
PHYSICAL REVIEW B VOLUME 48, NUMBER 11 15 SEPTEMBER 1993-I

Rotational distributions of excited CN molecules following electron-
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We report systematic experimental studies of rotational distributions of excited CN desorbed from
alkali-metal and alkali-metal-halide surfaces following excitation by incident photons and electrons.
Newly measured rotational spectra are found to exhibit temperature-independent non-Boltzmann
features that are uniquely correlated to the particular alkali-metal component of the substrate. In addi-
tion, we observe that photon-excitation functions and cross sections for CN desorption also depend
strongly on the alkali-metal component of the substrate. The data reveal that rotational distributions
arising from electron-stimulated desorption (ESD) and photon-stimulated desorption (PSD) are marked-

ly di6'erent from those seen in thermal desorption and molecule-surface scattering. The marked sub-
strate dependence of the rotational distributions indicates that molecular-rotation distributions following
ESD and PSD are determined by direct electronic bond breaking and reAect the nature of the potential-
energy surfaces that characterize CN —alkali-metal interactions. Utilizing the measured rotational distri-
butions in conjunction with a hindered rotor model, we have constructed angular-dependent potential
surfaces.

I. INTRODUCTION

In studies of bond making and breaking on surfaces, it
is important to identify and characterize the contributing
dynamical mechanisms and as much as possible to eluci-
date the role of potential surfaces in these processes.
Desorption of surface constituents induced by electronic
transitions (DIET), specifically electron- or photon-
stimulated desorption (ESD and PSD), constitutes a use-
ful tool for treating this problem. Recent studies on rota-
tional and vibrational distributions of desorbed molecules
have been carried out to investigate desorption mecha-
nisms. ' For all adsorbed molecules, interaction poten-
tials are functions of the angle between the surface nor-
mal and the molecular axis as well as of the reaction
coordinate, defined as the distance between desorbate and
the surface. Many experimental and theoretical studies
have been carried out with emphasis on the reaction coor-
dinate. In contrast, although there are some theoretical
treatments, there are few experimental data regarding the
role of the angular dependence of the interaction poten-
tial in electronic desorption. On the theoretical side,
Gadzuk and co-workers ' proposed a Inodel for thermal
desorption to relate the angular dependence of the
ground-state potential surface to rotational distributions
of desorbed molecules. The model is based on an approx-
imation that the hindering potential surface is suddenly
switched off as the adsorbed molecule promptly leaves
the surface. This approximation is assumed to be valid
for the case of electronic cleavage of strongly bound mol-
ecules. Burns, Stechel, and Jennison developed a picture
that describes ESD of NO molecules emitted in the
ground state. In their model, as the adsorbate is excited

from a hindered-rotor to a free-rotor state, some rotation-
al angles result in an antibonding reaction-coordinate-
dependent potential leading to desorption. Recently,
some theoretical works by Hasselbrink and also
Krempl' have attempted to relate the angular depen-
dence of the repulsive-state potential surface to the rota-
tion of ejected molecules.

Measurements of internal energy distributions consti-
tute a powerful tool in understanding the dynamics of
molecular interactions with surfaces. In thermal
molecular-desorption experiments, the resulting rotation-
al distributions are observed to have a temperature-
dependent Boltzmannlike character. "' In surface-
molecule scattering experiments, rotational distributions
of scattered molecules are found to be distinctly non-
Boltzmann, to vary only weakly with surface temperature
and to depend strongly on the incident energy and an-
gle. ' ' Rotational distributions arising from ESD and
PSD have been exploratively observed to be non-
Boltzmann in the NO-metal system under electron' and
laser bombardment. However, in stimulated desorp-
tion experiments, there have been up to now no measure-
ments of the dependencies of the rotational distributions
on substrate, temperature, and incident energy. These
dependencies are important in elucidating the underlying
mechanisms by which molecules acquire rotational
motion following desorption induced by electronic transi-
tions.

In this work, we studied electron- and photon-
stimulated desorption of CN emitted in excited states
from alkali-metal-halide and alkali-metal surfaces. Em-
phasis was on the measurements of rotational distribu-
tions (in ESD and PSD), photon-excitation functions, and

0163-1829/93/48(11)/8222(12)/$06. 00 48 8222 1993 The American Physical Society



48 ROTATIONAL DISTRIBUTIONS OF EXCITED CN MOLECULES. . . 8223

ESD cross sections. The rotational distributions follow-
ing ESD and PSD are observed to be markedly different
from the features observed either in thermal desorption
or in molecule-surface scattering. These excited-state dis-
tributions are found to be independent of temperature
and incident energy, and systematically correlated to the
alkali-metal component of the substrate. This unique
dependence of rotational distribution on substrate pro-
vides information on important aspects of molecule-
surface interactions including potential-surface structure
and the dynamics of bond breaking on surfaces.

II. EXPERIMENT

A detailed description of the experimental setup ap-
pears in Ref. 16. The work was carried out in an
ultrahigh-vacuum (UHV) system, which operates at a
base pressure of 1.0X 10 ' Torr. To obtain surface CN
adsorbates, ' ' gases were admitted to the chamber
through two Varian leak valves allowing the partial pres-
sures of two gases, CO& and N2, to be controlled in the
range of 1.0X 10 ' to 1.0X 10 Torr. The incident ra-
diation is either electrons or synchrotron radiation. Opti-
cal emissions arising from bulk Auorescence or/and
desorbed excited species under the radiation were imaged
onto the entrance slit of a McPherson 0.3-m mono-
chromater (model 218). Photons were detected by a
cooled photomultiplier, operated in a pulse counting
mode. The stepping motor grating control and sealer for
photon counting were interfaced through CAMAC and
IEEE-488 to an Apple MacIntosh computer.

