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We report the first measurements of the electron-stimulated-desorption ion-angular-distributions of
negative ions from surfaces. The angular distributions of F ions for electron-stimulated desorption of
PF3, NF3, and (CF3)2CO on Ru(0001) depend on the molecular geometry and the state of the adsorbed
species. The structural information obtained from these negative-ion studies complements that from
similar positive-ion studies.

PACS numbers: 61.14.Ki, 79.20.Kz, 82.65.My

Electron-stimulated-desorption ion angular distribu-
tions (ESDIAD) of positive ions is a highly useful tool
for determining the bonding structure of atoms and mol-
ecules adsorbed on single-crystal surfaces. ' This is be-
cause the direction of ion desorption from the surface is
determined by the orientation of the bond which is rup-
tured by electron bombardment. In addition to positive
ions, electron-stimulated desorption (ESD) of adsorbed
species also causes desorption of neutral products (atoms
and molecules) as well as negative ions. 2 The relative
yields of positive ions, negative ions, and neutral species
vary depending on the molecule, the bonding geometry,
molecular coverage, etc.

Whereas ESD angular distributions of both positive
ions' and neutral species have been reported previ-
ously, we describe here the first measurements of ESD
angular distributions of negative ions. We report data
for F ESDIAD from several fluorine-containing mole-
cules adsorbed on Ru(0001) at 110 K, for which high
yields of both F and F+ ions are seen. The negative
ions originate mainly from parent molecular adsorbates,
while the positive-ion yield is higher for adsorbed dissoci-
ation fragments. There is striking angular anisotropy
observed in negative-ion ESDIAD, providing structural
information complementary to that derived from pos-
itive-ion ESDIAD. The comparison of ESDIAD data
for F+ and F also provides insights into the ion forma-
tion mechanisms.

For these studies, we have chosen three molecules
[PF3, NF3, and (CF3)2CO] known to yield F ions upon
electron impact in the gas phase. Adsorption studies of

these molecules have been conducted on the Ru(0001)
surface.

The major technical challenge in negative-ion ESDI-
AD is to separate the large secondary electron signal
from the much weaker (by approximately 10 ) neg-
ative-ion signal. We accomplish this by using time-of-
flight techniques in an electrostatic mirror time-of-flight
apparatus" adapted from the existing digital ESDIAD
apparatus. " Typical electron bombardment energies
are -280 eV, with use of a pulsed electron beam (re-
petition rate —10 /s). Under typical conditions, the
electron flight time is & 30 ns and the flight time for an
F ion is -99 ns. This experimental apparatus can be
used for mass-resolved positive-ion studies as well.

For all of the systems studied [PFs, NFs, and
(CF3)2CO] both the positive- and negative-ion ESDIAD
are dominated by fluorine ion emission. The observed
yields for F+ and F ESDIAD for the systems studied
are summarized in Table I. We observe that the total
angle integrated F yields from these fluorinated mole-
cules are a significant fraction of the total (F++F )
ion current [from 3% for NFs to 40% for monolayer
(CF3)2CO, to 80% for multilayers of (CF3)2CO].

Strong angular anisotropies in the F emission are
observed. Figure 1 shows patterns seen for annealed (T
-270 K) overlayers of PF3, NF3, and (CF3)2CO on
Ru(0001). Beams are seen along the surface normal for
all these systems, and for PF3 and (CF3)2CO hexagonal-
ly symmetric patterns are seen after annealing. The ES-
DIAD patterns are clearly dependent on the molecular
species and its chemical state.

TABLE I. Ion yields (ions/electron) of saturation coverage adlayers on Ru(0001). Electron
impact energy is 280 eV; T, = 110 K. Yields are angle integrated over the entire ESDIAD im-
age.

PF3
NF3
(CF3)/CO
(CF3)2CO (multilayer)

F+ yields

3x10
4x 1p
8x10
1 x1P

F yields

2x10
1x10
6x10
6x10

F /(F +F+)

0.08
0.03
0.43
0.83

2578



VOLUME 61, NUMBER 22 PHYSICAL REVIEW LETTERS 28 NOVEMBER 1988

[uo] t

[110]

PF3

C

Ls
CC

0
4J

O

Il

Ch

leal

O

C

(b) I

200
I. . . I

400 600

Temperature (K)

I

800

FIG. 2. Temperature dependence of the F+, F, and
molecular desorption of PF3 from Ru(0001). The heating rate
was —10 K/s. The ion signals correspond to the peak intensi-
ties of the off-normal emission.

