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Resonant ir laser stimulation of the desorption of methanol adsorbed on Cu(110)
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The reactive system CH3OH/Cu(110) has been characterized by thermal desorption and infrared
reflection-absorption spectroscopies. This provides the knowledge of the reactive system properties
necessary for the interpretation of the ir photodesorption experimental results. These properties are the
sticking coefficient of methanol on Cu(110) at 90 K, the monolayer density, the ir absorbance, and the
structure of the adsorbate. In particular, ir spectroscopy demonstrates the possibility of thermally ac-
tivating the crystallization of the amorphous adsorbate obtained upon condensation on Cu(110) at 90 K.
The experimental setup used for the measurements of the photodesorption yield ( YpD) makes use of an

optical parametric oscillator generating ir pulses about 15 ns long and frequencies tunable from 2800 to
3450 cm. This frequency range includes the ir bands corresponding to the asymmetric methyl and hy-

droxyl stretching modes. The ir Yi D of amorphous and crystallized films have been measured as a func-
tion of the laser-beam frequency and fluence, of the substrate coverage, and of the temperature (from 90
to 120 K). The correspondence between the YpD spectra and the ir spectrum of liquid methanol indi-

cates the occurrence of adsorbate melting during the photodesorption process. The saturable exponen-
tial evolution of the YpD as a function of the laser fluence reveals the thermal nature of the process. The

YpD of the amorphous methanol thin films increases greatly upon their crystallization. This is tentative-

ly explained as a consequence of a change in the film morphology. These experimental results are inter-

preted quantitatively in the framework of the thermal photodesorption mechanism due to the resonant
substrate heating.

I. INTRODUCTION

Since the development of lasers generating frequency-
tunable ir pulses, increasing effort has been devoted to the
study of surface-process stimulation by resonant excita-
tion of vibrations of the molecules in the gaseous or in
the adsorbed phase. ' This offers the possibility of in-

vestigating the relevance of specific molecular vibration
excitation for overstepping the activation barrier of a sur-
face reaction. An interesting prospect for such investiga-
tions would be the photostimulation of isotopically or
chemically selective surface processes.

It has been demonstrated that the resonant ir excita-
tion of molecules in the gas phase may decrease their
physisorption probability onto a cooled wall, increase
the yield of a reaction catalyzed by a metallic surface, or
generate highly reactive fragments for a subsequent sur-
face reaction. Except in the case of SF6/Si, where the
resonant excitation of the adsorbate by a CO2 laser ac-

tivates the etching of the surface, the spectroscopic
(frequency-dependent) investigations on a surface-process
stimulation by ir laser irradiation of the adsorbed phase
have been restricted to the photodesorption process.
The reports concerning this research theme appeared in
the literature at the beginning of the 1980s. The possibil-
ity of observing the resonant character of the ir photo-
desorption process has been demonstrated for molecules
adsorbed on monocrystalline or polycrystalline metallic
or insulating substrates. The reactive systems select-
ed for these investigations are listed in Table I. %'e gen-
erally speak of photodesorption for adsorbate thicknesses
ranging from 1 monolayer (ML) to a few tens of mono-
layers such that the process e%ciency is substrate and
coverage dependent. Resonant ir photoablation of thick
adsorbates, which is substrate independent, is also
reported in Table I. In all cases, the resonant structure of
the photodesorption-yield (YI,D) spectra could be as-

signed to the resonant excitation of an adsorbate vibra-
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tional mode. A11 these experiments were performed using
a pulsed laser beam in order to obtain a high instantane-
ous irradiance. The photodesorption of Co from
NaC1(100) irradiated by a cw CO laser (=2100 cm ')
turned out to be unobservable. The other important
features common to the majority of the investigations are
a supralinear dependence of YpD versus the laser
fiuence, "' ' ' ' an increase of YpD with increas-
ing coverage values, ' ' ' ' ' ' and a lack of isoto-
pic selectivity [NH3-ND3/Cu(100) or Ag film,
' C' 0-' C' 0/NaC1 film, ' ' C4Dio-C4H, o/
Alz03(1120), ' and CSH~N-CSDsN/KC1 film ]. Selective
ir photodesorption of CH3F when coadsorbed with

another chemical species has been achieved in the cases
of CH3F-CHzF6/NaC1 film and CH3F-CO/Cu. For
the latter experiments, it was not established whether the
chemical selectivity was a consequence of the ir laser-
excitation selectivity or of the difference in desorption ki-
netics between the two coadsorbed species. Efforts were
also devoted to the measurement of the photodesorbed
molecule speed distribution. ' ' ' ' For substrates
showing a high specific surface like condensed
films, "' ' '9 or in the ease of thick adsorbed films, 7* 3

the adsorbate ir spectrum could be recorded and com-
pared with the Ypo spectra.

Considerable theoretical efforts have also been made to

TABLE I. Reactive systems selected for performing resonant ir photodesorption experiments.

Adsorbate Substrate

Substrate

temperature

(K)

Laser

type'

Frequency
(cm') References

Insulating substrates

CsDsN KCl

CsHsN KCl

CH3F film NaCl

CH3F NaCl(100)

95

95

77

64

COq

COp

CO2

CO2

970
1033

975

975

9
10
11-13
13,14

CO

C4Hio

CgH4

C2H4

NH3

Metallic

C6HsN

C6HsN

NH3

ND3

NH3/1Mc
Xe and NH3

film NaCl

Alp03(1120)
film NaCl

NaCl( 100)
film NaCl

substr ates

Ag(110)
film Ag

Cu(100)

Cu(100)

film Ag

film Ag

80

90
81,35

45

90

95

95

90
90

60,10

12

CO, X2

FEL
COg

CO (1970)

freq. diff.

CO2

COq

freq. diff.

freq. diff.

freq. diff.

freq. diff.