Electrons were produced from a gun built from the
design of Stoffel and Johnson' operated in the energy
range 60—900 eV at typical currents of 1 —500 pA. The
spot size at the sample was about 2 mm in diameter for
the ESD measurements. The PSD measurements were
carried out at the University of Wisconsin Synchrotron
Radiation Center (SRC) using the Vanderbilt/SRC joint
beam line. Figure 1 illustrates the schematics of the
beam line, which consists of a 6-m toroidal grating mono-
chromator (TGM) which delivers dispersed light in the
range from 9—190 eV and, at zero order, undispersed syn-
chrotron light. The photon-beam spot in the sample
plane was 2.7-mm high by 7-mm wide. In order to

.7

FIG. 1. Schematic of 6-m TGM Vanderbilt/SRC beam line
in Synchrotron Radiation Center. (a) Synchrotron source, (b)
entrance mirror, (c) entrance slit, (d) toroidal-grating mono-
chromator (TOM), (e) exit slit, (f) filters, (g) exit mirror, (h) Ni
or Au mash, and (i) differential pump.

reduce the amount of second-order light, tin, indium, and
LiF filters were used. An aluminum foil was used to block
the visible or uv lights from the beam line for the un-
dispersed light experiments. A 93% transparent nickel
mesh was mounted in the beam line and used to measure
the beam flux.

The alkali-metal halide crystals were cleaved in air,
mounted on a micromanipulator with their (100) surfaces
facing the beam, and heated under UHV conditions for
cleaning. Thick alkali-metal layers were obtained by eva-
poration from alkali dosers (SAES) onto glass slides. It is
difficult to measure Auger emissions because of the
charging effects produced by electron bombardment of
the insulators. However, we used optical emissions to
characterize the surfaces. When a surface was cleaned,
the optical emissions were observed to be contributed to
the bulk Auorescence and desorbed excited atoms which
are the constituents of the substrates. As we exposed the
surface to gaseous molecules, optical emissions were ob-
served to arise from desorbed excited atoms and mole-
cules which are related to the gaseous molecules. For the
PSD measurements the sample temperature could be
varied between room temperature and 800 K. For the
ESD experiments the samples are in thermal contact with
a close cycle helium cooler which can control the sample
temperature from 50 to 350 K.

Precise measurements of rotational spectra require the
spectrometer to have high resolution and to be well cali-
brated. A 2400-lines/mm grating with 3000-A blaze was
used to measure high-resolution spectra with 30-pm slits.
Our wavelength calibration was obtained by using an
iron-discharge source. Results show that deviation be-
tween experimental wavelengths and true wavelengths ex-

0
hibit a sine function with a period of 25 A and amplitude
of 0.103(7) A due to error in machining of the central
driving screw which was approximately sinusoidal. This
error was corrected in the data analysis.

III. FEATURES OF THE CN EMISSION

A. Generation of excited CN emission

Bombardment of alkali-metal halide surfaces with
low-energy electrons and with synchrotron photons pro-
duces optical emissions which arise from (a) desorbed ex-
cited molecules and atoms, (b) excited bulk impurity, and
(c) defect recombination in the bulk materials (bulk
luminescence). Detection of optical emissions' possesses
advantages including the ability to probe excited neutral
desorbates, as well as defect processes in the bulk. Since
it is difficult to characterize insulator surfaces by tradi-
tional methods such as Auger electron spectroscopy and
low-energy electron diffraction, we use optical spectros-
copy to characterize the surfaces. After a LiF sample
was heated and annealed at 550 C, the measured optical
spectrum is found to be attributed to two features: (1)
bulk fluorescence of the LiF substrate and (2) desorbed
excited lithium atoms. There are no other emissions ob-
served which arise from surface impurities. Then we ex-
posed the LiF surface to gaseous Hz, H2+ CO2,
N2+ CO2, or CO2 for preparation of the surface with con-
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tamination. Consistent with the exposure, we observed
emission lines which are attributed to desorbed H* for
the H2 exposure, desorbed OH* for H2+CO2 exposure,
desorbed CN* for N2+ CO2 exposure, and desorbed CO*
for CO2 exposure, respectively. These exposure-
associated emissions are dependent on the amount of the
exposure. The original emissions associated with the
clean surface conditions are reduced. This variation of
the optical spectra indicates alternations of the surface
conditions. Similar variations were observed for the oth-
er substrates discussed. The optical emissions give not
only the surface impurities but also the molecular nature
of the impurities. Although this optical method in
characterizing surfaces is hindered by the limited ability
in wavelength detection, we believe that optical spectros-
copy is a valuable tool for insulator surface characteriza-
tion.

The generation of excited CN molecules electronically
desorbed from alkali-metal-rich surfaces is described in
more detail in Ref. 16. CN emission was identified from
emissions of electron-bombarded LiF surfaces. In our
previous experiments, ' ' we found that the desorbing
CN molecules are generated through the following se-
quence: (a) pre-irradiation of alkali-metal halide crystal
produces alkali-metal-rich surfaces, (2) surface CN mole-
cules are formed when the alkali-metal-rich surface is ex-
posed to CO2 and N2, and (3) electron or photon bom-
bardment induces the desorption of excited CN mole-
cules from the surface. To briefly illustrate the genera-
tion of CN* emission, Fig. 2 displays a set of optical spec-
tra arising from 300-eV electron bombardment of a KCl
surface at 60 K which was exposed to gaseous COz+Nz
at different exposure levels before electron irradiation.
Initially a freshly cleaved KC1 surface was pre-irradiated
by the electrons in situ for 12 h at 80 pA. Under these
conditions, it is well documented that electron ' bom-

a)
QL

bardment of alkali-metal halide substrates produces
alkali-metal-rich surfaces. During this pre-irradiation
there was no externally initiated gas exposure. Figure 2(a)
shows the optical emission spectrum before exposure to
CO2 and Nz. Next, the pre-irradiated surface was ex-
posed to 13 Langmuir (1 L= 1 X 10 Torr s) of gaseous
CO2+Nz (1:1). The resulting spectrum, Fig. 2(b), shows
a feature at 3870 A which we have identified as the
8 X+—+X X+ electronic transition in the desorbed excit-
ed CN radical. Figure 2(c) shows the optical emission
spectrum from an electron-bombarded surface which has
been pre-exposed to 96 L of gaseous CO2+N2 (1:1). The
intensity of the characteristic line is markedly enhanced
by this exposure. This intensity has been observed to sat-
urate for exposures larger than about 200 L. This
method to obtain surface CN adsorbates is similar to that
described by Watanabe and co-workers.

