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The magnitude of secondary-electron contributions to electron- or photon-stimulated desorption
(ESD) or (PSD) yields is considered. In particular, we have reexamined three systems where a dom-
inant x-ray-induced ESD (XESD) effect has been postulated. Recent ESD ion-angular-distribution
data on the NH3/Ni system and a detailed determination of the mechanisms involved in H desorp-
tion indicate that all of the features previously attributed to the XESD effect may in fact arise from
direct core-level processes. A reexamination of the PSD N+ and 0+ yields from condensed N2-02
reveals that the indirect XESD mechanism contributes just one-third of the N+ yield, but dominates
the 0 desorption. This arises because the direct Auger-stimulated desorption (ASD) process fol-

lowing core-hole excitation is inactive for 0+ desorption, but remains active for N+. Finally, a de-
tailed interpretation of H+ desorption from OH/Ti and OH/Cr, and comparison with the system
OH/YbO-Sm indicates that the direct ASD process is also inactive in the latter case. This investi-

gation concludes that in cases for which the direct ASD process is active, the indirect XESD contri-
bution is generally on the order of 35% or less. When the ASD process is suppressed, the XESD
process generally dominates. However, in chemisorbed systems, even when the direct process is rel-
atively inactive, the XESD process does not dominate. The various reasons for this are discussed.

I. INTRODUCTION

Recent reports on the extent of secondary-electron
contributions in electron- or photon-stimulated desorp-
tion (ESD or PSD) appear to be contradictory. Jaeger
et al. ' suggested that secondary electrons provide the
dominant contribution to the H+ yield from NH3/Ni and
called the process x-ray-induced ESD (XESD}. Others
have concluded that the XESD process is the dominant
mechanism in the PSD of N+ and 0+ ions from mixed
condensed gases such as N2-02 (Ref. 2), and in the PSD
of H+ ions from OH/Yb0-Sm (Ref. 3). On the other
hand, considerable evidence exists in the literature for the
dominance of direct photon excitation mechanisms. This
includes the following.

(a) Large differences were found in the photon-energy
dependence between the secondary-electron yield and the
PSD 0+ yield from 0/Cr (Ref. 4), 0/W (Ref. 5), and
NaW03 (Ref. 6).

(b) Similar differences were found for the PSD of H+
ion s from OH/Ti and OH/Cr (Ref. 7), and from
HzO/Si02 (Ref. 8).

(c} A comparison of the ESD 0+ yield from NO/Pt
(110) (Ref. 9},originating from molecularly adsorbed NO,
revealed that the threshold energy for 0+ desorption is at
the O EC level.

(d} The PSD 0+ yield from CO/Ru(0001) shows no
structure at the Ru core levels. '

(e} The PSD H+ yield from diamond is large in the
valence-energy region but relatively small in the core-
level region. " Furthermore, comparison of the core-level
PSD H+ yield from the diamond surface with the C ls

constant-initial-state (CIS) photoemission spectrum re-
veals significant differences, namely the absence of the ex-
citonic feature in the H+ yield. "

(f) A semiquantitative determination of the secondary-
electron contribution to the ESD OH* yield from
OH/Ti02 indicated that backscattered electrons were re-
sponsible for only about 30% of the OH' desorption. '

This is true even though the OH' yield has a sharp
threshold already at 11 eV (relative to the Fermi level)
where large secondary-electron densities are expected.
The situation in ESD and PSD should not be that much
different.

We note that the magnitude of the XESD process in
PSD is an extremely important question. The mecha-
nisms for stimulated desorption are complex and varied,
often involving many-body excited intermediate states
[e.g., two-hole (2h}, two-hole-one-electron (2h-le), and
others (2h-2e, lh-2e, etc.)].' ' Most helpful in sorting
out these varied mechanisms has been the comparison of
the photon-energy dependence of the ion spectral yield
with constant-initial-state photoelectron spectra or secon-
dary-electron yields, both of which generally reflect the
total absorption coefficient. ' This comparison, along
with identification of the features in the excitation spec-
trum, allows us to determine which excitations lead to
desorption and which do not. If, however, the ion yield is
dominated by effects from the secondary and backscat-
tered electrons, then this comparison provides no infor-
mation because the ion yield will simply reflect the bulk
density of states (DOS), regardless of the excitation in-
volved.

In some ionic systems, in which the direct process may
not be very selective as to the active Anal states, the ion
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yield may reflect the final DOS at the outermost surface
layer, information which is normally of great interest but
often difficult to obtain. ' Moreover, in these cases, PSD
extended x-ray-absorption fine-structure measurements
well above the substrate absorption edge suggest the pos-
sibility for determination of the surface structure. ' "'
The presence of XESD contributions and the often limit-
ed selectivity among the final states of the direct desorp-
tion process makes this prospect highly limited however.

In this paper we will reexamine the three systems men-
tioned above where a dominant XESD effect has been
postulated. We will show for these three systems that ei-
ther alternate interpretations of the data are possible, in-
dicating that the XESD effect is small, or that the XESD
process dominates only because the direct mechanism is
suppressed. This makes the results on these three sys-
tems consistent with the significantly larger number of
papers which indicates that the XESD effect is generally
not a major cause of ion desorption.

