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’ INTRODUCTION

The understanding of photoreactions on surfaces has con-
siderably advanced in the last decades. On metal surfaces the
primarily excited hot electrons can interact directly with adsor-
bate molecules. At high photon intensities, as provided by
femtosecond optical pulses, a very hot and nonthermal electron
gas is created on a femtosecond time scale via inelastic electron�
electron interactions. Electrons in this highly exited state may
then subsequently interact with adsorbed molecules.1 On in-
sulating surfaces with an electronic band gap like oxides, direct
charge transfer excitations2�4 of the substrate�adsorbate com-
plex often constitute the dominating primary excitation step.5 In
the past, femtosecond pulses for laser desorption have been
employedmainly in the visible and near-UV spectral range (hνj
4.6 eV). Photon energies extending to hν j 6.4 eV6 and
occasionally even to hν ∼ 7.9 eV (157 nm)7 were accessible
only with nanosecond pulses due to the available excimer laser
sources. On the other hand, synchrotrons readily provide
photons with energies in the extreme UV (XUV) and soft
X-ray spectral range, albeit at very low photon fluxes for the
individual light pulses.

At high photon energies, direct adsorbate electronic excitation
has led to the development of the very successfulMenzel-Gomer-
Redhead (MGR) model of photon-induced desorption.8,9 This
photoreaction scheme leads in the primary step to electronically
highly excited species, followed by ionization or dissociation
reactions or both. It is therefore expected that products in an
ionized state or with high kinetic energies leave the surface.

Despite the large absorption cross section of such direct
processes in the XUV, most impinging photons are nevertheless
not absorbed in a single monolayer of an adsorbate. Instead, the
vast majority of incident photons are absorbed only in thick
adsorbate layers or by the substrate. When photoreactions are
initiated in various depths of a thick adsorbate layer, collision

cascades will have a significant influence on the kinetic energy
distribution of the products formed10 and possibly also on the
distribution and chemical nature of the constituents. On the other
hand, primary excitation of substrate electrons is followed on a
10�100 femtosecond time scale by a rapid decrease of their
average energy due to electron�electron collisions, accompanied
by an exponential growth of their number density. Therefore, the
excitation of an adsorbate�substrate system with XUV photons
initiates various competing photoreaction processes, which do
not occur at low photon energies. The identification of major
reaction channels is of central interest at these photon energies.

The investigation of photochemical surface processes at such
high photon energies is further important for an understanding of
molecule formation on interstellar grains. Besides the most
abundant hydrogen molecule, also, carbon, nitrogen, and oxygen
containing molecules are formed at such grains.11 Due to its high
mobility, the formation of molecular hydrogen occurs thermally
via surface reactions, even at very low temperatures and, there-
fore, even in dense, dark molecular clouds.12,13 The formation of
new bonds between the heavier atoms requires thermally very
long times or may be stimulated by photons. In particular in the
vicinity of new-born stars high fluxes of high-energy photons
penetrate into such clouds, and may open new reaction pathways
with unexpected products. The grains are mainly of carbonac-
eous or silicate type, with a weak interaction with adsorbates.
These substrates on the other hand show a large bandgap, thus
requiring high photon energies when reactions shall be initiated
via the substrate.
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ABSTRACT: We report results of femtosecond laser induced desorption of NO
from highly oriented pyrolytic graphite using XUV photon energies of hν = 38 eV
and hν = 57 eV. Femtosecond pulses with a pulse energy of up to 40 μJ and about 30
fs duration generated at FLASH are applied. The desorbed molecules are detected
with rovibrational state selectivity by (1 þ 1) REMPI in the A2Σþ r X2Π γ-bands
around λ = 226 nm. A nonlinear desorption yield of neutral NO is observed with an
exponent ofm = 1.4( 0.2. At a fluence of about 4mJ/cm2 a desorption cross section
of σ1 = (1.1( 0.4)� 10�17 cm2 is observed, accompanied with a lower one of σ2 =
(2.6 ( 0.3) � 10�19 cm2 observable at higher total fluence. A nonthermal
rovibrational population distribution is observed with an average rotational energy
of ÆErotæ = 38.6 meV (311 cm�1), a vibrational energy of ÆEvibæ = 136 meV
(1097 cm�1) and an electronic energy of ÆEelæ = 3.9 meV (31 cm�1).
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The appearance of free-electron lasers (FEL) that operate in
the XUV and soft X-ray regime providing femtosecond pulse
durations and high pulse energies14 make detailed studies of
dynamic processes in this spectral regime feasible.15,16 As a first
step, highly oriented pyrolytic graphite (HOPG) seems to be an
adequate model system to study such processes due to its weak
interaction with many adsorbates. In graphite, the density-of-
states near the Fermi energy EF is low. Further, in the visible and
UV spectral range, optical excitations are only possible in the
vicinity of the K point of the Brillouin zone, the photons then
interact with electrons of high momentum.17 Employing XUV
photons allows access to electrons in the whole Brillouin zone,
making further use of high densities of initial and final states.
Therefore, questions regarding the general electron dynamics
initiated by high energy photons in adsorbate�surface systems as
well as a possible direct excitation in the adsorbate alone may be
addressed. In this contribution we report results on nitric oxide
desorption from (NO)2/graphite induced at two different
photon energies in the XUV using the radiation provided by
the free-electron laser in Hamburg (FLASH).

