local minimum within the coordinate of
tum may be sufficient to overcome the potential well afterthe molecule-surface distance in the ground state.
relaxation into the ground state and thus to initiate desorp- The involvement of such multiple hyperpotentials are
tion. In most cases reported so far, more than one molecularell known for describing adsorption and led to the concept
degree of freedom is relevant for the desorption dynamicef weakly bound precursors preceding chemisorption on
beside the molecule surface distance. solid surfaces in the fiftie¥'~1® Since then it has become an
The dynamics are complicated in the case that temporamportant issue, for example, in the studies of adsorption
trapping of the molecule occurs prior to desorption. In thiskinetics using scattering techniqu€sTwo different cases
case, the molecule looses sufficient energy by colliding withare distinguished. An intrinsic precursor state runs through
the surface to be unable for an immediate escape from thimitial physisorption on a clean surface followed by chemi-
gas-surface potential. During a certain residence time, energgorption. The model for an extrinsic precursor in adsorption
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assumes that molecules adsorbed in a second layer are ahlg ® Torr of oxygen at 600—800 K and annealing the oxide
to move freely until they reach a vacant adsorption site oo 1000 K. To remove contamination the sample was cleaned
the surface and are finally trapped within the chemisorbat@rior to each experiment by flash heating to 1000 K.
state™® The laser induced desorptighlD) experiments were of

As mentioned, numerous examples for the inVO|Vemenbump-probe type. Desorbing NO molecules were detected
of precursors have been reported within investigations omsing resonance enhanced multiphoton ioniza(REMPI).
adsorption while none is known for the involvement of aThe adsorbates were desorbed by pump laser pulses of a
precursor state in UV-laser induced desorption. In this conproadband excimer las¢kambda Physik EMG 200run at
text NO on CpO3(0001) is a particularly interesting system 6.4 eV with normal incidence on the surface. The laser flu-
to study as it exhibits a variety of molecular phases. Byence was typically 1 mJ/chper pulse in most of the experi-
controlling the coverage, we have the opportunity to look atments with a pulse length of 15 ns. The desorbing molecules
the photochemistry of isolated molecules interacting stronglyvere detected in the gas phase after a well-defined time delay
with the surface or to study the high coverage regime wheret a distancer of 32 mm parallel to the surface with an
an additional more weakly adsorbed species coexists. excimer lasefXeCl, Lambda Physik LPX 205 i ¢goumped

In this paper, we present in the first part a detailed chartunable dye lasefLambda Physik LPD 3002 For the NO
acterization of the NO adsorbed on an epitaxial film ofdetection, the well-known (£1) REMPI scheme via the
Cr,05(0001) grown on G110 including infrared reflection A 23 state was employed. The ions were detected perpen-
absorption spectrdRAS) and temperature programmed de- dicular to the desorption and detection laser beam direction
sorption (TPD) ranging from low to high coverages. We with a repeller electrode, a short drift tube, microchannel
shall show that the physisorbed species is due to dimer folplates and a phosphor screen.
mation at higher coverages. In the second part of the paper, Time-of-flight (TOF) spectra were obtained for single
quantum state selective experiments on the UV-laser induce@vibronic states of the NO by fixing the detection laser
desorption are reported after excitation at 6.4 eV. From rewavelength to the maximum of a selected rovibronic transi-
cent investigations, it is known that photodesorption of NOtion and varying the time delay between desorption and de-
at Cr05(0001) is initiated by an electron transfer from the tection laser pulses. At each time delay, the desorption signal
substrate to the adsorbate with the formation of an'Nike  was averaged over 150 laser pulses to yield a good signal-
intermediate state from low coverages for the excitationo-noise ratio. The transformation into velocity distributions
wavelengths usetf"?"In this paper, the main emphasis will P(y) was performed by weighting the measured signal
be put on desorption from the high coverage regime. Thes(r t) with the flight timet. The corresponding velocity
data are discussed suggesting a mechanism in which thgas calculated from the distanceof the detection laser to
dimers act as a precursor state within the photoreactiothe surface and the flight tinte
process. The NO molecules were redosed after each desorption

A variety of other interesting phenomena observed in thaaser pulse using a pulsed molecular beam apparatus for the
laser induced desorption of NO/C¥;(0001) which occur at  |ow coverage regiméelectromagnetic solenoid valve, Gen-
lower excitation energies such as surface state induced preral Valve Corporation, driver pulse width 7@, NO stag-
cesses and connected electron spin effects are discussggtion pressure2.0bar, nozzle diamete:800um). The
elsewheré® % Likewise, the role of the initial vibrational repetition rate of the experiment cycles was 4 Hz. Details of
population as well as the influence of hindered translations ighe molecular beam will be given elsewhéfdunder these

subject of further publicatior®** conditions, one beam pulse contained approximately 7
X104 ML of NO, as calibrated against the thermodesorp-
Il. EXPERIMENTAL SETUP tion signal intensity of NO assuming a sticking probability of

The experiments were carried out in a ultrahigh vacuunPne(=lower limit). The base pressure in the chamber did not
(UHV) chamber which has been described in detail€xceed X 10 *°Torr when the molecular beam was run-
previously?” The system was equipped with low-energy NNg- _ _ _
electron diffraction (LEED), Auger electron spectroscopy 10 conduct photodesorption experiments at higher NO
(AES), x-ray photoelectron spectroscop¥yPS), x-ray Auger ~ COvVerages background gas dosing was necessary in order to
electron spectroscopKAES), and a TPD facility. Infrared redose a larger number of molecules between the desorption
spectra were recorded in a different UHV chamber describetfiSer pulses. Therefore, the detection laser was operated at
elsewhere, equipped with a Mattson Fourier-transform infratwice the_ desorption laser frequen€¥ Hz) and the back-
red spectrometefFTIR) with 2 cm™* resolution?® A (110)- ground signal due to the gas phase NO recorded between the

terminated chromium single crystal was connected with tand€Sorption pulses was then easily subtracted using a boxcar
talum rods to a sapphire attached to a copper liquid nitrogeHtegrator.