II. SYSTEMS STUDIED

A. NH3 on Ni(110)
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' appears to provide convincing evidence
that the XESD process is predominant. Figures 1 and 2
reproduce their data at the Ni L and N K edges. They
compare the total electron yield (TEY}with the H+ PSD

FIG. 2. Data reported by Jaeger and Stohr (Ref. 1) showing
(a) the total electron yield and (b) the H+ yield from NH3/Ni
near the Ni K edge. The data were taken on samples prepared
similarly to those in Fig. 1. Total electron yield is indicated in
arbitrary units; H+ yield in units of 1000 counts/s.
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FIG. 1. Data reported by Jaeger and Stohr (Ref. 1) showing
(a) the total electron yield and (b) the H+-ion yield from
NH3/Ni near the Ni L edge. The data were taken after stepwise
annealing of a saturated NH, multilayer on Ni(110), prepared at
90 K, to the listed temperatures for 60 s each. Total electron
yield is indicated in arbitrary units; H+ yield in units of 500
counts/s.

yield as the NH3 coverage is changed by careful anneal-
ing from 90 to 140 K. Electron emission and ion desorp-
tion at the Ni L edge are absent at 90 K because the NH3
layer thickness considerably exceeds the electron escape
depth. At 105 K, where the NH3 layer was believed to
still have an appreciable thickness, the Ni L edge be-
comes visible in the H+ yield. Thus Jaeger et al. con-
cluded that their H+ desorption was dominated by the
indirect XESD mechanism, since the Ni atoms were be-
lieved to be separated by many NH3 layers from the outer
surface. Figure 2 shows that at the N K edge the TEY
and H+ yields are very similar, except for the presence of
a shoulder in the H+ yield at 400.5 eV which is not
present in the TEY. This shoulder (and a proportional
amount of the spectrum at higher energies) was interpret-
ed by Jaeger et al. to arise from the direct core-level exci-
tation of a surface NH3 molecule, the remainder of the
yield spectrum arising from the XESD process. Based on
this interpretation, the XESD process is estimated to
cause 60% of the total yield.

The conclusions based on measurements at the Ni L
edge depend critically on the actual coverage maintained
at each temperature. At the Ni L edge (Fig. 1), Jaeger
et al. ' observed a H+ signal after annealing 60 s at 105
K, so that the "outermost NH3 layer is separated from
the Ni substrate by many intermediate layers. " However,
the vapor pressure of NH3 at 105 K is -3&10
Torr, ' ' ' and the evaporation rate is high enough (several
monolayers per second) that all multilayers of NH3 are
probably absent. Based on thermal desorption studies of
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NH3/Ni(110), the coverage of molecular NH3 stable at
105 K is, at most, two molecular layers, with a total cov-
erage of -8X10' molecules/cm . ' The second NH3
layer (the P state' ) is more tightly bound than multilayer
NH3 probably because it does interact weakly with the
Ni(110) substrate. Thus, the observation of H+ at the Ni
L edge may be due mainly to Auger-stimulated desorp-
tion, just as for H+ from OH on Cr and Ti.

We suggest that the thicknesses of the NH3 films used
by Jaeger et al. ' were considerably different from those
reported. As indicated above, the "thin" film at 105 K
was probably much thinner than reported, -2 layers at
most. The "thick" film at 90 K was probably much
thicker (maybe even 2—3 times thicker) than the 16 layers
they reported, in order for the TEY to be suppressed
completely at the Ni L edge, as shown in Fig. l.

To settle the issue of direct versus indirect excitation at
the Ni I. edge, the following experiment should be done
using careful, quantitative dosing of NH3. ' Deposition
of three or four molecular layers of NH3 at 80 K should
mask the NH3-substrate interaction, assuming layer-by-
layer growth. If the direct mechanism dominates, the
H+ signal should be absent at the Ni L edge. If the in-
direct XESD mechanism is operative, the H+ yield
should be observable and should persist to much thicker
films.

Jaeger et al. ' also presented data demonstrating, at the
N E edge, the linearity between the increase in the H+
yield, b,I +, and the incremental change in TEY, bITzv.
This linearity was used to support the indirect XESD
mechanism at the N E edge. We suggest that this ap-
parent linear behavior may be a consequence of a limited
data set. For NH3 deposited onto metals' and studied
using ESD, b,I + is strongly nonlinear as a function of
NH3 coverage in the range 0-5 molecular layers: this is
due both to reneutralization effects and to molecular
orientation effects. For the first layer in contact with
Ni(110), the angular distribution of the ion desorption is
in the form of a "halo" of H+ emission, and no H+
desorbs normal to the surface. ' As subsequent layers
form, the H+ emission is dominated by desorption cen-
tered around the surface normal. On the other hand,
DITCH& is expected to be more nearly linear with increas-
ing NH3 coverage. When b,IH+ is plotted versus EITzz,
the resultant curve should resemble the nonlinear plots of
EI + versus NH3 thickness. 's In fact a nonlinear (s-

shaped) curve can be fitted to the data points of fig. 3 in
Ref. 1. To summarize: the ESD H+ yield saturates at
5—6 molecular layers, whereas the TEY should continue
to increase up to much higher film thicknesses. The way
to clarify the roles of secondary electrons in PSD of NH3
at the N E edge is to measure both LD + and LDTF&
quantitatively as a function of film thickness.

The shoulder in the H+ yield from condensed NH3 at
400.5 eV near the N K edge [Fig. 1(b), A] is comparable
to that seen in the D+ yield from condensed D20 at 534
eV near the 0 K edge. Indeed, over a 40-eV region
above the respective K edges, the D+ yield from D20 is
similar to that for H+ from NH3/Ni. These are clearly

due to direct excitations since there are no corresponding
features in the TEY curves. A detailed interpretation of
the D+ yield indicates that the shoulder arises from the
la

&
4a& excitation, which has a higher branching ratio

for subsequent H+ desorption than la, 'R or 1a, 'kl ex-
citations. ' (Here the 4a

&
orbital is a highly antibonding

valence orbital appearing just below the vacuum level. R
and kl indicate the Rydberg and continuum orbitals and
la, is molecular-orbital notation for the 0 ls level. ) The
most probable decay of these cope excited states occurs
through an Auger process leaving two valence holes
(U ); hence lat '4a&~u 4a&, la& R-+v R, and
la 'kl ~U (the continuum electron also leaves the vi-
cinity of the core hole). Because of the antibonding char-
acter of the 4a& orbital, its occupation encourages OH
bond breaking and increases the probability for desorp-
tion from the la, '4a, core state. Similar arguments also
accounted for the increased peak in the D+ yield relative
to that in the TEY at 20 eV above the 0 E level. ' Exam-
ination of the H+ yield in Fig. 2 also indicates that the
H+ yield has a more pronounced peak at 421 eV com-
pared to the peak in the TEY spectrum. Thus the
difference in the TEY and H+ yield spectra refiect impor-
tant final state effects and argue against a large XESD
effect.