2110

3000

970

970
3370

1033

1033

3350
2500

3340

3400

15,16

17,18

19

19

20

9
21,22

23-25
23-25
23-25

20

Photoablation of thick adsorbates

SF6

CC14

C6H )oC12

D20
CH3F
CH3OH

C6Hsco
CH2CICH2Cl

C6HsCF3

NO

C6H4Fp

C,H,

=67

~77

=77
77

/7

77

77

13

77

CO2

CO2

CO2

CO2

CO2

CO2

CO2

CO2

CO2

CO2X 2

CO2

CO2

950
980
980
1048

983
1048

1073

946
1070
1870

1085

1035

26

27,28
29-31
28

28

28

28

32

33,34
33
34

35

'Freq. diff. denotes frequency difference between a dye and doubled Nd: YACi laser beams; FEL denotes
free-electron laser; X2 denotes frequency-doubled beam.
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predict or to interpret these experimental results.
Mathematical formalisms allowing the description of the
photostimulation of adatom migration or desorption, '

and of the resonant substrate heating, when the ir laser
beam is coupled with the adbond, have been detailed.
Photodesorption mechanisms corresponding to the exper-
imental situation where the ir laser beam excites an inter-
nal vibrational mode of the adrnolecule, have also been
studied. Hussla et al. , followed by some of us, pro-
posed that the photodesorption of NH3 from Cu(100)
may be due to fast relaxation, towards the substrate, of
the energy resonantly absorbed by the adsorbate, which
causes the so-called resonant heating of the substrate sub-
surface region. In that case, the effective charge of the
excited internal vibration had to be adjusted to a value
one order of magnitude above its actual gas-phase value,
in order to explain the efficiency of the process. This
leads to an adsorbate ir absorbance, two orders of magni-
tude higher than that extrapolated from the gas-phase
value, and obviously renders this interpretation ' ques-
tionable. Lucas et al. have suggested that photodesorp-
tion can occur by elastic tunneling from a vibrationally
excited molecular state to a desorption state of the ad-
bond continuum, but they have also demonstrated that
this photodesorption channel was not significant in the
case of CO/NaC1 (Ref. 36) when irradiated by a cw CO
laser. Kreuzer et al. proposed that this tunneling may
inelastically occur by simultaneous emission or absorp-
tion of a substrate phonon. Gortel et al. evaluated the
transfer rate of the vibrational energy from the excited
internal vibration, through the adbond and to the sub-

strate phonons, due to the anharmonicity of the intera-
tomic potentials. They proposed that photodesorption
can occur by accumulation of the energy in the adbond vi

bration In the c.ase of CH3F/NaC1, the theoretically es-

timated fluence that causes a detectable YpD was four or-

ders of magnitude smaller than that used to perform the
experiment. Fain et al. suggested that photodesorption
can occur by destabilization of a substrate surface vibra

tional mode. Ephrain et al. also studied the relevance
of the admolecule frustrated rotations in the photo-
desorption process. The influence of the excited vibra-
tional mode anharmonicity ' of the homogeneous and
inhomogeneous broadenings ' of the corresponding ir-
absorption band have also been investigated. Although it
was shown that the lateral interactions between local ad-
sorbate vibrations ( V- V interactions) may restore efficient

pumping of the molecular vibration by overcoming the
anharmonicity of the latter, the nature of these V-V in-

teractions has not been not determined. In a previous
work, we demonstrated that the direct dipolar coupling
is not responsible for the lack of isotropic selectivity in
the photodesorption of ' C' 0-' C' 0/NaC1. Fain et
al. showed that the interactions between the continuum
and the bond states of neighboring-molecule adbonds
could only partly explain the lack of isotopic selectivity,
in the case of NH3-ND3/Cu(100).

Clearly, although considerable experimental work has
been performed in order to characterize the ir photo-
desorption process, and in spite of the numerous theoreti-
cal investigations of various ir photodesorption rnecha-

nisms, no quantitative agreement has ever been achieved
between experimental and theoretical results. The mech-
anism of the photodesorption process, as well as the
efficiency of the V-V interactions within the adsorbate,
remain questionable.

In this work, we present the results of the photodesorp-
tion of methanol adsorbed on Cu(110) by resonantly ex-
citing its two highest-frequency vibrational modes, name-
ly asymmetric methyl and hydroxyl stretching. The fre-
quencies of both vibrations are close to 3000 cm '. The
energy of the corresponding vibrational quanta lies near
36 kJ/mol, which is comparable to the physisorption en-

ergy of methanol, namely -40 kJ/mol. This was an a
priori intuitive criterion indicating the feasibility of the
photodesorption experiment. The copper substrate has
been selected because of its good ir reflectivity and its
high thermal conductivity, both of which minimize direct
substrate heating due to the partial absorption of the ir
laser beam by the copper surface. This direct substrate
heating induces undesired nonresonant thermal desorp-
tion of the adsorbate.

In Sec. III we present a summary of the characteriza-
tion of this reactive system by thermal desorption (TDS)
and infrared reflection-absorption spectroscopies (IRAS).
Particular attention was paid to the absolute determina-
tion of some physical properties of the system, such as
the monolayer density and the adsorbate ir absorbance.
In Sec. IV we present the experimental results of the ir
photodesorption experiment. The evolution of YpD has
been systematically measured as a function of the
modifiable experimental parameters: laser-beam frequen-
cy and fluence, substrate coverage and temperature,
amorphous or crystallized adsorbate. These results are
interpreted quantitatively in Sec. V in the framework of
the photodesorption mechanism due to resonant heating
of the substrate. The agreement between experiment and
theory will appear to be much better than that usually at-
tained in this field.