reservoir which allowed cooling to 90 K. The sample tem-

perature was controlled by a chromel-alumel thermocouplél/l- RESULTS

;pot welded to the side of the.crystal. Several cycles of NneOR The NO adsorption on Cr ,04(0001)

ion bombardment and annealing were necessary to clean the )

crystal from contamination mainly due to atomic nitrogen. - The clean oxide surface

An epitaxial film of C,O5(0001) of 30-50 A thickness was Chromium oxide is a corundum-type oxide. The stacking
obtained by oxidizing the cleaned crystal in an atmosphere off layers along a direction perpendicular to 10801 plane
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FIG. 1. Schematic drawing of the £,(0001) surface.
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consists of basically flat oxygen layers alternating with buck- 15 min
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(000)) surface is electrostatically unstable due to the diver-
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gence of the surface potential. A stakl@001) surface is
obtained by cutting the stack of layers between the buckled
metal ion layer halving the number of metal ions left on the
surface(Fig. 1). Further strong relaxation of the first four
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layers reduces the surface dipole moment and leads to sur- — N 2 min
face energies close to those for nonpolar oxide surfaces as
has been found in recent full dynamical LEED studtes. S s N 2:)9“8;"”?::&“
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2. TPD data of NO desorption from Cr ,05(0001) 0 200 400 600 800
In order to get insight into the bonding of NO, a series of temperature [K]

TPD spectra C?f NO/GO;(0001) was recorded. F'lgure 2 FIG. 2. Temperature programmed desorption spe@rRD) of NO from
shows a selection of TPD spectra as a function of increasingy,0,(0001) taken with a linear temperature ramp of 3 K/s for increasing
NO coverage deposited with the molecular beam doser at 9fbsing times at 90 Kdosing with a molecular beam: 4 Hz, driver pulse
K. The temperature ramp of 3 K/s was linear over the wholevidth 700 s, NO stagnation pressur@.0 bar, nozzle diameteB800um;
temperature range. At low coverages, a chemisorbed speciesl A¢e saulbrum concentaten s suiece g L experinens
is observed at a desorption temperature of (820) K. AS  1pp spectra of NO/GO4(0001) as a function of deposition duration at 90
the peak position of the TPD signal is not much depending for the two main desorption species.
on the surface coverage an assumption of first-order desorp-
tion kinetics for the analysis of the chemisorbate appears )
reasonable. From the analysis of the TPD data, a binding- Adsorption of NO: low coverages
energy of 1.0 eM97.5 kJ/ma) was obtained according to the The chemisorbed species has intensively been studied by
method of Redhead using a prefactor of*i9%.%® Beside  a variety of spectroscopic methods like electron-energy loss
chemisorbed NO desorbing at (34Q0) K, an additional spectroscopyEELS), XPS, angular resolved UV photoelec-
more weakly adsorbed species is apparent in the TPD spectii@n spectroscopfARUPS), IRAS, and ion scattering spec-
at (125+10) K at larger coverages. The inset of Fig. 2 showstroscopy(SS.?” The molecule is known to adsorb on top of
the integral of the TPD intensities of the two main spectralthe chromium ions with a tilt angle of 20°—40° with respect
features as a function of dosing time. The graph clearly exto the surface normaf.No superstructure has been observed
hibits the saturation behavior for chemisorbed NO before thavith LEED suggesting that the adsorbate layer is likely to be
growth of the second species starts. The latter will be disdisordered and forms a 1) superstructure after saturation
cussed further below. of the regular chemisorption sites. From photoemission data,
Features atn/e=44 appear simultaneous to desorptionit was confirmed that NO substantially covers the surface, in
of weakly adsorbed NO for large coveragéé/e=14 be- other words that chemisorption is definitely not due to defect
haves similar tan/e=44. This is indicative for NO forma-  adsorptiorf.’?
tion. From IR data it is apparent that the reaction occurs The chemisorption energy is remarkably high for a
during heating with immediate escape of theONinto the transition metal oxide surface where the bonding is often
gas phase after formation. Apparently, some impurities trigdominated by electrostatic interactiofisin case of NO/
ger this reaction during thermal desorption agONs only ~ Cr,05(0001), the adsorption energy is twice as large com-
observed for high dosing rates using background dosing. Npared to what has been found for other systéts stronger
N,O formation occurred with molecular beam dosage forchemisorptive interaction is also apparent from strong shifts
which the background pressure did not exceed 3of binding energies of molecular orbitals found in ARUPS,
x 10 °Torr. from strong shifts of the vibrational frequency with respect
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FIG. 3. (a) FTIR spectra of NO/GO5(0001) as a function of coveragdosing via needle doser(b) FTIR spectra of NO/GO5(0001) for a high coverage
(dosing via needle doseafter subsequent short heating to different temperatures.