Jaeger et al. ' also assign the ls '4a, excitation to the
shoulder at 400.5 eV: they conclude that the 1a '4a

&
ex-

citation has large probability only at the NH3 surface,
while the 1a 3p excitation dominates in the NH3 bulk.
However, this conclusion is not necessary to explain the
data, as we indicate above.

We note that recently Rehn and Rosenberg ' ' also ex-
amined the data of Jaeger et al. ' They concluded that
"the lack of morphological measurements and direct
thickness measurements in the data weakens the evidence
for XESD." Although their conclusions regarding the
role of the XESD process in this system are similar to
ours, they interpret the PSD data near the N K edge very
differently from the interpretation given above. They in-
dicate that the shoulder in the H+ PSD yield at the N K
edge is due to two different NH3 sites in the layer, name-
ly, the Ni-NH3 site and the NH3-NH3 site, the latter site
being more characteristic of the thick film. The presence
of the Ni-NH3 site feature even for the thick layers then
suggests to Rehn and Rosenberg that the film morpholo-
gy was varying or that "snowflake or island structure"
existed in the layer. Although we cannot rule out such
structure, the presence of a similar shoulder in the D+
yield from thick D20 films, which are known to be
well-ordered films, suggests that the shoulder in the H+
yield from NH3 does not come from the two different
sites, but from the different branching ratios as we pro-
posed above.

B. Mixed condensed O2 and N2

Recent data by Parks et a/. for the PSD of N+ and
0+ from the surface of a condensed mixture of Nz and
Oz has provided additional evidence for the importance
of the XESD process. Figure 3 shows the TEY and 0+
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FIG. 3. Data reported by Parks et al. (Ref. 2) showing the
N+, 0+, and the total electron yield (TEY) from a condensed
mixture of N+ and 0+ near the N and 0 E levels.

and N+ yields with photon energy in the N and 0 E
core-level energy regions. The presence of large N+ and
0+ yields at both the N and 0 K levels indicates very
strongly that indirect mechanisms are playing an impor-
tant role.

Parks '" assumed that the indirect mechanisms are
dominated by the normal indirect XESD process. Rehn
and Rosenberg ' ' propose a new related indirect mecha-
nism involving the photoelectron-stimulated dissociation
(i.e., XESD) of surface molecular ions. In this mecha-
nism, molecular ions resulting from surface charging are
dissociated by low-energy electron impact. Both groups
analyzed the data on the basis of X+ ions desorbed per
surface 1s„core-level excitation.

In the analysis by Parks et 01., 2 the quantity
I(X+, ls ) is obtained from the simple expression
I(X+, ls~)=N„f„o~c. Here N„ is the experimental X+
ion yield (ions/s), f„ is the experimental photon flux
(photons/scm ) in the region of the ls core level, rr is
the ls core-level photoionization cross section
(cm /layer), and c is the concentration of molecules
per layer (assumed by Parks et al. to be 10's
molecules/cm layer). On the basis of the data, they ob-
tained the results, I(N+, lsN ) = l. I X 10, I(0+, Isw )
=8. 1 )& 10, I(N+, 1 so ) = l.6 )& 10, and l(0+, iso )

=6.6&10 . They also took the reasonable viewpoint
that the X+ desorbing at the 1s edge results from the in-
direct XESD mechanism, while the X+ desorbing at the
1s edge results from a combination of direct and XESD
mechanisms. Thus from the results above, one concludes
that the N+ yield via the XESD mechanism dominates
by a factor of 2.5 over the total 0+ yield at the 1so edge,
but at the lsN edge the 0+ XESD yield is only 10% of
the total N+ yield. They concluded that the XESD
mechanism predominates for N+, but is small for 0+
desorption from the Nz-Oz mixture.

Their analysis places a heavy reliance on estimates of
absolute quantities, namely, on their experimental abso-
lute ion yields and photon cruxes, and on previously re-
ported photoionization cross sections. The latter, in par-
ticular, are not known very accurately; estimates for Oz
differ by over a factor of 4 and errors here alone could
substantially affect their conclusions. We prefer to rely
on the total electron yield as reported by Parks et al. and
shown in Fig. 3. Indeed, a simple comparison of the 0+
and N+ yields with the TEY reveals that the 0+ yield is
very similar to the TEY, while the N+ is very different.
This immediately suggests the opposite from their con-
clusions, namely, that the 0+ yield is dominated by the
indirect XESD mechanism, while the N+ yield is not.

In the Appendix we present a detailed theoretical
analysis of the data from Parks et al. It utilizes the
TEY data and avoids the necessity for knowledge of ab-
solute quantities. It utilizes only relative quantities,
indeed photon-independent relative quantities to the ex-
tent possible. We also use some recent PSD data of
Rosenberg et al. on the pure 02 and N2 condensed
gases. Our final conclusions are consistent with those ob-
tained from a simple comparison of the ion yields with
the TEY as indicated above, and the opposite from the
conclusions reached by Parks et al.

We conclude that the XESD indirect channel has just a
30—40% effect on the N+ desorption, but dominates the
0+ desorption. We will further indicate below that the
dominance of the XESD effect for 0+ desorption arises
because the direct Auger-stimulated (Coulomb explosion)
desorption (ASD) mechanism, normally active in gas-
phase diatomics such as Oz, Nz, and CO, ' ' ' ' is near-
ly inactive in condensed 02 (also in NO). The indirect
mechanism dominates, of course, when the direct mecha-
nism is suppressed.

1. Results and discussion

Let us summarize our results from the Appendix in de-
tail and discuss them in sequence. We have found the fol-
lowing.

(1) The secondary-electron yields for the pure sub-
stances (condensed Oz and N2) are nearly equal.