II. EXPERIMENT

The 12-mm-diam (110) copper disk was mechanically
polished and cleaned under ultrahigh-vacuum conditions
(base pressure ( 1 X 10 ' Torr) by cycles of Ar+-ion
bombardment (0.5 keV, 5 pA/cm, 20 min) followed by
3-min-long anneal at 1000 K. The sample cleanliness was
considered satisfactory when the surface contamination
level, mainly due to sulfur migrating from the bulk, was
below the detection limit of our four-grid-analyzer Auger
spectrometer. Well-defined, low-energy electron-
diffraction patterns demonstrated the crystallographic
quality of the surface. The sample was maintained by
four lateral screws on a liquid-nitrogen-cooled sample
holder. The sample could be heated by electronic bom-
bardment and its temperature was measured with a
Chromel-Alumel thermocouple pressed against its side by
a stainless-steel spring. The sample surface normal was
brought in a line-of-sight arrangement along the axis of a
quadrupole-mass spectrometer when performing TDS or
YpD measurements. The mass spectrometer was provid-
ed with a copper shield in order to select geometrically
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the molecules desorbing from the sample surface.
The ir laser pulses used for the photodesorption experi-

ment are generated by an optical parametric oscillator
(OPO). Our OPO is a prototype developed by the
SOPRA company (Bois-Colombes, France; the state-
ment in Ref. 55 that the idler pulse duration was mea-

sured with an InSb detector is erroneous). The idler

beam of the OPO is frequency tunable from 2800 to 3450
cm '. The pulse energy reaches the value of 10 mJ at the
center of the tuning range, which is remarkable, being
one order of magnitude higher than that provided by
commercialized systems at the beginning of our measure-
ments (Datachrome system by Quantel or Wex-1 by Spec-
tra Physics). The OPO is pumped by a Nd- YAG
(yttrium-aluminum-garnet) laser (Quantel) generating
20-ns-long [full width at half maximum (FWHM)] pulses.
The duration of the idler pulses, used to perform the pho-
todesorption experiment, may be estimated to be 15+5 ns
(FWHM). A 2-mm-diam diaphragm is used to select an
homogeneous part of the beam. Then the beam passes
through an adjustable attenuator made of rotatable
reflecting CaF2 plates and is focused on the sample by a
350-mm-focal-length CaF2 lens. The incidence angle is
73. The surface of the elliptic beam spot is 0.1 mm .
The pulse energy is measured using a pyroelectric detec-
tor that collects the beam reflected by one of the CaF2 at-
tenuator plates. The p-polarized component of the ir
beam incident on the sample contains 90+5% of the
pulse energy. The sample is slightly displaced laterally
after each ir laser-pulse emission in order to present al-
ways a virgin adsorbate to the next laser pulse. Y~D is
determined by counting the molecules detected by the
mass spectrometer (tuned on mass 31 for the detection of
the electron-impact CH30+ fragment of methanol) dur-

ing a 22-ms window synchronized with the laser-pulse
emission. The dynamical range of the YID measurement
extends over more than five orders of magnitude. The re-
sults presented in Sec. IV were averaged over 10 laser
pulses.

The sample may finally be brought into the path of the
beam emerging from an ir reflection-absorption spec-
trometer, at an incidence of -84. This spectrometer,
working in high-vacuum conditions, fitted with a new ir
source made of a tantalum cavity heated at 2500 K and
with a photoelastic modulator-based detection technique,
has been described elsewhere.

The copper sample was exposed to methanol through a
retractable capillary array doser that can be brought
within 2 mm of the surface. All exposures were per-
formed while the sample was cooled at 90 K. The expo-
sure values were absolutely determined by measuring the
pressure drop inside the reservoir feeding the doser.

III. CHARACTERIZATION
OF THE REACTIVE SYSTEM

The evolution of the TDS spectra of methanol versus
increasing exposure values is presented in Fig. 1. The
two desorption peaks C and P are assigned in accordance
with previous investigations on this reactive system.
The broad peak C centered at 180 K corresponds to the

C/0
I

CO

100 200
TEMPERATURE ( K )

250

FIG. 1. TDS spectra of CH3OH adsorbed on Cu(110) at 90 K
for increasing exposure values: 0.3, 0.5, 0.8, 1.1, 1.6, and 1.9 L.

desorption of molecules from the first monolayer. This
peak saturates at an exposure value of 1.6 L (1 L= 1 lang-
muir=10 Torrs). Exposures higher than this thresh-
old induce the appearance of a second and thinner peak
(P in Fig. 1) centered at 145 K. The latter peak is not
saturable and corresponds to the, desorption of the mole-
cules physisorbed in the multilayer phase. As demon-
strated in our previous works, ' the decomposition of
methanol on the clean Cu(110) surface is negligible, and
the sticking coefficient of methanol on that surface cooled
at 90 K is equal to that from the submonolayer to the
multilayer level. The monolayer density may therefore be
derived from the exposure threshold value of 1.6 L, and is
equal to one molecule per —16 A . The correspondence
between that value and the density of the molecular
planes of the methanol crystal, which contain the
hydroxyl-group axis, indicates that this monolayer den-
sity is stereometrically limited.

Because Sec. IV will concentrate on the ir photo-
desorption of physisorbed molecules, particular attention
was devoted to the study of the desorption kinetics of the
multilayer phase. The desorption spectra of thick adsor-
bates, for two coverage values and three heating rates
varying over two orders of magnitude, are presented in
Fig. 2. The experimental curves can be reproduced
theoretically assuming a zeroth-order desorption kinetics
given by the following equation:

de ~(e)~ ~E /RT~

dt

where e is the coverage expressed in ML. R and T are
the gas constant and the substrate temperature, respec-
tively. A and E, are the frequency factor and the activa-
tion energy for desorption, respectively. S(e) is the step
function equal to 1 for e )0 and 0 for e ~ 0.