to the gas phase valtfeand from the disappearance of a tem above 220 KFig. 3b)]. The maximum intensities of
superstructure for the clean chromium oxide surface at 150 Koth absorption bands grow further with increasing cover-
observed in LEED with adsorption of N&. age. The high frequency vibration couples marginally stron-
In order to obtain a deeper insight into the ger than the one at 1794 crhas it shifts from 18471.5 L)
NO/Cr,05(0001) interaction, IR spectra were recorded as go 1856 cm* (2 L).
function of coverage as shown in Figag At 1 L the vibra- Sharp bands are typically seen in multilayers of solid
different from the gas phase value of 1876.11 &r(Ref. 3D curs at much lower temperatures than the 90 K used in our
and which is conform with a strong interaction with the SUb'experiments [NO/Ag(11]): 15-40 K33 NoO/
strate. .At Iqwer_coverages, the absorp'u.on band o_f the N%t(polycryst):>20 K 3 NOJ/LIF(001): 50 K2 NO/MgF,: 20
stretching vibration shows an asymmetric broadening at thf( 3 NO, graphite: 30 K. Hence, multilayer formation is

low frequency side and a shift of the IR absorption maxi- ;e the cause of the weakly adsorbed species encoun-
mum from 1789 to 1759 cit when reducing the coverage tered here

from 1 to 0.1 L. Normally, distortions by coupling effects of Data of isotope mixtures on polycrystalling-Cr,0s

close lying frequencies from defects or regular adsorption . . .
sites of strong absorbers account for asymmetries in th ken under ambient conditions showed that the NO oscilla-

spectra. In the low coverage limit simultaneous occupatiorjiors_1"""[h absorption bands at 1735-1745 and 1865-1875

of defect and regular sites are likely to occur. In this regime ™ _arefquwa!ent and are not related to different adsorp-

it is expected that the frequency of defect sites is shiftedion sites:” The cited results rule out a second adsorption site

towards lower frequencies. This has been observed for N@vith a weak adsorbate-substrate interaction. Such an adsorp-

for a variety of systems with strongers? back donation tion would involve a weak dipole moment and a concomi-

and is eased by metal orbitals lying close in energy#  tantly weak adsorption band with an IR frequency close to

However, at larger coverages, this effect is covered by théhe gas phase value of 1876.11 ¢

more important effect of dipole—dipole coupling leadingtoa  Cis-dinitrosyl speciestwo NO molecules bound to the

further shift towards higher absorption frequencies with in-same chromium ion without dimer formatipare discussed

creasing coverage and subsequent linewidth narroing.  to account for an absorption band at 1755 ¢rand a weaker

band at 1875-1880 cm on silica supported chromium

4. Adsorption of NO: high coverages ions#?~%* However, the interpretation is controversial and
The linewidth narrowing of the absorption band is ratherother authors claim cis-dimer formation to occur for this

pronounced at coverages above 1 L. In contrast to the lowolycrystalline systerfi>*®

coverage regimé.1-1 L), the frequency shift of the absorp- As the Crd-orbitals are known to be localizéd,long

tion band from 1789 cmt at a 1.5 L dosage to 1794 ¢rhat  range interactions between the NO molecules at equivalent

a 2 L dosage is small. Furthermore, a second small peak aidsorption sites as cause for the appearance of a second fea-

1857 cm ! is observed. It disappears when heating the systure in IRAS and TDS may be ruled out as this would imply

Downloaded 27 Jun 2007 to 141.14.129.106. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



1162 J. Chem. Phys., Vol. 111, No. 3, 15 July 1999 Wilde et al.

interactions on distances of 5 &= the distance between
equivalent surface Cr-atoms