’EXPERIMENTAL SECTION

A highly oriented pyrolytic graphite (HOPG) sample with a
mosaic angle of 0.4� is mounted on a coldfinger in an ultrahigh
vacuum (UHV) chamber. For preparation, the HOPG is cleaved
with adhesive tape and annealed under vacuum to 800 K for 60 s
by electron bombardment from the rear side. During the experi-
ment, the temperature of the graphite crystal is held at 95 K.
Nitric oxide is dosed via a differentially pumped pulsed beam
(Δt ∼ 1 ms) onto the surface. The low backing pressure of 20
mbar provides a nearly thermal molecular beam.18 The pulsed
beam redoses the graphite surface at 5 Hz after each desorption
laser pulse, delayed by about 1 ms with respect to the detection
laser pulse. Under operation of the pulsed valve, the pressure in
the UHV chamber rises from 5� 10�10 mbar to 1� 10�9 mbar.

The free-electron laser at Hamburg (FLASH) at DESY
provides XUV radiation to desorb nitric oxide from the sample
in single pulses at 5 Hz repetition rate. In the present experi-
ments, FLASH operates at photon energies of hν = 38 and 57 eV,
with a temporal pulse width of about 30 fs.19 The weakly focused
p̂-polarized FLASH beam at BL1 strikes the surface at an angle of
incidence of ϑi = 67.5� relative to the surface normal. The sample
is placed outside the focus. Due to the oblique incidence, the
200� 300 μm2 ellipsoidal beam produces a 0.49 mm2 ellipsoidal
spot on the graphite. At both photon energies, average pulse
energies of 24 μJ (57 eV) and between 5 and 21 μJ (38 eV) are
applied, resulting in fluences of about 4 and 1 mJ/cm2, respec-
tively. However, due to the SASE operational principle, large
pulse energy fluctuations occur.

Desorbing neutral NO molecules are detected in the gas
phase at a distance of 7 mm from the surface by single color (1þ
1) resonantly enhanced multiphoton ionization (REMPI) via
the A2Σþ r X2Π γ-bands around λ ∼ 227 nm. The detection
laser consists of a frequency tripled Nd:YAG laser (Quanta Ray,
GCR-170, λ = 355 nm, τ = 7 ns) pumping a commercial dye
laser system (Sirah, Cobra Stretch, Δ~v = 0.06 cm�1, λ ∼
454 nm). This output is frequency doubled in a 9 mm long
BBO crystal to produce radiation tunable around λ = 227 nm.
NOþ photoions are detected by a Wiley�McLaren type time-
of-flight mass spectrometer. This device is also capable of
detecting ions directly desorbed by the free electron laser

pulses.15 The output of the microchannel plates is monitored
on a digital oscilloscope, gated and forwarded to a computer.
The NOþ photoion signal depends linearly on the detection
laser pulse energy in the range from 0.5 to 1 mJ, thus, saturating
the NO γ-band transition. The rovibrational state population is
then directly proportional to the detection laser pulse energy.
Kinetic energy distributions for individual quantum states are
measured by changing the delay between the XUV desorption
laser and the detection laser. The detection laser runs in a toggle
mode with twice the frequency of FLASH thereby recording
signal and background separately.