Assuming the pumping speed of methanol to be
infinite, the mass-spectrometer signal would be propor-
tional to de/dT and exhibit an exponential increase
given by (1) terminated by a vertical falling edge corre-
sponding to the depopulation of the adsorbate. As ob-
served in Fig. 2, the falling edges of the measured desorp-
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~ 20 ML AND 80lNL OF CH30H
4 0/

7 ML C H30 H I C u (110)

CtO
I

m

I
CL

CCh

0.045 K/s

130

0.55 K/s

140 150
TEMPERATURE (K)

4.7 K/s

160

C H3s CH3~ OH

2600 3000 2300 340
WAVE NUMBER (cm )

FIG. 2. TDS spectra of the physisorbed phase recorded at
three heating rates and two coverage values. Solid line, experi-
mental spectra; dashed line, simulated spectra. The spectra
recorded at the low heating rates of 0.045 and 0.55 K/s have

been multiplied by a factor of 100 and 10, respectively.

tion traces are smoother than expected. This may be at-
tributed to the fact that the multilayer adsorbate is grad-
ually sprinkled with holes as the coverage decreases
below the adsorbate corrugation thickness, or may also
be explained if we consider that not only does the adsor-
bate upper layer contribute to d8/dt but so do the un-

derlying ones. In both cases, the desorption kinetics may
better be described by replacing the step function S(8)
by a smoother one [S'(8)] that gradually decreases from
1 to 0 when 8 goes below a critical coverage (C, ) to 0
and behaves as S(8) elsewhere. Finally, we cannot dis-
card the facts that a temperature inhomogeneity of a few
degrees across the sample, or the finite methanol pump-
ing speed, contributes to the smoothing of the measured
desorption traces. For the purpose of determining the
desorption kinetic parameters (A,E, ), we performed a
simulation using (1) and replacing S(8) by S'(8), which
decreases following a second-order law, 28/C,
—(8/C, ), when 8(C,. C, was adjusted to 30 and 10
ML for the 60- and 20-ML spectra, respectively. The
simulated curves were scaled in order to make their sur-
faces correspond to the experimental ones. The best fit
was obtained for A =10'7 and E, =45 kJ/mol. Besides
allowing an accurate determination of the desorption-
kinetic parameters of the physisorbed layer, these mea-
surements also demonstrate their invariability for a range
of heating rates accessible by TDS and varying over two
orders of magnitude.

IRAS spectra of 7 ML of methanol condensed on
Cu(110) are presented in Fig. 3. The first curve (90 K)
was recorded immediately after the condensation of
methanol on the substrate cooled at 90 K. The three ab-
sorption bands that are clearly detected correspond to the
three highest-frequency fundamental vibrations of
methanol. According to previous investigations of the ir
properties of methanol in the gaseous, liquid, and solid
phases, ' or adsorbed on Pt(111) (Ref. 63) and
Cu(111), the bands situated at 2830 and 3280 cm ' cor-
respond to symmetric methyl (CH3, } and hydroxyl (OH}

FIG. 3. Evolution of the IRAS spectra of a methanol film as
a function of successive 2-min anneal at increasing temperatures
(resolution 10 cm ' FWHM).

stretching, respectively. The central band at 2945 cm
receives a contribution from the two nearly degenerate
asymmetric methyl stretchings (CH3, ) and from the
second harmonic of the methyl-group deformation. An-
nealing the substrate at about 121 K for 2 min optimizes
the splitting of the OH band into two components. This
testi6es to the Slm crystallization. The two components
are assigned to the in-phase (OH);~ and out-of-phase
(OH), ~ vibrations of the hydroxyl group of the methanol
molecules in the molecular chains of the crystal. ' 2'

Annealing at temperatures above 121 K induces the at-
tenuation of the ir spectra as a consequence of the multi-
layer phase desorption. That desorption is complete after
annealing at 142 K, and we are then left with the ir spec-
trum of the first methanol monolayer, which is character-
ized by the absence of the OH band. This absence was in-
terpreted in our previous work as the consequence of
the orientation of the hydroxyl-group axis parallel to the
metallic surface. This particular orientation of the
methanol molecules in the annealed first monolayer
renders the OH vibration undetectable under the selec-
tion rules of IRAS.

The ir spectra presented in Fig. 3 allow the determina-
tion of the effective absorption coeScient of the methanol
adsorbate. In particular, the intensity of the CH3, band
increases from 2% to 3% as the 7 Ml. of amorphous
methanol crystallize. This intensity varies, therefore,
from 0.3% to 0.45% per adsorbed monolayer. We refer
to our previous work (the ir absorbances reported in
Ref. 59 have been underestimated by a factor of 2) for a
more detailed characterization by IRAS of the
CH3OH/Cu(110) system, at submonolayer and multilay-
er levels.

IV. ir PHOTODESORPTION EXPERIMENT

The YpD spectrum of a 200-ML-thick amorphous
methanol 61m condensed at 90 K is presented in Fig. 4.
Two resonant structures clearly appear and their posi-
tions are compared with those of the ir absorption bands
of methanol in gaseous, liquid, and adsorbed phases (Fig.
4). The resonant structure at 2940 cm ' corresponds to
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200 ML CH3OK/Cu(110), 0.26/ icm2

3ooo 35'oo
WAVE NUMBER (cm t)

FIG. 4. Comparison of the YPD spectrum (laser fluence 0.26
J/cm ) of an amorphous methanol 61m (90 K) with the ir spec-
tra of various phases of methanol (the liquid- and gas-phase

spectra are reproduced from Fig. 1 of Ref. 61).

excitation of the CH3, vibration of methanol. It is worth
noting that this CH3, ir-absorption band does not shift
significantly upon phase transition (solid-liquid-gaseous}
and that the position of the CH3, ir bands corresponds
exactly to that of the CH3, resonant structure. The
second resonant structure at -3320 cm ' corresponds to
the excitation of the OH vibration. However, the max-
imum of this resonant structure is blueshifted versus the
OH ir-absorption band of the amorphous methanol solid
phase. This resonant-structure position corresponds to
the center of the liquid methanol OH ir band. The posi-
tion of this OH resonant structure is therefore a strong
indication of the role played by the methanol liquid phase
in the photodesorption process.