(CF3)2CO

FIG. 1. F ESDIAD for (a) PF3, (b) NF3, and (c)
(CF3)2CO on Ru. All of these samples have been dosed to sat-
uration at 110 K and annealed to temperatures of 140-270 K.
On the left are contour plots of ion signal; on the right are the
corresponding perspective plots. [The asymmetries on the right
sides of (a) and (c) are due to variations in gain across the mi-

crochannel plates. ]

Another general observation for all three adsorbed
molecules is that the negative-ion signal invariably de-
creases with electron beam exposure (due to beam dam-

age), while the positive-ion signal increases. This is con-
sistent with the generation of negative ions from parent
molecular species, while the positive ions have a high
probability of production from surface fragments as well

as molecular adsorbates. The dominance of positive-ion
emission from fragment and minority species for certain
adsorbates has been noted, ' and can complicate the in-

terpretation of the ESDIAD results.
A discussion of the comparative surface chemistry and

ESDIAD behavior for all of these adsorbates is outside
the scope of this Letter; rather, this Letter focuses in de-
tail on PF3 on Ru(0001) as an example of the utility of
negative-ion ESDIAD. These measurements provide
new insights into the structure of adsorbed PF3, not ob-
servable from positive-ion ESDIAD.

Figure 2 shows the temperature-dependent ESDIAD
yields (angle resolved) and the thermal desorption spec-
tra (TDS) of a saturation coverage of PF3 on Ru(0001).
This illustrates another systematic trend observed for all

three adsorbates studied, i.e., the negative-ion signal de-
creases on moderate warming whereas the positive-ion
signal either stays the same or increases. The increase in

intensity of F+ emission upon heating in the case of PF3
on Ru(0001) occurs only when the coverage is high, and
seems to be associated with the thermal decomposition of
PF3 to form PF2 and PF fragments, similar to what is
seen in the electron-beam-induced decomposition of PF3
on Ni(111), ' and in the beam damage experiments de-
scribed above. The shoulder in the TDS peak at lower
temperatures is a reproducible feature that appears only
with PF3 coverages above 0.75 of saturation. The track-
ing of the negative-ion signal with the low-temperature
component of the molecular TDS peak, and the loss of
positive-ion signal at higher temperature is further evi-

dence that the negative ions originate mainly from
molecular surface species, while the positive ions origi-
nate from surface fragments as well as molecular adsor-
bates.

The ESDIAD of a saturation coverage of PFq on

Ru(0001) dosed at 110 K shows changes as a function of
temperature in the ion angular distributions that are
different for F+ and F (Fig. 3). Before annealing
[Figs. 3(a) and 3(c)], PF3 exhibits a broad emission
maximum along the surface normal in F ESDIAD, but
little normal emission and maxima along six beams in-
clined with respect to the surface normal in F+ ESDI-
AD. After annealing to -270 K [Figs. 3(b) and 3(d)l,
the F ESDIAD shows maxima along six beams in-

clined with respect to the surface normal, while the F+
ESDIAD exhibits both normal and off-normal emission
(which we believe is due to thermally generated PF2 and
PF). These differences are characteristic of changes in

the surface state of the PF3.
The data of Figs. 2 and 3 have implications for the

mechanism of ion formation as well as for the structural
aspects of PF3 on Ru(0001), and we discuss these topics
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In the gas phase6' and in physisorbed layers, ' nega-

tive ions are produced via several different mechanisms,
including dissociative attachment and dipolar dissocia-
tion, which generally involve populating of the antibond-
ing levels in the molecule. On surfaces, positive ions can
also charge exchange to produce a negative-ion flux; al-
most complete charge conversion ("harpooning") has
been observed in ion-scattering experiments. '

In the charge-exchange (harpooning) mechanism, the
negative-ion yield is due to a charge transfer from the
highest occupied substrate orbitals to an outgoing posi-
tive ion; the reneutralization rate of a negative ion is, in

turn, limited by charge transfer to the lowest unoccupied
surface orbitals. Depending on the symmetries of both
the occupied and unoccupied states, the angular depen-
dencies of F and F+ ESDIAD could be similar. As

FIG. 3. Comparison of the (a), (b) F and (c), (d) F+ ES-
DIAD of PF3 on Ru(0001), before (a) and (c) and after (b)
and (d) annealing to T—270 K. These results were obtained
from a single adsorbate sample. Notice the rotation of the F+
emission beams by 30' from along Ru atom rows in (c) to be-
tween Ru rows in (d) (Ref. 17). Models of the PF3 high cover-
age state: (e) Lattice model drawn to scale. (f) Bonding
model for the proposed tilted PF3 state.

shown in Figs. 2 and 3 the differences in F+ and F ES-
DIAD for PF3 on Ru(0001) are considerable for
different cover ages and temperatures. However, the
differences in the angular anisotropies seen in Fig. 3 are
complicated by the effects of image charges and reneu-
tralization of the ions. ' The F ions desorb with lower
kinetic energy than the F+ ions, which may lead to the
capture of the off-normal beams. The simplest way to
demonstrate that the angular distribution is different for
F+ and F is to examine the behavior of the normal
emission beam. The clear differences in the intensity and
temperature dependence of the normal emission (Fig. 3)
lead us to suggest that the harpooning mechanism is not
dominant in these systems.