’RESULTS

Fluence Dependence. A typical pulse energy distribution of
the XUV FLASH pulses is shown in Figure 1a for 2000 pulses at a
photon energy of hν = 38 eV. An average pulse energy of (21(
10) μJ is thus employed in this experiment. Figure 1b displays the
dependence of the NO REMPI signal on the FEL fluence signal
at the bandhead of the P12 branch (v00 = 0, J00 = 8.5�12.5), where
v00, J00 denote in spectroscopic convention the vibrational and
rotational quantum numbers, respectively, of electronic ground
state NO molecules. A nonlinear increase of the NO REMPI
signal is evident. A double logarithmic plot of the NO signal
yields a slope of n = 1.4 ( 0.2.
In the present study, the power dependence of the desorp-

tion yield Y is much smaller than typically observed for metal
substrates where values between Y∼ I3.3 (NO/Pd(111))20 and
Y ∼ I8.0 (CO/Cu(100))21 have been found. However, a
comparable slope with 1.3 e n e 1.6 has been observed for
the fs UV desorption of NO from NiO(100).22 For laser
desorption of NO from HOPG using nanosecond pulses of
355 nm, a linear increase of the desorption yield has recently
been found.23 The authors concluded that a single photon hot
electron process induces the desorption. In most experiments
concerning the photo desorption of NO from an insulator,
semiconductor, or an oxidized metal, a linear dependence of the
desorption yield is observed,24,25 albeit at significantly lower
peak intensities.26

Figure 1. Histogram of the pulse energy distribution of the FLASH
pulses employed. The most probable intensity is 21 μJ with a width of
(10 μJ (fwhm). (b) The NO desorption yield as a function of FEL
fluence. Both figures are recorded on the bandhead of the P12 branch
(J0 0 = 8.5�12.5) at a desorption photon energy of hν = 38 eV.
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For a linear dependence of the NO desorption yield, Ndes, on
the desorption laser fluence, Npho/A, an effective cross section σ
can be derived in the form of

Ndes � expf � σNpho=Ag ð1Þ
where Npho denotes the number of photons and A is the area of
the desorption laser on the surface. The desorption yield
recorded at hν = 38 eV is displayed in a semilogarithmic plot
in Figure 2. The double exponential decay yields for low total
photon fluences a desorption cross section of σ1 = (1.1( 0.4)�
10�17 cm2 and for high total photon fluences σ2 = (2.6( 0.3)�
10�19 cm2 . This much lower cross section might be caused by
surface diffusion of molecules from not-irradiated areas of the
surface into the one already depleted by the FEL radiation at
much lower total fluence. Using nanosecond pulses of 3.5 eV
photon energy, Wettergren et al. observed a much lower
desorption cross section of σ = (2.3 ( 0.3) � 10�19 cm2 for
NO desorption off graphite.23 This smaller cross section is
probably caused by the low density of states around the K point
making a substrate excitation difficult. The ratio of the joint
density-of-states at hν = 38 eV to that at 3.5 eV is about 35. This
ratio of the joint density-of-states accounts already for most of
the difference in the observed desorption cross sections. An
additional factor may come from the fact that in the present
experiment the electronic system is excited on a time scale short
compared to electronic dissipation times, while Wettergren et al.
employed nanosecond pulses where dissipation occurs already
during excitation.
Rovibrational Population. A wavelength scan of the detec-