The evolution of YpD as a function of the laser fluence

(F), for the same film and in the case of the resonant exci-
tation of the OH vibration (laser-beam frequency 3317
cm '), is shown in Fig. 5. Because we were able to mea-
sure a five-order-of-magnitude change in YpD, the data

are represented along both semilogarithmic and linear
scales. %e observe an initial linear evolution of
log, 0( YpD } with the fluence, which then slowly saturates
at higher fluence values. %hen the YPD evolution is
presented on a linear scale, we observe an apparent
threshold behavior at about 0.25 J/cm . Clearly, this
threshold behavior, which was generally observed in the
photodesorption experiments listed in Table I, is a repre-
sentation artifact because the threshold value depends on
mass-spectrometer sensitivity and the dynamical range of
the YPD measurement. An apparent threshold may also
be observed in the semilogarithmic representation. The
log&0( YpD) value increases for fluences higher than 0.05
J/cm and stays nearly equal to zero below this value.
This behavior, which can be better observed in Fig. 7, is
due to the background detection, which limits the
minimum value of YPD to one to three ions per window,
depending on experimental conditions, therefore limiting
the minimum value of log&0( YpD ) to 0-0.5, respectively.

Because of the nonlinear character of the YPD evolu-
tion as a function of the fluence, we expect an evolution
of the relative importance of the resonant structures in
the YpD spectra, as a function of the laser fluence. This is

clearly demonstrated by the spectra presented in Fig. 6.
In the first spectrum, measured at low fluence, the con-
trast between the two resonant-structure intensities is so
high that the first one disappears in front of the second.
The two structure intensities equalize as the fluence in-
creases. This demonstrates that it is dangerous to infer a
particular orientation of the adsorbed molecules from the
relative importance of the resonant structures in the YPD

spectrum, assuming that the latter can directly be com-
pared to the adsorbate ir spectrum, as has been done for
the system C&H, Q/A1203(1120). ' ' In Refs. 17 and 18,
the differences in contrast between the resonant struc-
tures of the YPD spectrum and the ir-absorption bands of
solid C4H&0 may, most probably, be a consequence of the
nonlinear character of the photodesorption process.

The evolution of log, 0( YpD) as a function of fluence is
compared for two different coverage values in Fig. 7.
Here, again, the laser-beam frequency is tuned in reso-
nance with the OH vibration. A similar qualitative evo-

200 ML CH30H/Cu(110), 3317 cm '

200 ML CK30H / Cu (110)

C1

4-

CA

C:

'o

o
6 0

ooooooo

o
oo ooo 0 ooo

o 0 52 j/cm2o~

Cl
4

0- -0

EI
D

O 4 Q
0

0 0.26 j /c m2+ooao&
X3

0 .25 .5
FLUENCE ()lcm2)

.75
-4 4 444444444 0.13 J/cm2

X50

FIG. 5. Evolution of YPD as a function of the laser fluence
while the laser frequency (3317 cm ') is tuned in resonance
with the OH vibration. The data are represented along both a
linear and a semilogarithmic scale.

3000 3200 3400 3600
WAVE NUMBER(cm t)

FIG. 6. Evolution of the Y» spectrum of an amorphous
methanol film, as a function of the laser fluence.
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3-
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0 0
0 0 0

0 0aooo agoo oo X6 5ML
1.0 j/cm2

=2

1-

317 c m-1

~ 5 1

FLUENCE ()/cm~)
1.5

0
oaaa 0 0

Hz wz HeannRR&&&&&~«&
A,

0. n d 4 4 Cl 4 Cl e 5 CL 0 lh & & 'EI a

3000 3200 3400
WAVE NUMBER (cm')

25ML
1.0 j/cm2

X5 50ML
~ 52 j /cm2

FIG. 7. Evolution of log&o( YpD ) vs the fluence, for two cover-

age values. The laser frequency is tuned in resonance with the
OH vibration. In order to estimate the initial slopes,
8 log&p( YpD)/BF;„;„a straight line is fitted on the first few data
points above the detection threshold of log&o( YpD ). This thresh-
old is equal to 0.5 and 0.1 for the coverage values of 80 and 25

ML, respectively.

lution for both curves is observed. An estimate of the ini-

tial slope of the curves can be obtained by fitting the first

few data points appearing above the detection threshold
with a straight line using the least-squares method. Be-
cause of the dispersion of the data points, the measure-
ment of this initial slope, Blog,o(YPD)/BF;„;„ is rather
inaccurate. Nevertheless, this slope clearly decreases
with decreasing coverage values. All the measurements
of these initial slopes, Blog, o(YpD)/BF;„;„ for different

coverages and for two laser frequencies (2933 and 3317
cm ') corresponding to the excitation of the CH3, and

OH vibrations, respectively, are presented in Fig. 8.
Despite the data-point dispersion, the measurements ap-
pear to be in accordance with a hypothetical initial linear
evolution of this slope, 8 log( YPD )/BF;„;„with the cover-

age value. The slope saturates for coverage values above
-300 ML, for both laser frequencies. Hence, above 300
ML Ypo at low Auences, no longer depends on adsor-

60-

FIG. 9. Comparison of the YpD spectra of crystallized and
amorphous methanol films for different coverage values. The
fluence used to measure the two Ypo spectra and the
amplification factor are quoted on the right-hand side of the
graph for each coverage value, respectively.

bate thickness. This gives the limit between the photo-
desorption and photoablation regimes; in the latter, YpD
no longer depends on the nature of the substrate or the
coverage. The independence of the photoablation yield
versus the nature of the substrate was not tested in our
experiment.