5. NO dimers

The frequency of 1857 ciht characterizing the weakly X X
bound NO on CjO4(0001) is very similar to the symmetric
stretching frequency of NO dimergias phase value: 1860
cm 149, The corresponding asymmetric stretching fre-
guency of the dimer in the gas phase is known to be at 1788 A
cm L This frequency matches well with the observed fre-
quency of 1794 cmt at higher coverages. A
Symmetry arguments as stretched out in detail by
Brown, Gardner and King can be used to determine the ori-
entation of the dime?* In the gas phase, NO dimers have a
cis-planar trapezoidal structure displayingCa, symmetry.
The coupling of the unpaired72* electrons give a singulett
(_lAl)_ ground state which explains why the trans Conforma'FIG. 4. Schematic drawing of the crystal-packing structure as suggested by
tion is much less stabf€. There are a number of examples s zannest al. (see Ref. 5pat high coverages of NO on graphite; arrange-
for which this structure is sustained in solffsmatrixes>! ment of dipole moments fofa) the symmetric stretch of the NO dimer
and on surface®35°2The N—N—-Obond ang|es are 101.3° Vviewed from on-top andb) the a_symmetric stretch viewed from th_e side of
in solid NO%° The N—.N distance ranges from .the rath?rtél:f%li)‘)];structure[after a drawing of Brown, Gardener, and Kirigee
large value of 2.236 A in the gas phase to 2.18 A in the solid.
This long N—N distance concomitant with the weak dimer
bond is attributed to the Pauli repulsion between the elecspectrum. Therefore, an adsorption geometry close to the
trons in the %r orbitals of the NO molecules within the dimer end-on stacking arrangement like the crystal-packing struc-
plane. ture of NO/graphite depicted in Fig. 4 is very likely to occur
We assume that the usually founid-planar trapezoidal or a geometry close to it allowing a tilt of the N—N axis with
configuration of the dimer is also sustained op@(0001).  respect to the surface normialThe arguments based on NO
Even though dipole selection rules principally differ on sur-interaction with the surface via a N-Cr ion bond. The same
faces of oxides and of metals, screening effects are still posarguments still hold in case bonding occurs via the oxygen in
sible on thin insulating films due to an underlying metal, soNO which cannot be ruled out from IR-selection rules.
that in a first approximation the metal selection rules are  Such a packing structure could also explain the coverage
likely to be sustained also on the 30-50 A thin epitaxialdependence of the frequencies. Similar to our observations
chromium oxide filn?>>* Therefore, it is unlikely that a Brown, Gardner, and King observed a loose coupling of the
rather flat lying dimer would have significant intensities in symmetric stretch in the second layer and an initial uncou-
the vibrations. Furthermore, it is known froab initio cal-  pling of the asymmetric stretch at low multilayer concentra-
culations on similar systems like NO/N{@D0)*° that the in-  tions in adsorption of isotope mixtures of NO on (Ad1)
teraction of the oxygen |2 bands and the 2 system of the (Ref. 34 which they related to the end-on stacking arrange-
NO molecules is strongly repulsive. From both arguments itment as discussed above.
is very likely that the molecular plane shows a stronger tilt ~ Anyway, the existence of a dimer at such elevated tem-
with respect to the surface. The interaction of the dimergeratures as 90 K is very unusual. The desorption tempera-
with the underlying support is asymmetric, if one chromiumture of the weakly adsorbed species of NQ@x0001) cor-
ion is involved in the surface bond. The resulting symmetryresponds to a binding energy of 0.35 eV as derived from a
is eitherC§ (end on symmetry as depicted in Fig.er C;. simple Redhead analyéfswhen assuming a prefactor of
In both cases, both NO stretching vibrations are allowedl0"3s 1. However, if the molecule is freely rotating in the
from symmetry selection rules. Let us assume a geometriransition state for the desorption this factor can be up to 2—3
with an end-on symmetry as depicted in Fig. 4. For thisorders of magnitude larger, in other words the binding en-
packing arrangement, the net dipole moment of the symmetergy can even be larger. This is in strong contrast to the
ric stretch will be perpendicular to the direction of the N—N dissociation energy of the gas phase dimer at 0.089
bond while it will be parallel to the N—N bond for the asym- +0.005 eV>® When interacting with a surface dimers can be
metric stretch. As the symmetric stretching vibration atstabilized at higher energies as has been shown for
higher frequencie$1857 cm %) is approximately parallel to  NO/Ag(111),3*4%® NO/Cu111),>’ and NO on oxidized
the surface the intensity of this vibration remains muchMo(110.%® In those cases, dimers exist even at a surface
weaker in intensity than the corresponding asymmetridemperature of 90 K. However, this is the exception rather
stretching vibratior(at 1794 cm?). The case is just the other than the rule. Normally, the molecule surface interaction is
way round for an adsorption geometry with both N-ends in-either so strong that monomer adsorption is preferred or
teracting with the surfac€'upright” or “tilted,” i.e., with a weakly interacting NO molecules dimerise immediately.
certain tilt of the molecular plane with respect to the sur-  Stabilization of the dimer on GD;(0001) could occur
face”) for which the symmetric stretch would dominate the either by an interaction of both NO molecules with the sub-
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strate(which was ruled out from IR intensity arguments a
number of laser pulses

substantial change of the Pauli repulsion between the 1

orbitals. This may be caused by either a strong distortion of

the electronic structure of the NO end in contact with the

substrate or from the strong electric fields of the polar sur-

face. A
This kind of perturbed dimers seems to be a peculiarity

of certain oxidic surfaces as similar observations have been

found by Queeney, Pang, and Friend for NO dimers on oxi-

dized Md110).%8 Dimer formation did not occur on M@10)

(Ref. 59 and Mq110 modified with atomic oxygen in high 4l

coordination site§ though both exhibit rich NO spectra in

IRAS and high-resolution electron energy loss spectroscopy

(HREELS. Supported by elaborate isotopic experiments 7

they attributed a feature at 1871 chto dimer formation on number of photons Np, {10 "cm 7]

oxidized MC(.l;I.O) while a second feature ?t 1820 Cmas FIG. 6. (a) desorption signal in the gas phase=2100 m/s,J"=24.5,v"

related to dinitrosyl. A feature at 1728 chbelonging to  _;, 2I1,,,) as a function of laser pulses impinged on the surface after pre-

monomeric nitrosyl only marginally shifted to higher fre- paring a defined initial coverage via molecular beam dog&gain dosing

guencies and sharpened with dimer occurrence. at 4 Hz, driver pulse width 70fls, NO stagnation pressur@.0 bar, nozzle
diameter=800,um) after LID with 6.4 eV.(b) Evaluation of photodesorp-
tion cross sections from the slope of a plot of the logarithm of the intensity
of the desorbing species froifa) as a function of the total number of
6. N,O formation? photonsn,,, impinged on the surface.

o, = 1.8*10°17 ¢m?

o, =2.810"% ¢cm’

In(i/1,)