B. Alkali-metal correlation of CN desorption decay

When the surface is prepared by CN coverage,
electron-induced desorption removes the accumulated
adsorbates from the surface leading to a decrease in the
concentration of the adsorbate and consequently to a de-
crease in the desorption yield. The measurement of the
dependence of this concentration on the substrate can
provide information on the substrate dependence of the
total cross section. It has been observed that the CN*
ESD yield decreases as the electron beam bombards the
CN-condensed surface, as shown in Fig. 3. Plotted is
CN desorption yield, normalized to the initial yield, as a
function of electron dose during electron irradiation at
300-eV electron energy. Electron currents are 110pA for
KBr, 106 pA for KCl, 120 pA for NaC1, 118 pA for
NaF, and 70 pA for LiF. We assume that the desorption
yield is proportional to the surface CN concentration.
Then the measured yield rejects the surface CN concen-
tration. The decrease of the desorption yield represents
the decrease of the surface concentration due to
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FIG. 2. Optical emission spectra due to 300-eV electron
bombardment (a) on a clean KCl surface at 60 K, (b) on the sur-
face with 12-L CO2+N2(1:1) exposure, and (c) on the surface
with 96-L CO2+ N2(1:1) exposure.
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FIG. 3. Decay curves of the CN* desorption yield vs
electron-beam dose. Background yields attributed to residual
gas exposure were subtracted from the measured yields.
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electron-induced CN desorption.
We define a total cross section for reducing the surface

CN concentration. This reduction includes excited CN
desorption, ground CN desorption, dissociation of ad-
sorbed CN, and any other process which causes the
reduction of surface CN concentration. The total cross
sections were determined from our data in the following
manner. The time rate of change of the surface CN con-
centration is proportional to the amount present on the
surface and the incident electron Aux (I/q A ):

dNcN(t) I= —u TNCN( t)
dt qA

where XcN(t) is the number of surface CN molecules at
time I;, I is the incident electron current in amps, q is the
electronic charge in Coulombs, A is the area of the in-
cident electron-beam spot, and the constant of propor-
tionality (o T) is the total cross section for reducing sur-
face CN concentration. The solution of Eq. (1) shows
that the amount of the surface CN decays exponentially
and that the decay depends on the total cross section.
The area of the beam spot is A =7.0X10 cm (m. 1.5
mm ). The total cross sections under 300-eV electron
bombardment of alkali-metal halide surfaces are obtained
by a nonlinear least-squares fit of the decay data shown
above in Fig. 3 to an exponential function. The total
cross sections are derived for LiF, NaF, NaC1, KBr,
and KC1, as (3.3+0.7) X 10, (7.2+1.1)X 10
(8.1+1.3) X 10, (12.2+2.9) X 10, d (14.4+2.7)
X 10 cm, respectively. The errors are the relative er-
rors derived from the least-squares fit.

It is obvious from Fig. 3 that the total cross section for
reducing CN concentration under electron bombardment
depends systematically on the alkali-metal component of
the alkali-metal halide substrate, and is independent of
the halide component. A higher atomic-number alkali
metal (potassium) gives a larger cross section than a
lower atomic-number alkali metal (lithium). This mea-
surement indicates that there is a definite correlation be-
tween the presence of surface alkali metal and electron-
induced removing of surface CN. Besides this global
correlation, a detailed examination of Fig. 3 shows that
decay curve is not exactly one exponential. This devia-
tion may be due to the contributions from other processes
such as carbon or/and nitrogen ESD or due to the as-
sumption that the CN* ESD yield is not proportional to
the surface CN concentration.

As shown in Fig. 3, the surface CN concentration de-
creases to almost zero under electron bombardment when
there is no substantial exposure of the surface to the gase-
ous molecules. In our measurements of photon-energy
dependencies and rotational distributions, it requires that
the CN desorption yield is not a function of time. To
meet this requirement, we dosed CO2+Nz(1:1) at a con-
stant pressure for the measurements. As described in Ref.
16, at a constant pressure of gas dose, it has been found
that the CN* desorption yield grows as a function of the
dosing time and that the growth tends to saturate at a
level characteristic of the pressure. The saturation yield

is understood as a balance between the desorption and
formation.

C. Photon-excitation functions
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FIG. 4. Desorption yields of excited CN from (a) KC1, (b)
potassium-metal, and (c) lithium-metal surfaces as a function of
incident photon energy and normalized to incident photon flux.
The CO2+N2(1:1) dose pressures are 2X 10 Torr.

The incident photon-energy dependence at room tem-
perature of desorbing CN* was acquired using the low-
energy gratings of the 6-m TGM. The yields arising from
KC1 and potassium-metal surfaces are displayed in Figs.
4(a) and 4(b). The excitation functions of desorbed CN'
exhibit two resonant thresholds centered around 16 eV
and 20 eV for both surfaces. Besides these resonances,
there is a continuous-energy dependence of CN* desorp-
tion yield in the range of & 7.8 to 30 eV.

To avoid the contribution to this signal by incident
qhotons of second or higher orders, a tin-foil ftlter (1500-
A thick) was inserted into the path of the incident beam.
This filter passes only first-order light according to the
empirically determined transmission function. This
reduces the incident Aux by almost one order of magni-
tude. Since the fluorescence is very weak, each spectrum
in Fig. 4 took about 4 h. The energy-dependent yields of
CN* desorbed from KC1 and the metal are normalized to
the relative Aux transmitted by this filter. The TGM en-
trance and exit slits are equally set at 1000 pm, which
gave incident light resolution of 0.01 eV in full width at
half maximum (FWHM).