We also measured the evolution of YpD as a function of
the substrate temperature from 90 to 130 K, the max-
imum temperature value being limited by the desorption
of the multilayer phase. At coverages higher than 50
ML, no significant change of YpD versus the surface tem-
perature was observed. In contrast, for lower coverages,
an initial surface-temperature increase of 40 K was ac-
companied by an increase of YpD which might be as high
as two orders of magnitude for coverages below 10 ML.
In fact, this drastic increase appears to be irreversible
upon recooling the substrate to 90 K, and it is attributed
to the crystallization of the methanol films. The YpD
spectra of amorphous and crystallized films are compared
in Fig. 9. Both spectra are similar for a 50-ML thickness.
The increase of YpD for the crystallized thin films is

readily observed for a thickness of 25 ML. For a 5-ML-
coverage value, no YpD spectrum of the amorphous film

could be measured because Ypo, for our maximum
achievable fluence, was below the signal generated by the
background detection. On the other hand, the spectrum
of a crystallized, 5-ML film could easily be recorded.

30-
0

933 cm1

0-

0 100 200 400
COVERAGE (ML)

600

FIG. 8. Evolution of the initial slope, 8 loglo( YpD)/BF;„;„as
a function of the coverage and for two laser frequencies, 3317
and 2933 cm ', corresponding to the resonant excitation of the
OH and CH3, vibrations, respectively.

V. DISCUSSION

In the theoretical investigations of the photodesorption
mechanisms due to the elastic or inelastic tunneling, the
molecules are considered to interact individually with the
laser beam and substrate. Therefore, YpD is expected to
evolve linearly with the coverage. Both the fact that we
performed photodesorption from multilayer adsorbates
and the fact that we observed supralinear dependence of
YpD versus coverage preclude the use of these models for
interpretation of our experimental data. Both the models
of accumulation of the energy in the adbond vibration or
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F, =F(4.6%+(=0.3%/ML)e) . (2)

Thereafter, the substrate temperature evolution may be
computed by solving the diffusion equation of heat into
the solid. This problem was first solved by Bechtel, "
who demonstrated that the lateral diffusion of the heat
may be neglected for a laser-pulse duration of a few tens

the destabilization of a surface uibrational mode may be
considered as intermediate between the above quantum
photodesorption mechanisms and that implying a com-
plete thermalization of the energy absorbed from the ir
beam (resonant heating).

In fact, the initial exponential evolution of YpD with
fluence suggests the thermal nature of the photodesorp-
tion mechanism. Furthermore, both the supralinear evo-
lution of YpD and the evolution of the slope,
8 log, o( YpD )/BF;„;„with coverage, indicate the collective
nature of the photodesorption process. The hypothesis of
ir energy thermalization is also reinforced by measure-
ments of vibrational excitation lifetimes of the high-
frequency modes of organic molecules in liquid, solid

(CH2)„, C6H6, or adsorbed (CHz)&6CH3/Ag (Ref. 70)
and CH3S/Ag(111) (Ref. 71) phases. Indeed, the report-
ed relaxation times are in the range 1—150 ps, which is at
least two orders of magnitude smaller than the laser-pulse
duration used in our experiment ( —15 ns). These obser-
vations favor the interpretation of our results in the
framework of the thermal photodesorption mechanism
due to the resonant heating of the substrate. Within that
model, the energy absorbed from the ir laser beam is sup-
posed to degrade rapidly into heat, which dissipates into
the substrate, causing a transient temperature increase of
the substrate surface region. The latter provokes the
thermal desorption of the adsorbate.

In order to obtain a quantitative interpretation, we
have developed the following simple numerical model of
the methanol photodesorption process. The first step is
the evaluation of the laser-fluence fraction that is
effectively absorbed and transmitted to the substrate. A
first part of the ir beam is directly absorbed by the sub-
strate due to its imperfect reflectivity. The corresponding
direct absorption -coefficient is frequency independent in
the frequency tunability range of the ir laser beam. It is
computed, using the Fresnel formalism, to be equal to
4.6% for the ir laser beam incidence angle and polariza-
tion condition adopted in our experiment (copper dielec-
tric constant at 3000 cm '. 500+i—80, Ref. 73). A
second part of the ir beam is absorbed by the adsorbate.
The corresponding resonant absorption -coeQcient is
strongly frequency dependent, and can be estimated from
our IRAS measurements to be -0.3% per adsorbed
monolayer when the laser frequency is in resonance with
the CH3, vibration. This value is surely overestimated
since the incidence angle of the ir beam emerging from
the ir spectrometer ( —84') is higher than that of the laser
beam (73 ). Therefore, the total fluence absorbed from
the ir beam (F, ) as a function of the laser fluence (F) is
given by the following equation when the CH3, vibration
is resonantly excited (laser wave number 2933 cm ') and
the coverage is low:

of nanoseconds. Within that approximation, and adopt-
ing the boundary conditions corresponding to the surface
generation of heat, ' the surface-temperature evolution
in the laser spot, across which the irradiance is homo-
geneous, is given by

T(t)=90 K+
(~zpCv'2) ~~2

Xe D ~yz{ v 2(t/7)) (3)

where ~ is the FWHM of the Gaussian laser-pulse tem-
poral profile (15 ns). A, , p, and C are the heat conductivi-
ty, the density, and the specific heat of the substrate,
respectively (A, =483 W m ' K '/10, p =8.93 X 10
kg m, C =255 J kg ' K ') (Ref. 75, . D189).
D&&z( ) is the parabolic cylinder function.

In expression (3), 90 K is the initial surface tempera-
ture. The second term on the right-hand side gives the
temperature increase, proportional to the laser fluence.

YpD can be evaluated by integrating the desorption
rate of the adsorbate along the temperature time profile
given by (3). Because the adsorbate is supposed to melt
during the photodesorption process, we adopt the desorp-
tion rate corresponding to the adsorbate vaporization.
The latter is deduced from the kinetic theory of gases:

de
dt

vapor pressure at temperature T
(monolayer density) [2n m (R /N „)T ]

'

(4)

XexpI —[(39.3 kJ/mol)/RT]] MLs (5)

Finally, in order to obtain a quantitative comparison
between YpD estimated within this numerical model and
the value determined experimentally, a calibration of the
mass spectrometer must be obtained. This is achieved by
dividing the integrated mass-spectrometer signal due to a
1-ML desorption during a TDS run by the ratio of the
surfaces investigated by TDS and YpD spectroscopies.
Hence, the photodesorption of 1 ML of methanol from
the laser-spot surface could be estimated to correspond to
a YpD signal of -7X10 ions, in Figs. 5, 7, 8, and 11.
This calibration is surely approximate since we have
neglected the differences in speed and angular distribu-
tion between the photodesorbed molecules and those
desorbing during a TDS run.