(2) The relative surface concentration of
[N2], /[02], =1.1 is comparable to that in the bulk

[N2]$ /[02]$ ——1.35.
(3) The ratio of the XESD cross sections in pure Nz

and Oz is of the order one, i.e., 1.5.
(4) The ratio of the direct PSD cross sections in Nz and

Oz is very different from one, i.e., 20.
The similar secondary-electron yields for Nz and Oz

reAect either similar 1s photoabsorption cross sections for
Nz and Oz, or a compromising effect due to the higher 1s
binding energy of Oz. The photoabsorption cross section
1s~6o' for Nz has been estimated to be 2.3 X 10 ' crn;
estimates range from 0.5 to 2. 1g10 ' cm for Oz.
If the smaller estimate for Oz is correct, then the subse-
quent Auger-decay and extrinsic loss processes must re-
sult in a greater number of secondary electrons per exci-
tation to give the same total yield. On the other hand,
the smaller nitrogen-to-oxygen absorption cross section
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ratio, 2.3/2. 1=1.1, is remarkably close to the yield ratio
[N]/[O]=1.06, making the larger estimate for the Oz
cross section more consistent with the PSD data (Parks
et al. used the smaller estimate for 02, and we believe
this is the primary reason for their different conclusions).

Our analysis allowed for the relative surface concentra-
tion, [Nz), /[Oz]„ to be different from the bulk concen-
tration, [Nz]b/[Oz]& ——1.35, since we expected that either
segregation to the surface from the bulk or a thermo-
dynamic condensation effect at the surface might be pos-
sible. Surface segregation is well known in transition-
metal alloys, which are also weakly bonded. ' Another
possibility is that the larger heat of evaporation for Oz
(6.8 kJ/mol versus 5.7 kJ/mol for Nz) (Ref. 30}and lower

melting point for Oz (54 K versus 62 K for Nz} (Ref. 31)
might make the Oz condensation coefftcient lower than
that for N2 at the surface. Our result of
[Nz], /[Oz], =1.1 is within the experimental error of the
bulk mixture, suggesting that neither possibility is occur-
ring to a great extent. This may arise because of the pre-
cautions taken by Parks et al. , who condensed the Nz-

02 mixture on a liquid-He-cooled aluminum substrate in
ultrahigh vacuum (UHV), and continually refreshed the
surface by slow condensation of vapor from a doser tube
when the data were taken. Nevertheless, we believe that
different concentrations at the surface and in the bulk
generally may exist in condensed molecular mixtures, and
precautions should be taken when attempting to perform
quantitative surface sensitive studies.

The indirect cross sections can be related to the direct
dissociation yields in the gas phase and desorption from
the condensed phase, particularly those resulting from
photon or electron excitation energies in the valence re-
gion (0—35 eV), i.e., the energy where most of the secon-
dary electrons appear. The data are summarized in Table
I. The 0+ yield is much larger than the N+ yield for the
gas phase in this energy region; however, in the con-
densed phase they are comparable. The dissociation of
Oz and N2 in the gas phase has been studied extensive-

ly. It is known that the dominant dissociation
mechanism in Oz proceeds via predissociation of several
one-hole (lh} states, which have rather long lifetimes in
spite of this decay mechanism. These slow dissociation
mechanisms are not expected to occur in the solid phase
because of other energy-delocalization mechanisms, and
apparently this indeed is true as suggested by the
significant reduction in the 0+ yield upon condensation
(Table I}. The Nz dissociation, like CO dissociation, pri-
marily proceeds directly from repulsive two-hole-one-
electron (2h-le) states and these are expected to remain
active in the condensed phase. ' These 2h-le mecha-
nisms are also present in 02, but are insignificant com-
pared to the 1h predissociation processes in the gas
phase. Upon condensation only the 2h-le processes
remain in 02, and the atomic ion yields in N2 and 02 be-
come comparable. This is suggested both by the PSD
yields in the region 17-35 eV and by our indirect yield

[N]/[0] ratio, obtained above.

TABLE I. Comparison of reported ion yields produced at core and valence levels in the condensed and gas phase for Nz, CO, NO,

02, and NgO.

Molecule

N2

CO

NO

02

N20

Ion

N+

N, +

c+

0+

Co+
N+

0+

NO+

0+
+

N+
0+
NO+

N, +

Molecule'
{K level)

condensed

44 (N)
0.96 (N)
20 (C)
36 {0)
4.9 (C)
9.5 (0)

3 (N)
1.5 (0)
0.9 (N)
1.8 (0)
2.1 (N)
4.4 (0)
14 (0)
4.1 (0)
2.6 (N)
2.5 (N)
12 (N)

cr per atomb

(K level)
condensed

22 (N)
0.5 (N)
20 (C)
36 (0)
4.9 (C)
9.5 (0)

3 (N)
1.5 (0)
0.9 (N)
1.8 (0)
2.1 (N)
4.4 (0)
7 (0)
2.0 (0)
1.3 (N)
1.2 (N)
6 (N)

Max ions per hv'
valence

condensed

1.6
0.5
1.6

0.06

0.06
0.2

0.4

2
0.02
2
0.6
2
1

[X+]/[Xz+], average
valence

gas phase

0.02

0.03

0.002

0.04

0.005

0.11

0.4 (0)
0.2 (0.07)
0.50 (0.10)
0.13 (0)

'cr in units of 10 cm /eV mol at either the N K (422 eV), C K (296 eV), or 0 K ( -553 eV) levels as reported by Rosenberg et al.
(Ref. 26).
Data in column 1 divided by number of N, C, or 0 atoms in each molecule.