Figure 4(c) shows the photon-energy dependence of
CN desorbed from a lithium-metal surface. ' This
photon-excitation function also shows two resonance
structures: 16 and 22 eV. The lower-energy peak (16 eV)
is the same as that observed for CN* desorbed from
potassium-related surfaces. The higher-energy resonance
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Figure 5(a) shows the R and P branches of the B~X
transition of CN* desorbed from alkali-metal surfaces
under 400-eV electron bombardment at a temperature of
60 K. The peak intensities relate to the population distri-
bution of the CN B X+(u =0) rotational states. For
lithium-, sodium-, potassium-, and cesium-metal surfaces,
resolutions are 0.56, 0.59, 055, and 0.61 A, respectively,
in FWHM. The spectrometer was calibrated before and
after each rotational spectrum at the same conditions.
Similar rotational spectra were measured for alkali-halide
substrates with 400-eV electrons and 60-K substrate tem-
peratures, as shown in Fig. 5(b). For LiF, NaCI, KBr, and
CsI surfaces, respectively, resolutions are 0.62, 0.54, 0.52,
and 0.55 A in FWHM.

We have analyzed the spectra by a least-squares fit pro-
cedure to determine rotational populations. The mea-
sured wavelength range covers the 8 X+~X X+ 0-0
and 1-1 transitions of CN molecules. We express the
measured Auorescence intensity as

I(A, )=N gv P (J)N(J)g[A, , A, (J)]

+gv R (J)N(J)g [A,, A,„(J)] .
J

+N' gv P'(J)N(J)g [A, , A~(J)]

+gv R'(J)N(J)g[A, , A,„(J)] .+kA, +Bo,
(2)

—g(k ), k is the measured wavelength,
and 5(A, ) is the deviation of the measured wavelength
from the true wavelength, which has been measured to be
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FIG. S. P branches and rotational resolved R branches of
8 X (v =0)~X X+(v =0) transition of CN* desorbed, re-
spectively, (a) from alkali-metal surfaces and (b) from alkali-
metal halide surfaces under 400-eV electron bombardment at 60
K. The CO2+ N2(1:1) dose pressures are 2 X 10 Torr.

(22 eV) is shifted from the 20-eV resonance observed for
CN* desorbed from potassium surfaces.

IV. MKASURKMKNTS
OF ROTATIONAL DISTRIBUTIONS

A. Substrate dependence

Q

a sine function with a period of 25 A and amplitude of
0.103(7) A due to errors in the machining of the central
driving screw, k and Bo are the noise parameters. g [ ] is
the Gaussian shape of instrument resolution function,
which was determined experimentally from the observed
line shape of the mercury 4077-A line. v is the transition
frequency. A, (J) and A, „(J) are the transition wave-
lengths of the P and R branches, respectively. P (J),
R (J), P'(J), and R '(J) are the rotational line strengths
of the P and R branches, respectively (0 and 1 super-
scripts indicate the vibrational states). N and N' are the
vibrational population in v =0 and 1 states, respectively.
N(J) is the rotational population in state J. v, A, (J),
A,„(J), P '(J), and R '(J) are determined by gaseous molec-
ular spectroscopy. ' References 26 and 27 also provide
the spectroscopic constants, such as the band spectral re-
gion, the rotational constants, and the centrifugal distor-
tion constants (excluding the small spin splitting), essen-
tial for calculation of the line positions. The least-squares
fit determines the rotational and vibrational populations.

In Eq. (2), we assumed that the rotational populations
in the U =1 state are the same as those in the v =0 state.
Textbooks show that the P branch of the U =1 system
overlaps the 8 branch of the U =0 system starting at
J =5 but has no overlap with the U =0 P branch. In our
fitting, the P and R branches were fitted simultaneously
and the resulting residuals showed no systematic effects
in the region of the v =0 P branch which would be dis-
torted if the P branch of the u = 1 system was
significantly different from our assumption.

The fitted rotational distributions of desorbed CN* are
plotted in Figs. 6(a) and 6(b), respectively, for alkali-metal
halide and alkali-metal substrates. The plots are normal-
ized to have an equal area. The average rotational energy
[XE(J)N(J)IXN(J)], the population width (full width
of 10% maximum), and the relative vibrational popula-
tion (N'/N ) are determined by the fit and listed in Table
I. The results show quantitatively that the rotational dis-
tributions of desorbed CN* from alkali-metal halide sur-
faces are the same as those from the corresponding
alkali-metal surfaces within experimental error and that
rotational distributions strongly depend on substrates:
substrates with a low alkali-metal atomic number show-

ing a wider population than substr ates with a high
alkali-metal atomic number. The y-squared rotational
distributions of CN* desorbed from LiF and lithium-
metal surfaces is 49 for 31 degrees of freedom indicating
that the distributions are close but probably not exactly
the same. The rotational distributions for lithium sub-
strates are markedly different from those for cesium sub-
strates. The y-squared rotational distributions of CN
desorbed from LiF and CsI surfaces is 1062 for 23 de-
grees of freedom indicating the statistical impossibility of
the two data sets coming from the same underlying distri-
bution.

The above data indicate that rotational distribution of
CN' desorbed from alkali-metal and electron-irradiated
alkali-metal halide surfaces is independent of the halide
component of the alkali-metal halide substrate. This in-
dication is also verified by the distributions for KC1 and
KBr surfaces: the distributions have been measured to be
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TABLE I. Average rotational energy, full width of 10% maximum, and relative vibration population
as a function of substrate.