The numerical madel that we have presented above has
the advantage of simplicity. All the parameters needed
for evaluating the photodesorption experimental signal
are known or can be estimated. The model is indeed
rather unrefined, since we neglected, among other things,
the variation of the thermal properties of copper as a
function of its temperature and the energy needed to

where m and Nz are the molecular weight of methanol
and Avogadro's number, respectively.

From the methanol-vapor pressure-temperature depen-
dence given in the literature we obtain

de 6.24X10"
dt v'T
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heat, melt, and vaporize the adsorbate. The latter is
definitely below 10 kJ/mol; that is, below 5 mJ/cm for
the complete photodesorption of a 50-ML film. This
value is at least one order of magnitude smaller than I'„
which indeed indicates the efficiency of the energy dissi-
pation into the substrate, the energy used to break the ad-
bonds being negligible in comparison to that used to heat
the substrate. The numerical model also neglects the ad-
sorbed phase change during the photodesorption process.
The methanol melting should be accompanied by a
change in the resonant abs-orption coefficient. Therefore,
this coefficient must be considered as representative of
the average ir property of the adsorbate during the pho-
todesorption process. This numerical analysis will also
be limited to the case of the resonant excitation of the
CHq, vibration (laser wave number 2933 cm '), the case
of the OH vibration excitation being more complicated
since the corresponding ir-absorption band shifts consid-
erably during the adsorbate melting. This model is only
valid in the limit of low fluence, where the amount of
photodesorbed molecules remains negligible in compar-
ison to the total adsorbate thickness. We effectively
neglected the resonant absorpti-on coejPcient modifica-
tion during the irradiation due to the adsorbate depopu-
lation. Hence, the model is not designed to describe the
saturation of log, e( YpD ) versus F. As already mentioned
by Chuang et al., ' ' ' this saturation may not neces-
sarily be a consequence of the adsorbate depopulation.
Nevertheless, the above approximate calibration of the
FpD measurement indicates that, in our case, significant
depopulation occurs. For example, in Fig. 5 the
log, o(YPD) saturation value of 5 corresponds to photo-
desorption of about 1.4 X 10 ML [(10 ions)/(7 X 10
ions ML ')], which is close to the exposure value of 200
ML. The model is also limited to the case of thin
adsorbates. When the thickness increases, the resonant-

absorption coe+cient dependence versus coverage departs
from the linear relationship assumed in Eq. (2). Further-
more, the hypothesis of a homogeneous adsorbate tem-

perature equal to that of the underlying substrate subsur-

face becomes more questionable as the adsorbate thick-
ness increases. Therefore, the model will not allow us to
describe the saturation of the slope, 8 log, o( YPD)/BF;„;„
observed in Fig. 8 for coverages higher than 200 ML. Fi-
nally, we gave ourselves the freedom to adjust the
resonant absorption c-oefPcient slightly in order to obtain
the best fit of the theoretical curves with the experimental
ones.

The results of the numerical analysis are shown in Figs.
10 and 11. The best correspondence between the theoret-
ical and experimental curves is achieved with a resonant-
absorption coe+cient of 0.24%%uo/ML. The similitude be-
tween that value and the one estimated by ir spectroscopy
(0.3%/ML) strongly indicates the validity of the pro-
posed photodesorption mechanism. The computed
surface-temperature evolution, for a typical set of experi-
mental parameters (50 ML, F=0.5 J/cm, laser frequen-
cy of 2933 cm ') is presented in Fig. 10. Under these
conditions, the surface temperature rises above 250 K,
definitely above the melting point of methanol, which lies
at 180 K (Ref. 75, p. C412). This clearly supports the hy-

300. SUPERFICIAL TEMPERATURE
. Ft = 0.5 J/cm2 X (0.046+0.12)

a200-

100-
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FIG. 10. Temporal evolution of the surface temperature ac-
cording to Eq. (3) and for a typical set of experimental parame-
ters: 50-ML-thick adsorbate, laser frequency in resonance with
the CH&, vibration (2933 cm '), fluence of 0.5 J/cm', and
resonant-absorption coefficient of 0.24%%uo per adsorbed mono-
layer. Solid line, surface temperature; dashed line, temporal

profile of the laser pulse.
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FIG. 11. Comparison between the calculated and experimen-
tal evolution of FPD as a function of the laser Auence for two
coverage values. The laser frequency is in resonance with the

CH3 vibration (2933 cm ' ). Fl and F, correspond to the
theoretical fiuence thresholds for the adsorbate melting.

pothesis that methanol melts during the photodesorption
process. The experimental and theoretical evolutions of
YpD as a function of fluence and for two coverage values
(80 and 50 ML) are compared in Fig. 11. A background
detection of 2 pulses per window has been added to the
numerically evaluated YpD. This limits the minimum
value of the theoretical log, o( YPD ) to -0.3.

In the numerical model, the decrease of the coverage
value simply induces the decrease of the resonant-
absorption coefficient and, correspondingly, of the ratio
I', /F. This corresponds, graphically, to a dilation of the
fluence axis or to a rightward shift of the curves in Fig.
11. This behavior is well verified for the experimental
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and theoretical curves. It is also worth noting that this
rightward shift is accompanied by a decrease of the initial
slope, Blog, 0(YpD)/BF;„;, . This is, indeed, in agreement
with our observation of the linear evolution of that slope
with coverage, as observed in Fig. 8. Finally, we have
denoted —by F, and Fz—the fluences that provoke a
maximum surface temperature just reaching the
methanol melting point (180 K), for the 80- and 50-ML
adsorbate, respectively. For both coverages, we observe
that these thresholds must be overstepped in order to
render YpD detectable. This numerical modelization is
therefore in agreement with our experimental observation
of the correspondence between the YpD spectra and the ir
spectrum of liquid methanol, for all the experimental
conditions where YpD could be measured.