0,0 2,0 4,0 6,0 8,0

N,O formation is observed for a number of systems like
the high coverage regime of NO on Si(111)7),** NO on
Mo(110),>® and oxygen modified Md10® or NO dimers
on Ag(111).3* N,O formation does not occur from simple
adsorption at GO5(0001) as is evident when comparing the
N,O/Cr,04(0001) IR spectruntFig. 5 to the high coverage i o
spectrum of NO(Fig. 3. The NO spectrum exhibits a - Desorption efficiency
prominent feature centered at 2246 ¢ncorresponding to The photodesorption cross sections were measured by
the gas phase value of 2224 c¢(Ref. 62 of the N—N  preparing a defined initial coverage via molecular beam dos-
stretching vibration and a feature centered at 1237'otor-  age and a subsequent monitoring of the desorption signal in
responding to the gas phase value of 1285 tfRef. 3] of  the gas phase as a function of photons impinged on the sur-
the N-O stretching vibration. These features are absent iface. Assuming desorption kinetics of first order, the data can
the NO spectra even after heating the surface. This indicatdse analyzed by plotting the logarithm of the intensity of the
that N,O observed in TPD is formed during heating with desorbing species in a single rovibrational state as a function
immediate escape of the molecules into the gas phase. Quf the total number of photons,, impinged on the surface.
oxidized Md110), N,O formation evolves via a dinitrosyl From the slope the desorption coefficients extracted.
intermediate rather than from dimeric species as shown by An example for the analysis of the depletion curve start-
Queeney, Pang, and FriefftiThe lack of NO formation ing with a saturation coverage of chemisorbed NO, i.e., a full
during adsorption implies that the photochemistry of the lowcoverage of regular adsorption sites on,@x0001), is
and high coverage regime can be studied forshown in Fig. 6. From TPD data it is apparent that the initial
NO/Cr,05(0001) without the complication of surface reac- surface coverage is substantially depleted depending on the
tions and possible subsequent photodissociation of such reumber of photons impinged on the surface. Basically, two
action products. Also no photoreaction products in detectablslopes can be observed in the semilogarithmic plot of the
amounts have been observed in TPD and XPS measuremeitsta. The desorption cross section for coverages exceeding
after photoexcitation. With this respect our data differ from1/5 of the saturation coverage of the chemisorbate is (2.0

other systems such as NO/Si(111)X7) for which cover-
age dependent photochemistry has been stifdied.

B. Photodesorption of NO from Cr ,053(0001)
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3 ' ' ' 90 K 3 excitation event. The cross section is found to be (1.0
+0.4)x 10 Ycn? for v”=0 for fast desorption velocities
2 o independent of the rotational state. For a delay time of 800
uS, a cross section of (2+10.6)x 10" cn? was obtained.
Therefore, as the desorption process is more complex for
larger coverages for NO in”=0, the given cross sections
——lo have to be taken more likely as fitting parameters then being
0 ' : : — 0 a quantitative description of a first-order kinetics for NO de-
0 > 1 15 20 sorption within v”=0 though the logarithmic plots are
deposition time [min] . L .
clearly linear within a range of two orders of magnitude even
FIG. 7. Desorption cross sections (filled squareps and intensity of the in this case.
i’(l\gal deSOfrptiC;h Sigr;alo (gillet_i dotrsl:J"=24.5, 2100 m/Tv”=1. M) gf The error bars are rather large and single measurements
moleiiI:r Eggrlr? ndgselé)xirgsi(r)wzngt t4er3(d?g/%1r) pzrlsslsetawigzhggo;s\,lvﬁloa can easily differ by a factor of 2 from the average value. This
stagnation pressu€2.0 bar, nozzle diametei800um) after LID with is a well-known problem for cross-section measurements.
6.4 eV. However, we have to note that there is a clear trend to
smaller desorption probability for NO in the vibrational
ground state at fast desorption velocities for larger cover-

+0.3)x 10" *"cn?, independent of the laser fluence. At cov- 39€s- _ _
erages below-1/5 of the saturation coverage, a desorption. 1he photon energy dependence discussed elsewhere is
cross section of (2:61.2)x 10" 8cn? is measured. The lat- indicative for a surface induced desorption process which
ter can be attributed to defect desorption. This can also bEnPlies an initial excitation of the substrate followed by a
related to our infrared data in which defect influences ardeémporal charge transfer to the adsorbate.

apparent for low concentrations within the absorption band The desorption efﬂqency Is temperature dependent. An
of the NO stretching vibration. Since the desorption crosdncrease of the desorption cross section by about a factor of 2
section from coverages with dominating defect adsorption i4S observed in the temperature range of 90 and 260 K. A
much smaller than the cross section for higher coverages ariiérmal desorption channel due to the laser induced tempera-
NO final state distributions were obtained from measuring aft"e jJump within the surface can be ruled out as the tempera-
a steady state coverage well above the regime of defect irfure rise within the surface is only a few tens of Kelvin under
fluences(lowest trace, Fig. R it is concluded that the phe- the experimental conditions, while the desorption tempera-

nomena discussed below result from the majority specieduré of chemisorbed NO with 340 K is 240 K above the
i.e., NO at regular adsorption sites. surface temperature of 100 ®R.One-dimensional wave

The desorption efficiency of NO from chromium oxide Packet calculations attributed the increase of desorption effi-
compares well to measurements on a variety of other oxidi€iency \_Nith inc_reasing temperature to the increasing thermal
surfaces However, there are some specific state and coverPopulation of higher states of the molecule-surface stretching

. s 21

age dependent effects which may be related to the occuMbration:
rence of two different adsorption species at larger coverages. S
This will be stretched out in the following paragraph. 2. Velocity distributions

By increasing the coverage above saturation of the a. Low coverage regiméNO desorption from low cov-
chemisorption sites the cross section drops by a factor afrages on GO5(0001) has been intensively studied as pub-
~1.3 to (1.5:0.4)x10 cn? in v"=1 as soon as the lished elsewher®=2! The major findings will be summa-
weakly adsorbed species is apparent in TPD. The exact covized in the following. NO desorbs from @D5(0001) highly
erage dependence of the desorption cross section is shownriotationally and vibrationally excited. As can be seen from
more detail in Fig. 7 together with the initial desorption sig- Fig. 8, the shape of the velocity distributions of NO photo-
nal per pulse fod”=24.5, 2100 m/sy”=1, %I1,,, as a func- desorbed from low coverages show a strong dependence on
tion of the initial dosing with a molecular beam. the excitation of the various internal degrees of freedom of