Substrate

Li
Na
K
Cs

&E, )
(eV)

0.041
0.032
0.028
0.029

Width
(&)

28
24
21
20

N'/N
(%)

7.7
7.0

10.2
13.0

Substrate

LiF
NaCl
KBr
CsI

«, )
(ev)

0.040
0.031
0.029
0.029

Width
(&)

26
23
20
19

N'/N
(%)

7.4
7.0

10.2
13.0

similar to each other.
We have tested the reproducibility of our measure-

ments and the validity of the errors assigned on the basis
of the fit by comparing results from two runs taken on
NaC1. The data were fit as described above. The indivi-
dual rotational populations for the two runs were sub-

tracted and normalized by the errors determined from
the fit. The sum of the squares of these should be distri-
buted according to a g-squared distribution. The result-
ing g square for this test was 22 for 29 degrees of free-
dom.

B. Substrate temperatures
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Figure 7 consists of Boltzmann plots of rotational dis-
tributions of CN* desorbed for lithium-metal and LiF
surfaces as described in Fig. 6. The plots not only show a
uniting of the distributions for the two lithium-associated
substrates but also clarify that the plots are curved, not a
straight line. If the emission of diatomic molecules fol-
lows thermal desorption, the Boltzmann plot of rotation-
al distribution will be a straight line"' and the rotation-
al temperature depends on the surface temperature (they
may not be equal). For comparison, a simulated
Boltzmann distribution at 60 K, which is the substrate
temperature we had, is plotted in the figure. The mea-
sured distributions are obviously in contrast to the simu-
lation. The average rotational energy is 0.0408 eV which
is equivalent to 482 K ((E, )/IC). This is seven times
above the surface temperature.

Figure 8 shows rotational distributions of desorbing
CN* from a NaC1 surface at two surface temperatures:
60 and 160 K. Electron energy was 400 eV at a current of
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FICx. 6. Linear plots of rotational-state populations of CN*
desorbed from (a) alkali-metal halide and (b) alkali-metal sur-
faces under 400-eV electron bombardment at 60 K.

FIG. 7. Boltzmann plots of rotational distributions of excited
CN desorbed from LiF (open triangle) and lithium-metal (filled
circle) under 400-eV electron bombardment at 60 K. Line is the
simulated Boltzmann distribution for 60 K.
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from KC1 and potassium-metal surfaces are not only
close to each other but also close to those in ESD from
KC1, KBr, and potassium-metal surfaces. It appears that
the rotational distributions of desorbed CN* are identical
for all potassium-related surfaces, independent of the ra-
diation source and surface temperature.

As stated above, rotational spectra of desorbing CN'
are very diKcult to detect even for a zero-order synchro-
tron light beam. For erst-order light„ the incident Aux is
reduced by one-and-a-half orders of magnitude as com-
pared to the zero-order light. A spectrum was measured
for 20-eV photon beam as shown in Fig. 9(b). The resolu-
tion is 0.68 A in FWHM. It seems that there is no obvi-
ous difference that we can see. Since the spectra have
poor resolution, no fitting data are obtained.

FIG. 8. Linear plots of rotational-state populations of CN
desorbed from NaC1 for 60- and 160-K substrate temperatures.
The weak line is the simulated Boltzmann distribution for 60 K.

V. DISCUSSION

A. Desorption mechanisms

about 150 pA. The data obtained showed no differences
for different substrate temperatures. Similar results were
obtained for other substrates which indicate that rota-
tional distributions of desorbed CN* following ESD are
independent of surface temperature in the range 60—300
K. These results are in contrast with those obtained for
thermal-desorption experiments where the rotational dis-
tributions are very sensitive to substrate temperature.

C. Rotational distributions arising from PSD

Rotational distributions of desorbing CN' from a KC1
surface have been measured for two electron energies:
150 and 400 eV at 60 K. The measurements show that
there are no differences observed between the two spectra
to within experimental error. This is very different from
processes based on momentum transfer where incident
energy is crucial in determining the rotational states of
the scattered or sputtered molecules.

Rotational distributions have been measured for CN'
desorbed from KC1 and potassium-metal surfaces under
synchrotron radiation at room temperature, as shown in
Figs. 9(a) and 9(b). The rotational distributions in PSD

The photon-energy-dependent structure of desorbing
CN* shows no systematic correlation with core-level ex-
citation energies of either alkali metals or KC1. Instead,
the data suggest that the mechanism responsible for CN*
desorption is a direct electronic transition from a bonding
state to an antibonding state of the surface bond, which is
consistent with many features predicted by a Menzel-
Qomer-Redhead model. ' This transition is schemati-
cally illustrated in Fig. 10, which plots interaction poten-
tials as functions of the distance between the center of
mass of the CN molecule and the surface. An important
question is the nature of the bonding and antibonding
states participating in the observed desorption of excited
CN in the B state.

Our experimental results clearly show that rotational
distributions, desorption cross sections, and photon-
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FIG. 9. Rotational spectra of excited CN desorbed from KC1

surface under zero-order synchrotron light bombardment and
from the potassium surface under 20-eV photon bombardment.

FIG. 10. Scheme of the one-dimensional Franck-Condon
model for the desorption of CN* from surfaces.
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excitation functions correlate systematically to the alkali
metal not only for alkali metal but also for alkali-metal
halides. In addition, it is well documented that alkali-
metal halide surfaces become metalized under electron
and photon bombardment. Based on these facts, we pro-
pose that the parent bond of desorbing Cn* is the bond
between CN and the alkali-metal surface. Similar to gas-
phase alkali-metal CN (Ref. 30) and to CN impurity in
alkali-metal halide lattices, ' the alkali-metal CN surface
bond is believed to be an ionic bond due to the high elec-
tron affinity of CN neutral and the low ionization energy
of the alkali metal. This strong Coulomb-attraction bond
is likely to be the initial ground-state bond in the elec-
tronic transition leading to desorption.