'Maximum ion yield (10 ions/photon) in the region h v= 14-35 eV from condensed solids as reported by Rosenberg et al. (Ref. 20).
dAverage yield [X+]/[X,+] in the region h v=17-35 eV, as obtained in the gas phase. Data for NzO from Ref. 56 at h v=21.2 eV,
that in parentheses at 17.1 eV from Ref. 56. All other data from Ref. 32.
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Finally, the direct yield ratio, [N]/[O]=20, indicates
that the dissociation process at the 1s core level is nearly
inactive in Oz. The primary core-level dissociation pro-
cess in diatomics involves Auger decay of the core hole,
resulting in a two-hole (2h) final state, which directly re-
sults in dissociation via a "Coulomb explosion. " ' The
direct ASD model is known to be active in the gas
phase, ' and it is believed to be active also in the con-
densed phase, at least for Nz and CO. It is known,
however, that upon chemisorption on metals this process
at the E edge is terminated due to electron transfer from
the metal substrate into the 2m' orbital. ' This
transferred electron screens the two valence holes caused
by the Auger decay and thus prevents the Coulomb ex-
plosion. Some desorption still remains at energies well
above the j' edge, but this arises due to a core-
hole —plus —shake-up mechanism resulting in 3h-le or
3h-2e final states, which are repulsive and directly lead to
desorption. ' These many-particle (nh me) -processes also
occur in the gas phase, but are negligible compared to the
2h ASD processes in this case.

We believe that a similar charge-transfer termination
process is occurring in the condensed Oz-Nz mixture,
only in this case the charge transfer occurs from a reso-
nant 2m' orbital of a neighboring Oz molecule. This pro-
cess cannot occur in condensed Nz because the m„2p, the
comparable 2m' orbital, is empty.

Evidence that this electron-transfer process can occur
in Oz comes from visible-absorption spectra. Isolated Oz
dimers in a solid neon host have a characteristic absorp-
tion spectrum resulting from absorption of a single pho-
ton at 6300 A to produce a singlet state in which both
halves of the dimer are electronically excited,
X++ X+~'6 +'6 . Both the electronic energy

transfer and singlet-triplet splitting in the dimer ground
state are believed to result from electron exchange of the
2~* electrons. The growth of larger clusters causes the
unique dimer spectra to disappear. The 0. phase of Oz,
which exists below 24 K, is antiferromagnetically or-
dered. " Bimolecular absorption lines also appear in
this case, but the spectrum is significantly broadened and
shifted. The spectrum in a-Oz is explained by taking into
account the collective nature of the excited crystal
states. ' It is found, however, that by either raising the
temperature above 24 K, which produces the P phase, or
by introducing small amounts of Nz, the antiferromagnet-
ic ordering is disrupted and a spectrum resembling the
isolated dimer spectrum appears. Thus the Nz-Oz con-
densed mixture may have a significant proportion of Oz
dimers, particularly at the surface where the antiferro-
magnetic ordering is the most easily disrupted.

On the other hand, recent absorption and photoelec-
tron data on condensed Nz and Oz reveal that the 2~*
band is significantly broadened by normal intermolecular
interaction. ' This would suggest that 2n.*-electron ex-
change may occur even in the absence of dimer forma-
tion. We will give evidence below that even in pure Oz
the direct ASD process is inactive. It is possible that it is
decreased in the mixed Nz-Oz solid because of increased
dimerization, but dimerization may not even be neces-
sary.

2. Comparison with other systems

Direct evidence has been given recently that 2~* elec-
tron transfer does occur in condensed NO. Valence and
core photoelectron spectra show satellite features attri-
buted to intermolecularly screened and unscreened core-
and valence-hole states. NO is known to dimerize as
ON-NO in the solid, and theoretical calculations show
that the 2m* orbital has a strong N-N overlap when one
of the N atoms has a core hole. In contrast, for an
0 core hole in NO, very little charge transfer is evident in
both experimental data and theoretical calculations.

The discussion above for pure NO and Oz suggests that
the direct ASD process is relatively inactive in both of
these systems. Comparison of yield data given in Table
I for NO and Oz with that for pure CO and Nz, where it
should be active, indicates that this appears to be the
case. Note that the total atomic ion cross section per
atom at the K edges in units of 10 cm /atom is in the
range 3-7 for NO and Oz, but in the range 22-70 for CO
and N2. Note, however, that the parent ion (X2+) gen-
erally ranges from 2-4 for Oz and NO, while it is about
0.5 or less for CO and Nz. The larger parent-ion yields
for Oz and NO probably result from the screened 2h
states which do not result in a Coulomb explosion.

Further evidence for the inactivity of the ASD mecha-
nism in NO and Oz comes from comparison of the ion-
yield spectra with the TEY as a function of h v, as report-
ed by Rosenberg. The 0+-yield spectra for NO and 02
are very similar to the TEY spectra, while for CO and Nz
the peak resulting from the 1s ~2~* excitation is a factor
of 2-4 smaller in the ion-yield spectrum than in the TEY
spectrum. This occurs because the 1s '2~* state can
Auger decay as follows

1s '2m' v

1s '2m ~ v 2n *,
1$277 —+ V

where the 2m' does or does not participate, or escapes via
shakeoff, respectively, in the Auger decay. Only the last
case results in a Coulomb explosion, and thus the
1s~2n.* has a reduced amplitude in the ion yield when
the direct process dominates. ' Of course, when the in-
direct process dominates, as proposed for NO and Oz, no
difference is expected.

We should note here that there is some evidence for a
direct ASD contribution to the ion yields in NO. The
[N+]/[0+] yield ratio at the N and 0 E levels should be
the same if only the XESD mechanism is active, since the
source of the electrons, the N or 0 E level, should not
matter. (The NO+ yield will be different because it has a
direct core-level contribution. ) The data indicate
[N+]/[0+) =3 at the N EC and 0.83 at the 0 E level. ~