The initial desorption signal per pulse remains constanthe desorbing molecules. They are non-Boltzmann like and
as soon as the chemisorbate species is saturated though thimodal showing a pronounced shift of their maxima to-
overall coverage can still be further increased. This indicatesvards higher velocities with increasing rotational
that the weakly bound species, though influencing the crosexcitation?® For low rotational states af”=0 (J"<16.5),
section, is not directly involved in the initial excitation step. the velocity distributions exhibit a further unusual coverage

As will be discussed further below occurring trapping dependent peaking at slow velocities which will be discussed
processes result in thermalization of the vibrational excitafurther below. The molecules desorb strongly directed along
tion for trapped molecules. Therefore, the observed desorghe surface normal evident from two-dimensional imaging
tion of NO inv”=1 results from the direct desorption chan- measurements of the angular distributiéhs.
nel. Hence, the analysis of the data assuming first order The rotational-level population distribution obtained
kinetics is justified for this internal state. from the integral of the velocity distributions can be de-

Desorption cross sections differ fof’=0 from vibra-  scribed by a Boltzmann distribution. A phenomenological
tionally excited states for those coverages involving therotational temperature of (76080) K is extracted, indepen-
weak adsorbate state and depends on the time delay after tHent of the vibrational or spin-orbit state of NO. This degree

['ne] 0
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2[1,, v=0 v=1 V=2 the two spin-orbit states. THdI,, state has a slightly lower
s o s vibrational population than théll, state[Fig. 9b)]. The
vord g oAl ol reported populations are typical for laser induced nonthermal
5 w7195 P U desorption and are similar to values found in a large number
= of other systems befork.
g Ui B qaofres oul i b. High coverage regimeSo far, velocity distributions

have been presented which are independent of the particular
detection geometry and can be compared directly to theoret-

x1.14 [12.5 x1.31 12,5 x1.4512.5

x1.00(10.5 x1.00| 9.5 x1.00| 95 ical calculations. However, such a transformation of TOF
0 1000 2000 5000 0 1000 2000 8000 0 1000 2000 3000 data into velocity distributions is only meaningful in case the
velocity [m/s] rupture of the surface bond proceeds quasi instantaneous on

the time scale of the time-of-flight spectra. This is mainly
FIG. 8. Velocity distributions of NO desorbing from £;(0001) after LID  fy[filled for direct bond breaking. On the other hand, in case
with 6.4 eV as_afuncuon of r_otatlonal and wbratllonal’%o,l,g) excitation that trapping and diffusion on the surface or similar pro-
of the desorbing molecules in ti&l 5, state(maxima normalized to)1 . . . .

cesses occur prior to desorption, the time required for the

molecules to escape from the surface can be long compared
of rotational excitation is much larger than in laser desorpi0 the flight time into the detection volume. In such a case, it
tion products of many other systemis. The Boltzmann plot IS more appropn_ate to analyze the ongmal_spectra record.ed
is shown in Fig. @) for the %I1,;, state as a function of @S @ function of time delay after the desorption pulse. As will
vibrational excitation. A corresponding vibrational tempera-P€ S€en, the latter is the case for the high coverage regime so
ture of (290@-450) K is obtained from the integral popula- that both, velocity as well as time delay spectra will be pre-

tion of the first three vibrational states when averaging ovefented. S
Figure 1@a) shows velocity distributions for a selected

rovibronic state §"=17.5,0"=0, ?I1,,,) as a function of NO
T T Te voor (494 47 23 K coverage. The steady state concentration during the experi-
. v,,=1:Tr:)‘t= (630 +/- 40) K ment is controlled by the NO background pressure. The
A V=2 o= (870 +/-170) K overall intensity desorbed per laser pulse increases with the
background pressure compatible with the idea of a saturating
monolayer of chemisorbed N{Fig. 10c)]. At low cover-
ages, the velocity distribution is bimodal. With increasing
. coverage the slow channel is increasingly pronounced. The
maximum of the distribution shifts significantly from 590
m/s(corresponding to a time delay of 24) at a background
-2 a) i 2 . dosing pressure of 810" °Torr down to 200 m/$160 us)
I | . . , , . at 5x10 8Torr. These velocities can formally be trans-
0 400 800 1200 1600 formed into temperature&via Tian= Evin/2Kg) resulting in
rotational energy [cm -1] 314 K WhICh correspon(_js to 5_90 m/s an_d 36(200 m/s)Z
respectively. The latter is a quite unphysical value as it ap-
pears rather unlikely that the mean translational temperature
of the desorbing molecules is a factor of 3 smaller than the
surface temperature. Obviously, other processes like diffu-
sion or trapping retain NO molecules on the surface prior to
their escape into the detection volume. Therefore, it is more
appropriate to look at the spectra taken as a function of time
delay after the desorption event as shown in FigblLO
From Fig. 1Q@b) it is apparent that the change in the
overall shape of the delay time spectra occurs continuously
5 : : : : within the whole range of NO coverages under investigation.
This is in contrast to the TD spectra in which the weakly
0 1000 2000 3000 adsorbed species only appears after the chemisorption sites
vibrational energy [cm -1] are saturated.