Nevertheless, one should not put too much emphasis
on the accuracy of the various parameters used in this
numerical analysis. The influences of the parameter inac-
curacies on the calculated log, a( YPD) curves in Fig. 11
have been discussed elsewhere. It was shown, for exarn-
ple, than an overestimation of the YpD calibration value

by a factor as great as 3 does not significantly displace the
calculated curve, or that it may be compensated by a
similar underestimation of the frequency factor of the
desorption kinetics. Similarly, a slight error in the ac-
tivation energy for desorption is readily compensated by
accordingly modifying the resonant absorp-tion coef
scient Clear. ly, the result of our modelization is the abil-
ity to interpret quantitatively the experimental data,
while adopting a reasonable set of parameter values.

The numerical model also "foresees" a YpD increase of
a factor 2—4, depending on the fluence, as the substrate
temperature varies from 90 to 120 K. This is definitely
obscured by the irreversible two-order-of-magnitude YpD
increase due to the crystallization of the adsorbate when
the latter is thinner than 50 ML. For thicker films, this
theoretical increase has the same magnitude as the pulse-
to-pulse variation of Ypo around its average value. This
clearly renders the observation of the "small, " theoreti-
cally foreseen substrate temperature dependence of YpD
precarious.

Finally, we tentatively assign the irreversible drastic
YpD increase upon adsorbate crystallization to its mor-
phology change. Indeed, this increase cannot be account-
ed for by the small ir-absorbance difference between the
amorphous and crystallized methanol films, because in
that case we would expect to observe this YpD increase
for both thin ( (50 ML) and thick ()50 ML) methanol
filrns, in clear contradiction with the experimental obser-
vations. Therefore, we tentatively propose that this in-
crease might be a consequence of the formation of aggre-
gates upon thin-film crystallization. Packing of methanol
into crystallites was already proposed in our previous
IRAS investigation. If the crystallite sizes are greater
than the average film thickness, crystallization of thin
films should provoke an increase in film corrugation. Be-
cause of the strong nonlinear dependence of YpD on the
"local" adsorbate thickness, this may entail a substantial
increase of YpD. Furthermore, as the film becomes much
thicker than the crystallite size, polycrystallization would

no longer modify the adsorbate corrugation, explaining
the absence of YpD increase upon thick-film annealing.

VI. CONCLUSIONS

In this work we demonstrate the resonant character of
the ir photodesorption process of CH3OH from Cu(110).
Two remarkable features are observed. First, the OH
resonant-structure position of the Ypo spectra is blue-
shifted in comparison to the OH ir-absorption band of
the solid adsorbed phase of methanol, and also corre-
sponds to the center of the OH band of liquid methanol,
indicating that desorption occurs mostly after the film

has melted. Second, the relative intensity of the YpD
spectrum resonant structures depends on fluence, which
is a consequence of the nonlinear character of this spec-
trodynamics.

The experimental results could be quantitatively ana-
lyzed in the framework of the photodesorption mecha-
nisrn due to the resonant heating of the substrate. We
emphasize the fact that this agreement is achieved by ad-
justing only the adsorbate ir absorbance to a value re-
markably similar to that obtained by our IRAS measure-
ments, while all the other parameters could either be
determined experimentally or taken from the literature.
However, this numerical analysis was limited to the case
of the resonant excitation of the CH3, vibration, and for
weak-fluence values, where the number of photodesorbed
molecules is small compared to the total adsorbate thick-
ness. Moreover, a number of other simplifying hy-
potheses had to be made in order to render the calcula-
tion tractable. We feel that a more accurate model
should first take into account the pulse-to-pulse fluctua-
tion of the measured YpD, which may be a consequence
of the adsorbate statistical corrugations.

As testified to by the linear evolution of the slope,
8 log, a( YPD )/BF;„;„with coverage, as presented in Fig. 8,
the photodesorption mechanism due to substrate reso-
nant heating appears to be operative from 25- to 200-
ML-thick amorphous methanol films. Above this latter
value, the saturation of the slope versus coverage indi-
cates that the adsorbate vibrational energy transfer to the
substrate becomes less relevant. The low-coverage range
of the amorphous-film photodesorption investigation is
limited by the maximum fluence available. The latter is
not sufficient to obtain a detectable YpD below an
amorphous-film thickness of —10 ML.

The thermal nature of the photodesorption process was
already proposed for various reactive systems such as
NH3/Cu(100) (Ref. 24) or C4H, 0/Alz03(1120), ' and
was suggested by the lack of isotopic selectivity in the
photodesorption process. ' ' ' Clearly, our work
demonstrates the possibility of foreseeing the efficiency of
this photodesorption process from both the knowledge of
the ir absorbance and the desorption kinetics of the ad-
sorbate.

Finally, the observation of a nontherrnal photodesorp-
tion process, resulting, for example, from the elastic tun-
neling to a desorption state, is one of the objectives of the
ir photodesorption experiments. The experimental condi-
tions that may favor this observation are those that
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reduce the efticiency of the thermal process. These condi-
tions are the decrease of the initial substrate temperature,
which might be achieved by using liquid helium as a re-
frigerant, and the decrease of the adsorbate coverage,
which would reduce the fraction of fluence transmitted to
the substrate, but would necessitate higher fluences in or-
der to keep YI.D detectable. The use of picosecond ir
pulses, the duration of which may be smaller than the or-
ganic adsorbate vibrational mode relaxation times, also
o6'ers better chances for the observation of nonthermal
photodesorption pathways. We plan to pursue our inves-
tigations in that direction.
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