This could mean that a direct N+ contribution occurs at
the N K level and/or a direct 0+ contribution occurs at
the 0 E level. Since most of the valence 1h and 2h-le
states produce N+ ions, as indicated by the gas-phase
data (i.e., [N+]/[NO+ ]=0.04 while [O+]/[NO+ )
=0.005 in Table I), the latter alternative appears more
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reasonable. Although the maximum desorption yield in

the valence region (h v=14—35 eV) from the condensed
phase indicates more 0+ than N+ (see Table I), the
XESD contribution arises from a wide range of electron
energies, so that the integral or average yield over the
valence region is a more appropriate measure of the in-
direct XESD yield. A small direct ASD contribution to
the 0+ yield from NO is also not unexpected since, as
discussed above, very little charge transfer occurs upon 0
core-hole excitation in ON-NO. On this assumption,
comparison of the [N+]/[0+] ratios at the N E and 0 E
levels suggest a direct ASD 0+ contribution of —1.3,
and 0.5 0+ and 1.5 N+ indirect contributions at the 0 K
level (see Table I). The relative indirect to direct 0+
yield is then -35% at the 0 K level, consistent with that
found for N+ from N2 and OH' from OH/TiOz when

the direct process is active. ' A careful analysis of the
2m' peaks in the N+- and 0+-ion yields and the TEY
spectrum by Rosenberg et al. suggests a small direct
ASD contribution also occurs at the N K level, but the
data for two separate runs were very different, and the
statistical significance was poor. Based on our arguments
above, we doubt whether a significant direct ASD contri-
bution appears at the N K level in NO. The 02 dimer is
rectangular (D4& symmetry) with all four 0 atoms
equivalent (in a-Oz all 0 atoms are equivalent); thus a
significant ASD contribution is not expected in Oz either.

Table I also presents results for the triatomic N20 mol-
ecule. The total dissociated ion yield at the N K level is
comparable to that for NO, suggesting that the direct
ASD contribution is also small here. NzO is a filled-shell
system; however, an empty m' orbital does lie just above
the highest filled ~ orbital. This could mean that di-
merization or at least electron transfer also occurs in con-
densed N20. Studies of matrix-isolated N20 dimers have
been reported. ' Evidence for intermolecular interac-
tion between the lowest unoccupied m' orbitals in
isoelectronic solid CO2 has recently been reported from
absorption spectra. 3' The [NO+]:[0+]:[N+]yield ra-
tios, obtained at hv=426 eV in the condensed phase,
are 4.6:0.92:1. These are very different from those ob-
tained at h v=423 eV in the gas phase, 0.18:0.5:1.6, but
are comparable to those obtained in the gas phase be-
tween 14 and 35 eV, 2.5:1.4:1.6. Thus the evidence sug-
gests that the XESD process may also be dominant here,
even for a filled-shell system, but further work is required
before firm conclusions can be reached, particularly since
the dissociative process in these triatomic molecules can
be very complex.

C. H+ from OH/YbO-Sm

Recent reports by Schmidt-May et al. of H+ desorp-
tion from a metal system, which consisted of oxidized Yb
on bulk Sm metal, also provide evidence for the domi-
nance of the XESD effect. Figure 4 shows a comparison
of the H+ yield with the constant-final-state (CFS) photo-
electron spectrum on this system. The large features at
hv=135 —160 eV arise from the Sm 4d 4f giant reso--
nance, that at 180—190 eV from the Yb 4d-4f resonance.
Observations of the surface and bulk emissions indicate
that the oxidized Yb has covered the Sm surface, so that

Yb on Sm
oxidized

CAI—

CD
lK

CFS

Ik
~ ~r

~~AgS~pr,

H' YIELD

I

13p
I

i4p
I I I I

]5p 160 1' 180
PHOTOH BARGY (eV)

19p

FIG. 4. Data reported by Schmidt-May et al. (Ref. 3) show-

ing a comparison of the electron and H+ ion yields from an oxi-
dized Yb/Sm sample in the region of the 4d ~4f resonance.

little if any Sm surface is thought to be exposed. In spite
of this, the Sm core-level excitation produces a larger H+
signal than the Yb excitation. 3 If indeed the Sm surface
is totally covered, this strongly indicates that the XESD
process is dominant in this system.

Although the source of the H atoms has not been well
characterized, the H+ which desorbs is most likely bond-
ed to the 0 atoms in the oxidized Yb. The "giant reso-
nance, " 4d '4f "+', Auger decays or autoionizes
predominantly to 4f" ', a lh valence state which does
not lead to desorption. Thus the direct ASD process is
inactive at both the Yb and Sm core levels. This situa-
tion is similar to our previous work involving OH/Ti and
OH/Cr, where the 3p '31"+' resonance was involved.
In this case, the Auger-decay process led to the final
states 3d" ', v ', and v 31"+' (v indicates M-OH
bonding orbitals), the latter state leading to desorption.
As the number of d electrons, n, increases, the branching
ratio for v 3d" +' decreases relative to 31" ', in turn
decreasing the H+ yield. It follows that OH/Cr gave a
lower H+ yield than OH/Ti. In Yb and Sm, the number
of f electrons is large, between 5 and 13, so that the
branching ratio to the v 4f"+' state, which might lead
to direct H+ desorption, is very small.

Studies of H+ desorption from OH/Ti and OH/Cr and
on bulk solid H20 indicate the dominant desorption
mechanism for H+ involves 2h-le and 2h states arising
from ionization plus shakeup or shakeoff. ' These states
appear around 20-45 eV in H20, a region rich in secon-
dary electrons. Thus for H+ from OH/YbO-Sm, the in-
direct XESD yield should be large and the direct ASD
yield small, explaining the assumed (i.e., assuming the Sm
surface is totally covered by Yb0) dominance of the
XESD effect.

III. GENERAL DISCUSSION

We have shown for the three systems discussed above
that either alternate interpretations of the data are possi-
ble, indicating that the XESD effect is not dominant (but
rather around 359o), or that the XESD process dom-
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inates only because the direct Auger mechanism is
suppressed. This makes the results on these three sys-
tems consistent with the significantly larger number of
papers (as summarized in the Introduction), which indi-
cate that the XESD effect is generally not dominant. On
the other hand, the nearly complete absence of ion-yield
contributions below the 0 K core levels from NO/Pt(110)
and CO/Ru(0001) seems to be in conflict with the
above. ' One might have anticipated an XESD effect to
produce a measurable 0+ yield below the 0 K level in
each of these cases. Furthermore, the onset of the ion
yield well above the 0 E level appears in conflict with
the data from condensed molecular gases, where we indi-
cated that the direct ASD contribution is suppressed.