Electron or photon bombardment supplies energy to
the parent bond leading to the emission of CN on the B
excited state. We observed a resonance peak at 16 eV in
the photon-energy-dependent yield of desorbing CN*
from KC1, potassium-, and lithium-metal surfaces.
Theoretical calculations show that the ionization ener-
gy from the adsorbed CN 40. state in the Ni-metal CN
system is 17 eV, which is close to our observed value for
the alkali-metal CN system. The 4o. ionization of
ground-state CN will result in an excited neutral CN in
its B state and, hence, we believe that the 4o. ionization of
the (alkali metal)+-CN system produces an (alkali
metal)+-CN(B) cationic state. This state is likely to be
strongly repulsive because of the absence of the original
Coulomb attraction; thus the desorption of CN in the B
state results. At present, we have no explanation for the
observed 20—22-eV resonant peak and the continuous-
energy dependence of the CN* desorption yield both
shown in Fig. 4.

When investigating neutral-particle desorption, one
must consider, in general, the possibility of processes
which modify the electronic, vibrational, or rotational
states of the escaping primary desorbate. The possible
secondary processes which may a6'ect CN* emission are
the following: (1) gas-phase excitation of desorbed
grounded-state CN, (2) gas-phase dissociation of desorbed
alkali-metal CN, and (3) gas-phase neutralization and ex-
citation of desorbed CN+. In this study, the neutral CN
radicals are emitted in excited states with the excitation
energy being greater than 3 eV. There are no electrons at
the surface energetically available for modification into
such a highly excited state except primary beam electrons
or secondary electrons. In the modification by primary
or secondary electrons, the primary desorption yield is
expected to be proportional to the incident electron
current and, in addition, the energetic source of
modification is also proportional to the current. Thus, the
yield of excited CN* should be a quadratic function of
the current. This expectation is similar to that made by
Walkup, Avouris, and Cxhosh. They observed a quad-
ratic behavior of yield versus current for excited Na* for-
mation from NaC1 surfaces under electron bombardment.
Based on the "quadratic" function, they proposed that
excited sodium atoms are produced by the secondary
electron excitation of ground alkali-metal atoms thermal-
ly desorbed from alkali-metal halide surfaces. However,
the desorption yield of CN as a function of electron

current has been studied in the 0.1 —10-pA low-current
range. The function is linear at the beginning and then
tends to saturate at higher currents, since the total
amount of CN concentration on the surface is limited by
a balance between formation and desorption. The satura-
tion e6'ect may be related to this limited concentration.
The measured current dependence at lower currents is
not consistent with a quadratic function predicted by
secondary processes.

Further evidence against these modifications comes
from the measurements of internal energy distributions
substrate dependencies, and excitation functions. The
impact dissociation of gas-phase alkali-metal CN mole-
cules by secondary electrons can be ruled out by cornpar-
ing the different energy dependence of the CN* emission
yield with the secondary electron yield. Secondary elec-
tron excitation of the ground-state CN radical can also be
ruled out by contrasting the energy dependencies and the
substrate dependencies of the rotational distributions.
Walkup, Avouris, and Ghosh suggested that excited
alkali-metal atoms are produced by the secondary elec-
tron excitation of ground alkali-metal atoms thermally
desorbed from high-temperature alkali-metal halide sur-
faces. This process cannot be responsible for excited CN
desorption experiments performed at 60 K since it is im-
possible to produce thermal desorption of ground-state
alkali-metal atoms at such low temperatures. In addi-
tion, we observed that the desorption yield is even higher
at 60 K than at 300 K. The evidence overwhelmingly sug-
gests that the observed ESD and PSD of excited CN fol-
lows a direct electronic bond-breaking process.

B. Rotation mechanisms

As in the desorption process discussed above, the rota-
tional state populations of molecules will depend on the
initial bonding state, and on the evolution through an an-
tibonding state to the free state. Despite the lack of ex-
perimental data about molecular rotation following elec-
tronic interactions between molecules and surfaces, some
theoretical studies have been attempted. Briefly, some
workers have explained rotational distributions arising
from desorbed molecules due primarily to ground-state
potential surfaces, ' ' while others attribute the distribu-
tion to the repulsive-state potential surface. ' In this
work, we suggest a quantum description of desorption
and rotation in which the angular momentum may arise
both from the initial wave function in the ground state
and from the time evolution of the wave functions in the
excited state as the molecule is ejected from the surface.
In Fig. 11 we illustrate schematically the constraints im-
posed by a solid surface upon the rotational motion of a
molecular adsorbate and relaxation of this constraint as
the adsorbate leaves the surface.

At zero temperature, the potential surface in the
ground state completely determines the initial wave func-
tion. Let Z be the distance along the surface normal of
the center of mass of a CN molecule from the surface, 0
be the angle that the CN bond makes with the surface
normal, and V(Z, H) be the potential surface which is a
function of Z and 8 (to simplify our description, we con-
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FIG. 11. Scheme of potential surfaces of a CN —alkali-metal
system in ground and excited states, the transition between the
two states, and the angular localization of the wave function in
each state. 8 is the distance between the surface and the center
of mass of the molecule, and 0 is the molecular angle relative to
surface normal direction. The square wells demonstrate that
the potentials vary with angle, and curve potentials vary with
distance. The angular parts of the wave functions in each state
vary with angle.

sider a cylindrically symmetric system which is y in-
dependent). Initially in the ground state, the Z-
dependent potential restricts the CN molecule from mov-
ing away from surface and the 6I-dependent potential
(shown in Fig. 11 as a square potential) restricts the
volume in which the molecule rotates (hinders the rota-
tional freedom of the molecule). Thus, the angular part
P(8, @) of the initial wave function may be highly local-
1zed.