tion laser across theγ-bands of NO from 227.1 to 223.7 nm yields
the rovibrational state distribution of the desorbed NOmolecules
in the vibrational ground and the first excited state v00 = 1.
As desorption laser FLASH produced pulses at a photon energy
of hν = 57 eV with an average pulse energy of (24 ( 7) μJ. The
delay between the pump and the probe laser is fixed at 24 μs,
which corresponds at a probing distance of 13 mm from the
surface in this case to a velocity of the detected NO molecules of
540 m/s. In Figure 3, the degeneracy corrected logarithm of the
state population is plotted against the rotational energy in the
form of a Boltzmann plot. The open symbols correspond to
levels in the 2Π1/2 fine structure state, while the filled symbols
correspond to those in 2Π3/2. The rotational state population is
obviously nonthermal. Low rotational states with a rotational
energy below 500 cm�1 are best fit by a rotational temperature of

aboutTrot = 290 K, while higher rotational states can be fitted to a
temperature of Trot = 690 K. The average rotational energy
within a specific vibrational state is given by

ÆErotðv00Þæ ¼ 1
Nðv00Þ∑J00

Nrotðv00, J00ÞErotðv00, J00Þ ð2Þ

Hereby Nrot denotes the population of the rotational level with
the rotational energy Erot. The overall rotational energy of all
states of the vibrational ground state (v00 = 0) yields a rotational
energy of ÆErot(v00 = 0)æ = 311 cm�1 corresponding to an average
temperature of about ÆErot(v00 = 0)æ/k = 448 K. Although the
average rotational energies in the two fine structure states 2Π1/2

and 2Π3/2 are different with ÆErot,1/2æ = 189 cm�1 and ÆErot,3/2æ =
123 cm�1, respectively, the population in both states is in local
equilibrium at the same total excitation energy, see Figure 3. The
fine structure splitting in NO amounts to about 124 cm�1.
Averaging over the population in both states, the electronic
excitation due to this fine structure excitation amounts to ÆEelæ =
31 cm�1. A thermal excitation of 95 K would lead to an electronic
excitation of only ÆEelæ = 19 cm�1 assuming thermal equilibrium.
The observed electronic excitation then leads to an electronic
temperature of Tel = 172 K. Comparing the intensities of P, Q,
and R rotational branches for the same rotational state J00 allows
to assess the importance of possible population differences in “e”
and “f” Λ-doublet states. In the high-J00 limit (Hund0s case (b))
the twoΛ levels belong to different electronic symmetries. In the
present case neither the “e” nor the “f” Λ-doublet states are
favored in desorption. The first vibrationally excited state (v00 = 1)
shows a similar behavior of the rotational population distribution
as the vibrational ground state up to the recorded rotational state
of J00 = 21.5. Although due to the lack of beam time the first
excited vibrational state v00 = 1 could not be completely recorded,
the most significant part was measured. The average rotational
energy then amounts also to ÆErot(v00 = 1)æ = 311 cm�1, assuming
again local equilibrium between the two fine structure states as in
(v00 = 0).
The population of a specific vibrational state can be obtained

by summing the different substates involved according to

NvibðJ00Þ ¼ 1

∑
v00

Nvibðv00Þ ∑
J00,Ω00

NJ00,Ω00 ðv00Þ ð3Þ

Figure 2. Desorption yield recorded on the bandhead of the P11 branch
(J00 = 7.5�10.5) at a photon energy of hν = 38 eV.

Figure 3. Rovibrational population distribution of FLASH desorbed
neutral NO molecules, recorded at a pump�probe delay of 24 μs at a
photon energy of hν = 57.1 eV. The open (filled) symbols denote
different rovibronic transitions originating in the 2Π1/2 (

2Π3/2) state.
The identification of the different branches is indicated in the inset.
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Because only a few rotational states of the Π1/2 state could be
analyzed in (v00 = 1), the rotational population in this state has
been assumed to show local equilibrium between the 2Π1/2 and
2Π3/2 states, as is also experimentally observed for rotational
energies up to Erot≈ 300 cm�1, see Figure 3, and throughout the
whole rotational states in v00 = 0. The population ratio of the first
excited vibrational state (v00 = 1) to the ground state (v00 = 0) is
about 0.18, resulting in a vibrational energy of ÆEvibæ = 136 meV
or a corresponding vibrational temperature of about Tvib =
1580 K. The vibrational temperature is thus much higher than
the rotational temperature.
Kinetic Energy. A large part of the total energy in the

desorbing NO molecules is released as kinetic energy. Primarily,
the NO yield is measured as a function of time delay between the
femtosecond XUV pulse (hν = 38 eV, (5 ( 3) μJ) and the
nanosecond detection laser pulse. Both pulse durations are short
compared to typical flight times in the μs-regime from the surface
to the detection volume. This arrival time signal S(t) is first
transformed into a flight-time distribution