Figure 5 shows the ESD 0+ and N+ yields for CO,
NO, or Nz on %, Ni, or Ru. Although the 0+ yield for
CO/W(100) shows an appreciable yield below the 0 K
core level, data for CO/W(110), which was corrected for
variations in incident-electron-beam current and back-
ground by x rays, shows a much smaller yield below the
0 K level. This difference may arise from the different
geometries of these surfaces, or reflect the importance of
electron-beam variations and background. The ESD 0+
yield for CO/Ru below the 0 K level also appears to be
substantial in Fig. 5, but again the PSD data for CO/Ru
indicate a very small yield due to secondary-electron
effects below the core level. ' Thus the very small secon-
dary yield contribution below the 0 or N E level seems to
be a general phenomenon for molecular adsorbates on
metals.

Figures 5 and 6 indicate that the sharp onset of the 0+
yield does not actually occur at the 0 K level but around
25 —35 eV above the 0 K level (K+25—35 eV). ' ' Fig-

ure 6 indicates that this arises not from the simple ASD
process, lo 'kl~v, but from the shake-plus-Auger
processes

1o. '3o. ' ~ v 3o.

or

1a. '5o. '6o.*~v 5o. '6o. * .

The resonant charge transfer from neighboring mole-
cules, which aborts the desorption process in the v

state as discussed in Sec. II B2 above, does not abort the
desorption process for these many-electron final states,
because these 3h and 3h-le shake-plus-Auger final states
do not depend on the Coulomb explosion for desorption.
Rather, the hole in the 3o orbital (a strongly bonding or-
bital) or the electron in the 6o' orbital (strongly anti-
bonding) introduces a covalent repulsive force which ini-
tiates the desorption. ' Recent PSD data utilizing polar-
ized light indicate the peak at X+35 eV also has a
significant contribution from the 1o '3o. '2m6o excita-
tion leading to 3h-2e final states. '

Figure 6 suggests that the 0+ yield around 550 eV
(K+15 eV) arises from the lo '6cr excitation. ' The re-
cent polarization dependent PSD yields indicate that the
shake-up 1o '1m '2n. excitation also contributes in this
region. ' The near absence of the lo '2m and lcr '6o
excitations in the 0+ yield in Fig. 6, and the delayed on-
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FIG. 5. Data reported by Feulner et al. (Ref. 58) showing the
ESD ion yields from various molecular adsorbates on metal sur-
faces near the molecular K levels.
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FIG. 6. Data reported by Jaeger et al. (Ref. 60) comparing
the 0+ PSD ion yield for 20 L exposure of CO/Ni(100) with the
K level excitation cross section as determined by the 0 KVV
Auger yield. The lo. '5o. '6a and lo '3o excitation cross
sections are also schematically indicated as suggested by
Ramaker (Ref. 15). The ion yield above 600 eV has been attri-
buted to multiple shake-off (Ref. 15).
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set in the yields in Fig. 5, clearly indicate that the simple
ASD mechanism is not highly active for molecular adsor-
bates on metals. Obviously this arises because of charge
transfer (in this case from the metal}, screening the 2h
final states and turning off the Coulomb explosion, as dis-
cussed in Sec. II B above. ' Thus the direct ASD mecha-
nism is essentially inactive at the core edge for the con-
densed gases NO and Oz and generally all chemisorbed
diatomic molecules. This means that the lo '2m. and
lo '6o excitations result in desorption primarily via the
indirect XESD process in both cases. On the other hand,
the direct shake-plus-Auger mechanism is most certainly
active in both condensed and chemisorbed diatomics. In
spite of this similarity, the lo '2nand . 1cr '6o excita
tions dominate the yield spectra for the condensed gases,
but the shake plus -Aug-er mechanism dominates in the
chemisorbed case.

At least three reasons can be given for the completely
different relative magnitudes of the direct and indirect
contributions in the condensed and chemisorbed cases.
They are as follows: (a} the different inagnitudes of the
secondary-electron yields, (b) the different. reneutraliza-
tion rates, and (c) the relative efficiencies of the 2h, 2h-le,
and 3h-le final states involved. These three points will be
discussed in sequence below.

The magnitude of the secondary-electron yield in mul-
tilayer condensed gases is of course much larger than in
the chemisorbed case. In the condensed gases, the secon-
dary electrons can come from all excitations, including
those far into the bulk as well as those near the surface.
For the chemisorbed monolayer on the surface, only this
surface layer contributes to the lo '2n and lo '6n
core-level excitations. Of course, the metal can also con-
tribute to the secondary-electron yield, but these excita-
tions occur at different energies, generally well removed
from the molecular core-level energies. Thus the XESD
effect arising from the lo '2m and 10. '6~ excitations
will be much smaller in the chemisorbed case than in the
condensed case.

Because of the large free-electron density near a metal
surface, one would expect that the reneutralization rate
of the escaping ions would be much larger for the chem-
isorbed than for the condensed case. Recent ESD data
indicate that almost no NO+ and N+ ions are observed
from NO/Pt. However, the N XVV Auger signal does
decrease significantly with electron exposure. This
means that the N is leaving the surface as either neutral
species or negative ions. The neutral species most likely
result from reneutralization of the positive ion after ini-
tiation of the desorption process. The negative ions are
believed to arise from the dissociative attachment process
and thus begin the desorption as a negative ion. ' This
process is resonant, however, and therefore should be
negligible at the 2 keV electron energies used in this
work. The 0+ ions are apparently able to escape because
they are further removed from the surface at initiation in
the M-NO chemisorbed configuration. One would expect
that an 0+ ion initiated from a 2h-le final state (such as
in the XESD process} would have a greater probability
for reneutralization than one originating from a 3h-le
state (such as in the direct shake-plus-Auger process).