FIG. 9. (s) Evaluation of a ph ogical rotational t wre f At time delays as long as 150s after the photoexcita-

. 9. (a) Evaluation of a phenomenological rotational temperature from a,. . . .
Boltzmann analysis by plotting the logarithm of the integrals of the velocity tion event, the_ rotatlonal spect.rur.n of desorlblng NO still
distributions of NO desorbing from @b4(0001) after LID with 6.4 ev  ShOWs substantial rotational excitation. A rotational tempera-
normalized by the degeneracy factor of the respective rotational state astaire of (500 100) K is extracted from a Boltzmann analysis
function of rotational energy for the first three vibrational states of NO in of the spectrum at this time delay. At a delay time of 39
M1[Quut Pay(v”=0,1:450 misy” =2:2000 mis]. (b) Boltzmann plot o' avional temperature of (4@150) K was obtained. On
from the integral population of the first three vibrational states of NO L. p . ’
desorbing from GiO(0001) after LID with 6.4 eV for the two spin-orbit ON€ hand, this is much lower than for directly photodesorbed

states’I1,, and 214, state. NO [T,;=(700*=80) K]. On the other hand, the rotational

IN[N(J")/(24"+1)]

In[N(v*)]

Ty = (2900 + 450) K

b)
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a) b) c) -
4 |
NO-pressure \NO-pressure
[10-9Torr] [10-9Torr] o .
¢ —a— 2.0 —-— 2.0
—h— 5.0 e 5.0
L 4 —v— 10.0 —— 10.0 R _
—— 50.0 —— 50.0
—e— molecular beam —@&— molecular beam

intensity [a.u.]

¥ peak area TPD
-@- peak area Fig.10a
- peak area Fig. 10a
(molecular beam)

0 1000 2000 3000 0 400 800 1200 1600 0 10 20 30 40 50
velocity [m/s] delay time [ps] NO-pressure [10 °Torr]

FIG. 10. (@ Velocity distributions as a function of background dosing pressiite:(7.5,0” =0, 21 ,,) of NO desorbing from GO4(0001) after LID with
6.4 eV, filled dots: molecular beam dosifdosing at 4 Hz, driver pulse width 70@s, NO stagnation pressur@.0 bar, nozzle diamete800um). (b)
Corresponding original spectra as a function of time delay between desorption and detection €geritoBlack dots: integrals of velocity distributions
from (a) as a function of background dosing pressure. Black square: integral of velocity distributiofi@rofmmolecular beam dosing. Triangles: integrals
of TPD spectra corresponding to velocity distributions fr@an

excitation is not fully accommodated to the surface temperato be up to several hundred microseconds before desorption.
ture. It has to be noted that the drop in rotational excitationA smooth increase of delayed desorption with increasing
with increasing delay time is smooth. coverage is in contrast to the TPD spectra in which dimers
only appear once the chemisorption sites are saturated.
(2) The desorption cross sections depend on the desorp-
tion channel, on coverage, and internal degrees of freedom.
We have shown that NO adsorbs as a chemisorbed sp&he desorption probability drops at larger coverages for mol-
cies at low NO coverages on £);(0001) with a binding ecules evolving from a direct desorption process while no
energy of 1.0 eV. A weakly adsorbed species appearing atrop in desorption efficiency is observed for molecules with
higher coverages is attributed to NO dimers with a possibleelayed desorption.
bilayer like structure according to the IR data. The strong (3) The initial desorption signal per pulse is only propor-
dimer bond is unusual. In the low coverage regime, conventional to the chemisorbate coverage for molecules from non
tional observations have been made for the UV |48&t eV) retarded desorption.
induced desorption such as high vibrational and rotationaFurthermore, the question rises how is the dimer at higher
excitation of desorbing neutral NO molecules exhibiting bi- coverage involved in the photoreaction?
modal velocity distributions with strong coupling of transla- The latter question has to be addressed as direct UV
tion to rotation. These findings are typical for a non thermallaser induced photodissociation of NO dimers has been dem-
desorption process. Confirmed by further experiméntS onstrated to be operative for (NQpn LiF(001),% MgF,
this is conform with an initial charge transfer excitation of (Ref. 39 at 248 nm and cryogenic films on Al1) at 220—
an electron from the substrate to the adsorbate to form afd70 nm! The NO fragments have been reported to occur in
NO™ intermediate state. With this respect NO/G4(0001) rather highly excited rotational and vibrational states. Dimer
is not different to a number of other adsorbate systemslissociation in the gas phase at 193°4mf® also showed
on similar oxidic supports as found experimentally andsubstantial excitation of internal molecular degrees of free-
theoretically>"®However, the following unusual experimen- dom. However, in case of NO/@D,(0001), neither a
tal observations have to be discussed for the high coveragghange in the population of internal degrees of freedom has
regime: been observed nor did the desorption signal per laser pulse
(1) Slow components in the delay time spectra increaséncrease with increasing coverage of the weakly bound spe-
with increasing NO coverage far’=0. They are related to cies. Therefore, we exclude a nonthermal photodissociation
retarded desorption after photoexcitation rather than beingf the dimers. This might arise either from the different type
indicative to low kinetic energies. Residence times are founaf dimer on CsO5(0001) compared to other systems and/or

IV. DISCUSSION

Downloaded 27 Jun 2007 to 141.14.129.106. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 111, No. 3, 15 July 1999 Laser induced desorption: involvement of a precursor state 1167

a substantial shift of the resonance state with respect to th&ic precursor. The model for an extrinsic precursor in adsorp-
weakly adsorbed dimer. tion assumes that molecules adsorbed in a second layer are