Either the dissociative attachment or dipolar dissocia-
tion mechanism can account for the observed chemical
specificity for negative-ion emission. The negative-ion
yield is controlled by the lifetime of the electron in a rel-
atively large antibonding orbital (in contrast to the
positive-ion production which involves deep valence exci-
tations and core holes); the lifetime of the antibonding
state is expected to be shorter for the covalently bonded
fragments than for the chemisorbed parent molecules.
The dissociative attachment process is expected to have a
resonance at -2.2 eV, while dipolar dissociation should
have a higher energy threshold (at —12 eV). The
threshold measurements needed to distinguish between
these mechanisms are currently under way.

Consider now the structure of adsorbed PF3. For less
than saturation coverage, the PF3 F+ ESDIAD pattern
is found to be an azimuthally disordered halo, with the
F+ emission at -70' from the surface normal. ' The
adlayer thermally desorbs reversibly, with no change in
the ESDIAD pattern and no decomposition. In contrast
to earlier ESDIAD studies of PF3 on Ni(111) (Ref. 14)
no discernable evidence for hindered rotation at low cov-
erages at our lowest temperature, 110 K, is observed.
This is in marked contrast to the results at higher cover-
ages, where azimuthal ordering of PF3 occurs [Fig.
3(c)].'

For saturation coverage of PF3 a tilted, compressed
state is proposed, based on a number of observations.
The polar angle of the F+ halo under field-free condi-
tions is 70', while the F "flower" pattern [Figs. 1(a)
and 3(b)] polar angle is 50'. The ion energies and an-
gles are such that we do not attempt to correlate quanti-
tatively the polar angle with bond angle, but the lower
energy of the negative ions suggests that the F emis-
sion direction must have a smaller polar angle than the
corresponding F+ signal at the surface, since the lower
energy ion will be bent further from the surface normal
as a result of the effects of the image charge. ' . Howev-
er, the F beam is observed closer to the normal than
the F+ beam [compare Figs. 3(b) and 3(d)].

Further, one notices that the beam profiles of the F
flower pattern [Fig 1(a)] are broader in the polar angle
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than in the azimuthal angle. Although various factors
contribute to ESDIAD beam widths, this observation is
consistent with a model in which the P-F motions in po-
lar angle are more facile than for the azimuthal angle.
This beam profile is not observed in the hexagonal F+
ESDIAD pattern [Fig. 3(d)] which is due to ion emis-
sion from thermally generated PF2. '

Lastly, the formation of the F flower pattern occurs
simultaneously with the formation of a (J3xJ3)R30'
low-energy electron diff'raction pattern. This LEED pat-
tern is seen only when the surface is dosed to above 0.5
of saturation, the coverage where the low-temperature
shoulder on the PFs TDS develops. The unit cell implied
by this pattern, assuming the PF3 molecular axis is nor-
mal and with use of PF3 geometrical parameters derived
from coordination chemistry, ' ' gives an approximately
0.1-A overlap of the fluorine van der Waals radii [Fig.
3(e)l.

These facts lead us to propose that the PF3 in the high
coverage state is tilted, with the molecular axis tilted ap-
proximately 16' from the surface normal [Fig. 3(f)l.
This tilt is sufficient to remove the overlap and to bring
the fluorine van der Waals radii of adjacent PF3 units
into contact. Further, such a tilt is consistent with the
observed smaller polar angle for the PF3 F ESDIAD
pattern in comparison with the F+ ESDIAD pattern.

In summary, the results of the first negative-ion
ESDIAD investigations of PF3, NF3, and (CF3)2CO on
Ru(0002) are reported. In all of these systems large
yields of F+ and F are observed. The negative-ion
yield is dominated by molecular adsorbates, whereas the
positive-ion yield is higher for dissociation fragments.
Negative-ion ESDIAD provides structural information
that complements the information derived from
positive-ion ESDIAD. We have deomonstrated this with
the results of our investigation of PF3 on Ru(0001)
which shows the existence of a high coverage,
compressed, tilted adsorption state. The chemical
specificity and diff'erential behavior of the positive- and
negative-ion ESDIAD patterns show that the charge
conversion ("harpooning" ) mechanism for negative-ion
production on surfaces is not dominant in the system
studied.
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