Electron or photon bombardment of the surface leads
to excitation from the bonding state to an antibonding
state. Gadzuk and co-workers ' explained rotational dis-
tributions based on a transition from a hindered rotor to
a free rotor, where the angular distribution is unaffected
by the time evolution in the repulsive state. In their mod-
el, a rigid dumbbell executes free rotations within a coni-
cal domain bounded at some critical pole angle 0 by an
infinitely repulsive wall. The wall is suddenly s~itched
off by the electronic transition, resulting in a nonequili-
brium population of free rotational states due to the con-
version of initial zero-point kinetic energy into free rota-
tional energy about the rotor center of mass. In this case,
the rotational state distribution is given by a sum of rota-
tional Franck-Condon factors between free-rotor wave
function and hindered-rotor wave function. The angular
momentum (rotational distribution) can be viewed as a
direct measurement of the ground-state potential surface.

In the picture of a transition from a hindered rotor to
an approximately free rotor, the zero-point kinetic energy
of the hindered rotor is converted to free rotational ener-
gy. This energy is greater than the thermal energy, espe-
cially in the low-temperature range. As a result, for a
strongly hindered rotor, the rotational distribution is in-

dependent of the substrate temperature. In fact, our ex-
perimental results show that the rotational distributions
of desorbed CN' are independent of substrate tempera-
ture in the 60- to 300-K range. This indicates that the
ground-state hindering potential surface is important in
determining the rotational distribution for strongly bond-
ed systems such as alkali-metal (CN).

The potential-energy surface in the excited state deter-
mines the time evolution of the initial wave function. In
a study of rotational distributions in molecular scattering
from surfaces, an angle-dependent potential surface is
used by Barker, Kleyn, and Auerbach to analyze the ro-
tational spectrum, displayed by the molecules leaving the
surface. Rotation following DIET is similar to the
second half of a scattering process. Recently, the work of
Hasselbrink and Krempl' explained the final rotational
distribution in terms of the potential-energy surface in
the repulsive state. In these classical models, the anisot-
ropy of the potential results in a net torque exerted on the
molecule. Such a torque will inhuence the molecular rota-
tion. Note that there are obvious differences between full
scattering and half scattering (DIET). In full scattering
the initial state consists of incoming wave functions. For
this case, there is no constraining potential or corre-
sponding steady-state solution to Schrodinger s equation.
Even though the initial states are very different, the time
evolution of the wave functions as the molecules leave the
interaction is the same for full scattering and DIET. This
difference is apparent in the experimental data where in
the molecular scattering experiments rotational distribu-
tions are strongly dependent on the incident energy and
the angle, while in DIET rotational distributions depend
only on the parent surface bond.

Clearly, both the ground-state potential surface, which
determines the initial wave function, and the repulsive-
state potential surface, which provides the torque, can
affect the molecular rotation of desorbed molecules. The
question becomes which effect is dominant in determin-
ing the final rotational distribution. For a system where
the adsorbate is weakly bonded to the surface, as in the
case of Hasselbrink treated, the repulsive-state torque
may be critical in determining the rotational distribution;
however, for the case where the molecules are strongly
chemisorbed on the surface, such as the alkali-metal CN
system, the initial distribution may be crucially important
in determining the final rotational distribution.

As a result of the above discussions, the final-state ro-
tational populations are determined by the interaction of
the parent adsorbed molecules with the surface since this
determines both the ground-state and excited-state poten-
tials. This qualitative prediction is consistent with the
quantitative experimental observation in this work that
the rotational distribution of desorbing CN* is systemati-
cally correlated to the alkali-metal component of the sub-
strate. The substrate selectivity of rotational distribu-
tions strongly indicates that our spectra are characteristic
of the CN —alkali-metal interaction alone. It seems clear
that since interactions of CN with lighter alkali metals
are stronger than those with the heavier ones (as reflected
by, for example, the gas-phase heats of formation ) these
stronger interactions should be translated into higher



ROTATIONAL DISTRIBUTIONS OF EXCITED CN MOLECULES. . . 8231

rotational-vibrational energies as well as enhanced kinetic
energies when the CN surface interaction is disrupted.

C. Extraction of the angular-dependent
potential surfaces

In this discussion, we will make the argument that the
measured rotational spectra give information on potential
functions of adsorbed CN interacting with alkali-metal
surfaces. Strictly speaking, we cannot determine the po-
tential surface because we do not have additional data
such as the orientation of the CN adsorbate with respect
to the surface normal. However, we still can discuss the
substrate-dependent features of the potential surfaces
from the rotational spectra of desorbing CN*, based on
the following assumptions: (l) the surface-CN system
obeys a cylindrical symmetry about the normal indepen-
dent of orientation, and (2) the hindered-rotor-to-free-
rotor model is valid for the desorption of CN from the
alkali-metal surface. The logical steps leading from
knowledge of the rotational spectra to a determination of
the angular-dependent potential surfaces are the follow-
ing: First, we construct a parametrized model potential
function. Then we solve the initial wave function from
the Schrodinger equation with this potential and calcu-
late a rotational distribution utilizing the hindered-rotor-
to-free-rotor model. Finally, we determine the parame-
ters of the potential function by fitting the calculated ro-
tational distribution to the measured rotational distribu-
tion.

In this treatment, the principal effect of the surface is
to hinder or restrict the motion of the adsorbed molecule,
or put in another way, restrict the volume in which the
molecule rotates. These effects can be described by the
standard angular part of the Schrodinger equation,
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FIG. 12. The potential energies resulting from the least-
squares fit as a function of angles for: Li-CN (solid line) and
Cs-CN (dashed line).
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where R (L) is the rotational intensity in Lth state. We
restrict our treatment to the case for which m =0 in the
initial system. This is a reasonable assumption for the
case of a cylindrically symmetric system with a low sub-
strate temperature.

We modeled the potential function as a combination of
two exponential functions with respect to the rotational
angle with three parameters (O~ O2 Vp ),

—0/0 —8/0

V(O) = —
Vp 1+C

+ IE —V(O, y)] .P"'"(O,y) =0,2I
(3)

0.04-

0.02-

where the quantity I is the molecule's moment of inertia
with respect to its center of rotation, O and y are as
defined in the above section, E is the ground-state zero-
point energy, and V is the potential energy of interaction
with the surface. The hindering potential results in an
angular localization of the initial wave function solved
from Eq. (3).