If a direct nonthermal photodissociation of the dimer isable to move freely until they reach a vacant adsorption site
to be ruled out, the question remains which mechanismin the first layer and adsorb thet.
cause retarded desorption. Therefore, we want to suggest the following speculative

As relaxation processes of electronic or vibrational exci-model for the desorption process. The NO is excited by an
tation are known to occur on a femtosecond and picosenthitial charge transfer from the substrate to the strong bound
time scalé:"3°the long residence times of hundreds of mi- NO end in direct contact with the surface. This is consistent
croseconds after nanosecond excitation have to imply a longith the initial desorption signal per pulse being proportional
time diffusion process, in other words, mobility of the NO to the chemisorbate coverage for molecules from nonre-
molecules along the surface plane after excitation. Momentarded desorption. Direct desorption after backtransfer of the
tum perpendicular to the surface needed for desorption the@lectron can occur and/or temporary trapping of hot mol-
can be gained from collisions between the molecules. Thecules in an extrinsic precursor state results in a second de-
presented results differ from other examples in the literaturgorption channel. The latter may be either from trapping of
implying trapping or caging as normally the time for trap- NO originating from the first layer in contact with the sub-
ping is negligible with respect to the time scale of delay timestrate or from NO molecules of the weakly bound second
spectra. Internal state populations are reported to be close tayer kicked off like billiard balls from the underlying ex-
the surface temperature as typical for a preceding thermalfited chemisorbates. The trapped molecules have enough
sation process. Examples for this type of photodesorptiofifomentum to move freely parallel to the surface. They may
mechanisms are NO desorption from multilayers of NO oncollide with other molecules or they may be recaptured at a
Ag(112)* or from cryogenic films? NO generated in sub- Vvacant chemisorption site in the first layer in contact with
strate mediated photodissociation of N@dsorbed on chromia. The more chemisorption sites are occupied the
Pd(112)*° or NO desorbing after photodissociation of mono- larger is the number of sites available in the second layer,
layers and multilayers of tert-butyl nitrate on @g.1).* i.e., sites for trapping. This can explain the drop in desorp-

S|mp|e Caging underneath further adsorbate |ayers Caﬂon probablllty for direct desorption. On the other hand, the
be ruled out for the NO/GO4(0001) case for a further rea- probability for final recapturing of the molecules in the first
son. The retarded desorption Componenw[hzo iS a|so Iayer will become smaller with increasing COVerage. Further-
apparent under experimental conditions for which only theMore, the necessarily increased collision rate within the sec-
chemisorbate state was observed in TPD and IR. ond layer of mobile molecules will increase the probability

Photoinduced desorption involving collisions on the sur-t0 gain momentum perpendicular to the surface. Alterna-
face after photoreaction of adsorbed molecules has been rively the rate for kicking off the physisorbed species which
ported for Q/Ag(110) ®” For this system, photodesorption "émain trapped for some time may increase. Both mecha-
of O, is assumed to result from a two-step mechanism. Phdlisms are consistent with the increasing amount of delayed
todissociation of molecular oxygen is followed by collisions desorption. o
of hot oxygen atoms on the surface channelled along the ~Full rotational accomodation is not necessary for trap-
rows of Ag110 with unreacted molecules of initially zero PING IN an extrinsic precursor state as found In scattering
kinetic energy. This collision is followed by desorption of experlrg;ents for ©@Ni(111) by Beutl, Rendulic, and
translationally rather hot Omolecule€’ A dramatic in- Castro:” In other words, the molecule may rotate more or
crease of the photodesorption cross sections with increasirl§SS freéely which explains why it is not surprising to find
O, coverage was explained by an increase of localized col€ evated rotatlopal temperatures for NO molecules desorbing
lisions. In our experiments differences of desorption effi-2ftér & long residence time from £1;,(0001).
ciency are marginal. The difference might be a more efficient
guenching of excited states and less channelled collisions ) CONCLUSIONS
contrast to the @/Ag case.

The retarded desorption is only observed ir=0. This We have shown for the first time to our knowledge the
indicates that vibrational excitation of the NO stretch is fully involvement of a precursor state in UV-laser induced desorp-
accommodated to the surface temperature for trapped molion. Desorption was initiated at 6.4 eV for NO adsorbed at
ecules. Rotational excitation is not completely thermalised a€r,03(0001) using nanosecond laser pulses at a substrate
is obvious, for example, fronT,,,=400K at 800us time  temperature of 100 K. At large coverages of NO, two desorp-
delay between excitation and detecti@fistance of 32 mm tion channels are observed: a direct one exhibiting strong
from the surfacge The elevated rotational temperatures ruletranslational, rotational, and vibrational excitation typical for
out a pure thermal dissociation mechanism of dimers from @nitial charge transfer excitation within the adsorbate-
small laser induced temperature jump within the surface. Fosubstrate complex, and a second one characterized by re-
such a process, the rotational excitation would be expected tarded desorption with trapping times of several hundred mi-
come close to the surface temperature. croseconds. Within this second channel the internal degrees

The fact that a NO dimer forming a bilayer like structure of freedom are thermalized to the substrate temperature ex-
is observed and the fact that desorption can occur after eept for the rotational excitation. The desorption probability
longtime diffusion process without a complete rotationalfor a direct desorption process is reduced in case the trapping
thermalisation strongly point to the involvement of an extrin-channel gains importance. The data are interpreted assuming
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