IðtÞ � SðtÞ 3
L
t

ð4Þ

where L denotes the flight distance and t the delay time. A Jacobi
transformation then yields the desired velocity distribution

IðvÞ ¼ const 3 t
2IðtÞ ð5Þ

from which the kinetic energy distribution26

IðEkinÞ ¼ 1
2
mNOIðv2Þ ð6Þ

is directly obtained.
Figure 4 shows this kinetic energy distribution for the (Q22 þ

R12) (J00 = 11.5) line of ground state NO. The distribution peaks
at Ekin = 80 meV and slowly decreases at higher energies. NO
molecules with up to 1 eV kinetic energy are observed. As an
estimate of the kinetic energy release Maxwellian flux distribu-
tions are fitted to this energy distribution. Two distributions with
relative yields of 35 and 65% and kinetic temperatures of Tkin =
488 K and Tkin = 1717 K, respectively, are required to fit the data,
as indicated in Figure 4. For a flux distribution the average kinetic
energy is given by ÆEkinæ = 2kTkin. Therefore, the fits yield an
average energy of ÆEkinæ = 1370 cm�1 or Tkin = 1000 K. Other

rotational states at low and medium quantum number show a
similar kinetic energy distribution.
Combining these data we find that an average internal energy

of Eint = Erotþ Evibþ Eel = (38.6þ 136þ 3.9) meV = 178.5 meV
is released into the desorbing NO molecules. Together with the
kinetic energy of Ekin = 170 meV in total an amount of Ttot =
Tint þ Tkin = 348.5 meV is found in the NO molecules.

’DISCUSSION

Laser-induced desorption processes are often described using
the two-temperature27 or three-temperature model1 in which
adsorbate excitation is taken into account. In the two-tempera-
ture model the electronic temperature Tel is coupled to the
phonon temperature, Tph, via

D
Dt
T2
el ¼

k0
Cel

D
Dz
T2
el �

2Tph

Cel
g¥ðTel � TphÞ þ

2Tph

Cel
Sðz, tÞ ð7Þ

D
Dt
Tph ¼ g¥

CphðTphÞðTel � TphÞ ð8Þ

with Ci as specific electronic or phononic heat capacities, k as the
thermal conductivity, and g¥ the electron�phonon coupling
constant. S(z,t) denotes the optical excitation. When this two-
temperature model is used to describe the temperature evolution
in the NO/HOPG system, a peak temperature of the electronic
system of about Telmax ≈ 13.000 K is obtained, see Figure 5. The
inset shows the temperatures of other degrees of freedom in more
detail. The phononic temperature riseswithin 7 ps from95 to 184K
and then slowly cools down. Within the same time the electronic
system anneals to an equilibration with the phononic tempera-
ture. An exclusive coupling of a generalized adsorbate tempera-
ture to the phonon temperature of the surface would lead to a
maximum desorption rate of only dθ/dt = 8� 10�14 ML/fs and
an overall desorption of θ = 1 � 10�5 ML per pulse. Such a
phonon-mediated desorption is in the present case not respon-
sible for the desorption process since the detected NO signal is
much larger than the desorption rate calculated for this process.
Also the rovibrational population measurements exclude a
thermal desorption.

To gain further insight into the desorption process the coupling
between the adsorbate temperature and the electronic system is
considered. The equilibration time τel�ph = Cph/g¥ (see equation
eq 8) implies a coupling constant of g¥ = 2.64� 10�17 W/(m3K).
Assuming full equilibration between the adsorbate degrees of

Figure 4. Kinetic energy of neutral NOmolecules desorbed at hν = 38 eV
in the (Q22 þ R12) (J00 = 11.5) branch. The black dots represent the
measured data, while the solid line shows the resulting fit by two
Maxwellian flux distributions. The dashed and dotted lines show the
two different kinetic temperatures. The Maxwellian distributions yields
an average energy of ÆEkinæ = 170 meV, which corresponds to a
temperature of Tkin = 1000 K.