We apply the hindered-rotor-to-free-rotor model, i.e.,
the sudden approximation, proposed by Gadzuk and co-
workers, to our discussion. ' This model is based on the
argument that if desorption is induced by a fast process,
such as electron or photon bombardment, the molecule is
ejected from the surface so rapidly that its wave function
is not altered. When the molecule is quickly desorbed
from the surface, the molecule becomes a free rotor,
which is described by a set of spherical harmonics:
I Yl (O, y)I. The probability of ending up in the Lth
free-rotor state is just a sum of rotational Franck-Condon
factors between the initial wave function and YL (O, @),
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FIG. 13. Comparisons of the calculated rotational distribu-
tion with measured distribution: (a) for CN* desorbed from the
Li-metal surface, and (b) for CN* desorbed from the Cs-metal
surface.
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where C is a smoothing function with respect to the two
exponential functions given by C =e ' ' ' '. The pa-
rameters of the potential function are determined by a
least-squares fit of a calculated rotational distribution to a
measured rotational distribution. Figure 12 shows the re-
sulting potential functions of CN corresponding, respec-
tively, to the lithium-metal and cesium-metal surfaces;
Fig. 13 shows the calculated rotational distributions for
the same systems. The fitted parameters are 0&=5 ~ 0,
02=36.0, and Vp=0. 5 eV for the Li-CN system, and
Oi =30.0 62 =6.5 and Vp =0.5 eV for the Cs-CN sys-
tem. The parameters in the smoothing function also fall
out from the least-squares fit. Our calculations indicate
that the smoothing function and its parameters only
weakly affect the least-squares fits.

The method used for solving the one-dimensional
Schrodinger equation is similar to the Numerov algo-
rithm method, developed by Cooley. ' This method is
developed for a diatomic potential well in which the reac-
tion coordinate is the variable of the well. We modified
this method by postulating a potential well in which the
rotational angle of the molecule is the variable. This
method includes calculating the inward and outward
wave functions divided by a match angle where the ener-

gy E is equal to the potential energy. The computer pro-
gram arrives at an energy with which the values and the
differentials of the inward and outward functions are
equal. Then, the resulting energy is the eigenenergy. In
our discussion, the energy of the ground state is under-
stood to be the zero-point energy. The breaking of the
adsorbate-surface bond releases this zero-point energy to
the rotational energies in the free rotor.

As shown in Fig. 12, potential functions depend
strongly on the substrate. The potential well for lithium
metal in the low-angle regime exhibits a very small fuH
width at half maximum with nonmonotonic behavior in
the large angle regime. The fu11 width at half maximum
of the potential we11 for cesium is significantly larger than
that of the lithium metal. Our calculations also show
that the initial wave function for the lithium-CN system
is more localized in the small-angle region than that for
cesium and that the zero-point energy for lithium is
larger than that for cesium. Thus, more energy is
transferred into the excited rotational states for a
lithium-metal surface than those for a cesium-metal sur-
face.

As shown in Fig. 13, the calculated rotational distribu-
tions do not exactly match the experimental findings.
This may indicate that the inhuence of the excited-state
potential surface needs to be considered in calculating the
final rotational distributions. The initial wave function,
which is determined from the ground-state potential sur-
face, can be modified by the excited-state potential sur-
face. Then, the modified initial wave-function changes the
rotational distribution. With consideration of the excited
potential surface, the minor we11 in the large angle regime
of the extracted potential of the lithium-CN system may
not exist. Clearly, even taking into account the excited
potential surfaces, our argument that the measured rota-
tional spectra give information on the relevant potentia1

functions is still valid since the excited-state potential
surfaces are also substrate dependent.

VI. CONCLUSIQNS

We have reported measurements of the systematic sub-
strate dependence of rotational distributions of excited
molecules following electron- and photon-stimulated
desorption. Rotational distributions of desorbing excited
CN have been measured on LiF, NaF, NaC1, KC1, KBr,
CsI, lithium-, sodium-, potassium-, and cesium-metal sur-
faces, in the surface temperature range of 60—300 K, at
100- and 400-eV electron energies, and for different radia-
tion sources: electron and synchrotron radiation. The re-
sults show that rotational distributions of excited CN fol-
lowing ESD and PSD exhibit nontherma1 features that
are systematically correlated to the alkali-metal com-
ponent of the substrate, and are independent of surface
temperature, incident energy, type of radiation, and
halide component of the substrate.

A quantum description of the rotational distributions
must ultimately include both the initial wave function in
the ground state and the time evolution of the wave func-
tions in the excited state as the molecule is ejected from
the surface. Based on a model which assumes a transi-
tion from a hindered rotor to a free rotor, the angular-
dependent interaction-potential surfaces are extracted
from the measured rotational distributions. The extract-
ed potential surfaces are shown to be strongly substrate
dependent.

The photon-energy dependence of desorbed CN* has
been measured for KC1, potassium-metal, and lithium-
metal surfaces. On the potassium-related surface, the
measurements show resonant thresholds at 16 and 20 eV,
and on the lithium-metal surface, resonant thresholds at
16 and 22 eV. The 16-eV threshold suggests a 4o.-
electron ionization of ionically bonded CN with the
alkali-metal surface resulting in antibonding between the
alkali-metal ion and neutral CN in the 8 excited state.
These resonant energies suggest a direct electronic bond-
breaking mechanism, which does not involve core-level
electronic states.

The data reveal that important features of the rotation-
al distributions of excited molecules arising from ESD
and PSD differ radically from thermal-desorption and
momentum-transfer data. These unique substrate-
dependent rotational spectra suggest that molecular rota-
tional distributions from these DIET processes are deter-
mined by direct electronic bond breaking and reAect the
characteristic of the CN —alkali-metal interaction ex-
clusively.
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