Figure 5. Temperature evolution of the electrons (blue dash-dotted
line), the phonons (black dashed line), the adsorbate (magenta dotted
line), and the resulting desorption flux (green short-dashed line) excited
by an intense laser pulse (red solid line).
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freedom the translational energy of the desorbing NO can be
related to the temperature of the adsorbate via ÆEtransæ = 2kBTads.28
Therefore, the kinetic energy can be used to estimate the tempera-
ture of the adsorbate during the desorption process. For an
electronically mediated process, the adsorbate temperature couples
closely to the temperature of the electronic system. This results in a
comparatively high temperature for a shorter period of time, while
for a phonon-mediated process the adsorbate temperature is
expected to be elevated much longer at a moderate temperature
which, however, does not lead to the observed desorption rate.

The electronic friction model29 couples the adsorbate tem-
perature Tads to the electronic temperature Tel of the substrate

d
dt
Tads ¼ ηelðTel � TadsÞ ð9Þ

The resulting adsorbate temperature is plotted in Figure 5 as a
dotted line as a function of time after optical excitation using a
coupling constant ηel = 0.07 ps

�1, as derived below. A maximum
temperature of about 1100 K is reached. A yield-weighted
adsorbate temperature reflects the desorption relevant tempera-
ture during the desorption process. This temperature

TYW
ads ¼ 1Z ¥

0
RðtÞdt

Z ¥

0
TadsðtÞRðtÞdt ð10Þ

can directly be compared to the kinetic energy of the desorbing
molecules. From this temperature, the desorption probability is
calculated to

Pdes ¼
Z

Rdt ¼ Ea

Z ¥

0
dt

η

Tads
exp½ � Ea=kBTads� ð11Þ

using first order kinetics. The inset of Figure 5 shows the time
dependence of the desorption rate a maximum of 17 � 10�6

ML/fs, which lasts about 6.5 ps (fwhm). Integration of R(t)
yields a total desorption of Pdes = 0.13 ML/pulse. From the
desorption cross section of σ = 1.1 � 10�17 cm2 averaged over
the first 200 pulses (see Figure 2) and an applied fluence of about
7.9� 1014 photons/cm2 a desorption yield of less than 0.01ML/
pulse is estimated. This yield is lower by about 1 order of
magnitude compared to the model calculation. Taking, however,
only the first 15 applied XUV pulses into account, the data shown
in Figure 2 yield a desorption cross section of about 4.5 �
10�17 cm2. Then, for the first pulses, one arrives at a desorption
yield of 0.035ML/pulse. Then one cautiously may conclude that
not all possible attempts lead to desorption, with only every
fourth trial being successful.

In the present experiment an average kinetic energy of ÆEkinæ =
1370 cm�1 is measured, resulting in a kinetic temperature of
Tkin = 1000 K. Assuming this also to be the adsorbate tempera-
ture Tads, a fit of the coupling constant ηel to the electronic
temperature yields ηel = 0.07 ps�1. Regarding the mass depen-
dence of the coupling constant,29 ηel � m, this value is about a
factor of 5 greater than for the H2/Ru and D2/Ru system where
ηel = 1/180 and 1/360 fs�1, respectively, has been found.30

Desorption Mechanism. The large desorption cross sections
observed in the present experiment are of the same order of
magnitude as results of other experiments on nonmetallic sub-
strates at lower photon energies. Using nanosecond pulses at
hν = 6.4 eV the desorption of NO from NiO(111) occurs at a
cross section of σ = (6 ( 1) � 10�17 cm2 decreasing to smaller
values with decreasing photon energy due to a lower absorption

coefficient of the NiO substrate.31 There, a direct charge transfer
reaction is induced by the exciting photons. Similarly, under the
same conditions, the desorption of NO from Cr2O3 revealed a
desorption cross section of σ = (2.0( 0.3)� 10�17 cm2.25When
the femtosecond UV pulses are used, the desorption of NO from
NiO(100) at hν = 3.95 eV yielded a desorption cross section of
σ = (1.9 ( 0.3) � 10�17 cm2.26 All these effective desorption
cross sections are of the same order of magnitude as observed in
this work for a graphite substrate, despite the fact that the applied
intensities of the UV pulses employed are lower by several orders
of magnitude. While for the oxide surfaces direct charge transfer
excitations initiate the desorption, this is unlikely in the present
case, where NO dimers are adsorbed on graphite.32,33

Possible excitation mechanism are shown in Figure 6.
Figure 6a shows the energetics of the (NO)2

� dimer anion ad-
sorbed on graphite. In Figure 6b the density of states (DOS)
of graphite are shown. A high density of occupied states arises
from the crossing region of σ and π bands at E = �6.2 eV.
Figure 6c shows the energies for (NO)2

þ cations. A direct
excitation of the (NO)2 adsorbate leads at photon energies of
38 eV to (NO)2

þ and at 57 eV also to (NO)2
2þ configurations. In

the gas phase, the double ionization threshold occurs at hν = 39.4
eV.34 For doubly ionized nitric oxide dimers the ionization cross
section increases to about σmax = 1.58� 10�19 cm2 at hν = 49.7
eV and then decreases to σ = 1.45 � 10�19 cm2 at 57.1 eV.
Strongly favored with ionization cross sections of σ = 5.6 �
10�18 cm2 and 10.4 � 10�18 cm2 at at hν = 57.1 and 38 eV,
respectively, is the dissociative formation of NOþ. The dissocia-
tive ionization into atomic ions, Nþ þ O and Oþ þ N, shows
ionization cross sections of σ = 2.3 � 10�18 cm2 and 1.3�
10�18 cm2, respectively, which unfortunately were not recorded
during these runs. To summarize, these direct excitation cross
sections of the adsorbate are lower than the observed desorption
cross section by almost 1 order of magnitude. Although such a
process can not be excluded at present, it must remain a minor
contribution to the observed NO signal.
The XUV radiation is primarily absorbed in the HOPG

substrate and thereby excites electrons from below the Fermi
energy into highly excited states. Through electron�electron
scattering or inelastic electron-defect scattering, lower energy
electrons are generated. Hot electrons then may tunnel into
states above the Fermi energy and thereby form a (NO)2

�

Figure 6. Electronic states of (NO)2 adsorbed on graphite.33,35
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complex. On graphite, the neutral (NO)2 dimer is adsorbed in
the cis-configuration, with one NO molecule lying almost flat on
the surface.32,33 For the (NO)2

� dimer anion, however,
calculations35 show that the trans-configuration is more attractive
than a cis-(NO)2

� anion state by about 1000 cm�1. A temporally
excited anion configuration, therefore, leads not only to strongly
excited vibrations as is observed on metal surfaces, but in this
specific case also to a rotational excitation by inducing a
transformation from a cis- to a trans-configuration. Both conclu-
sions are supported by the observation of vibrationally excited
NO (Tvib∼ 1600 K) and by a medium high rotational excitation
of NO in the desorption flux.
These finding contrasts observations of UV laser-induced

desorption of NO from C60, where nitric oxide also adsorbs in
the dimer configuration. There only a minor vibrational excita-
tion with Tvib ∼ 600 K was observed.36 Due to the energetics a
hole transfer was postulated in that case to induce the desorption.
For excitation of the O2/graphite system by XUV photons at 28
eV using synchrotron radiation a mechanism based on direct
absorption in the adsorbate was found.37 Because NO� is
isoelectronic to O2 a similar mechanism could contribute also
in that case. It seems, however, that the high photon density
provided by the FEL pulses create such a high density of hot
electrons in the substrate that this direct adsorbate process is
obscured.
In conclusion the observations indicate that the XUV pulse

induced dissociative desorption of NO from (NO)2/graphite
occurs via creation of a hot electron gas in graphite and a
temporarily negative ion state of the adsorbate. Direct excitations
of the adsorbate are at these photon energies only of minor
importance.
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