Finally, it is most interesting to compare the relative
desorption efficiencies of the 2h, 2h-le, and 3h-le final
states under various conditions. The 2h states (such as
those in the direct ASD process) apparently become
ineScient in the condensed phase for NO and 02, and
certainly also in the chemisorbed phase near the metal
surface. It is well known that the valence-level PSD ion
yie)d decreases at higher coverages, although it never
goes to zero. ' ' This is believed to arise from resonant
charge transfer from neighboring molecules such as that
described for the condensed phase above. It is apparent
that the 2h-le final states (such as those in the indirect
XESD process} lose some of their efficiency under high
coverage or in the condensed phase. The many-body 3h-
le final states (such as those produced in the direct
shake-plus-Auger process) apparently remain relatively
efBcient in all cases as one might expect.

IV. SUMMARY
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APPENDIX: THEORETICAL ANALYSIS
OF DATA FROM PARKS AND CO-WORKERS

As assumed by Parks et al. , we analyze their PSD re-
sults assuming that indirect desorption is induced by
secondary electrons. We further assume that all ions
originate from the top surface layer, and that the surfaces
are smooth and planar. We can write the direct desorp-
tion yield contributions as

D +(hv)=[N~], d +(hv), (Al)

where D +(hv) is the direct desorption yield (ions per

In the three systems studied for which a dominant
XESD contribution has been previously postulated, we
have shown that either an alternate interpretation of the
data is possible (such as for NHi/Ni), indicating that the
XESD effect is small, or that the XESD process dom-
inates only because the direct ASD mechanism is
suppressed (such as for the N202 condensed gas mixture
or for OH/YbO-Sm). A comparison of molecularly
chemisorbed diatomic systems and condensed diatomics
indicates that the relative direct and indirect yields also
depend on the secondary-electron yields, the reneutraliza-
tion rates, and the relative eSciencies of the various
many-body final states in the desorption process. In cases
for which the direct ASD process is active, the indirect
XESD contribution is generally on the order of 35%%uo or
less. In chemisorbed systems, even when only the direct
shake-plus-Auger process is active, the indirect XESD
process is negligible. In summary, the XESD effect is
generally always sinall. It apparently dominates the total
yield only in those cases when the generally larger direct
effect is suppressed.
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photon} arising from a N ls excitation upon photon im-

pact with energy hv, d +(hv) is the N+ ion-desorption
cross section for condensed molecular N2 upon photon
impact with energy hv, and [N2], is the number of N2
molecules per unit area of surface.

Similarly we have

where the electron yield rl is defined for the pure sub-
stances, Nz or 02, and [Nz]s or [Oz]& is the bulk concen-
tration in the mixture relative to that in the pure sub-
stance, i.e., [N2)& ——0.57 and [02]&——0.43 for the mix-
tures prepared by Parks et al.

Let us now define the distribution functions p(h v, s ) as

D +(h v}=[ Oq], d + (h v) . (A2) pN(lt v, e) =SN(h v, e)/gN(h v) (ASa)

The indirect desorption yield contributions can be writ-
ten

and

po(h v, e) =So(h v, s)/t)o(h v) (Asb)

I +(hv)=[Y2], fSx(hvar, )a „+(s)de, (A3)

1. Determination of the total electron yield
and distribution functions

The total electron yields, following a N 1s or 0 1s exci-
tation by a photon of energy h v can be written

r)N(hv)=[Nq]t, rIN(hv)= fSN(hv, e)de,

rlo( It v) = [0~]sr/o(h v) = fSo( /l v e )dE,

(A4a)

(A4b)

where X and Y+ can have the combinations N and N+,
0 and 0+, 0 and N+, and N and 0+, I„+(h v) is the Y+

indirect desorption yield contribution arising from a X 1s
excitation upon photon impact with energy h v, cr &+(s) is

the Y+-ion desorption cross section arising from electron
impact with energy e, [ Y2], is the number of Y2 mole-
cules per unit area of surface, and Sx(h v, e) is the num-
ber of secondary electrons with energy c at the surface
following a X 1s excitation by a photon of energy h v.

Ir~(hv}=[ Y2],rex(hv) fpx(hv, s}o„+(e)de . (A6)

We can obtain several of the above quantities for N2-

Oz (directly estimated from Fig. 3 on a relative yield
scale) from the experimental data. These are summa-
rized in Table II at three different photon energies
characterized by excitation into the 2m*, 6o.*, and con-
tinuum k orbitals at the N 1s and 0 1s levels. We note
first that IN+ (h v) /t}N(h v) and Io+ (h v) /t)o(h v) are rel-

atively independent of hv. This is really not surprising;
in fact, this I:g proportionality is the basis for some
analysis of indirect mechanisms of desorption. Combin-

These distribution functions can be obtained from an
area-normalized energy-distribution curve (EDC) as mea-
sured in x-ray photoemission spectroscopy. Examples of
such curves are indicated for graphite and gold over a
range of photon energies in Fig. 7. The area under these
curves before normalization reAects the total electron
yield, tl, as defined in Eq. (A4). In terms of px and rlx,
we now have

TABLE II. Tabulation of various ion and electron yields from the mixed [N2]/[O&]=1.35:1 con-
densed solid as reported by Parks et al. (Ref. 2). The yields and ratios are de6ned in the text.

Yield
(Arbitrary units)

D ++I

IN

I /(D +I +)

1561

142

57
0.091

2.49

420
6o.

421

31

14
0.074

2.21

470

247

17

7
0.069

2.43

Average

0.078

2.38

530
2m-'

540
6u

570
k

D ++I
Io

N+

90
I /(D +I
I +/qo

52

193

22
3.71

8.8

37

88

11
2.38

8.0

23

78

7
3.39 3.16

9.3

D +IN

D++I +
30 11.4 10.7

Io /IN 1.4 2.8 4.6
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2. Determination of the direct and indirect ion yields

We can obtain expressions relating the fundamental
direct and indirect ion-yield cross sections d~ and izgz,
as defined in Eqs. (A2) and (A8), respectively, utilizing
the experimentally determined and h v-independent ratios

and

IX+ jri» (X =N or 0, Y+ =N+ or 0+)y+

in Table II. We obtain the following:

hv~150 eV Gold

and

IN IP0+ N+ tN 1N'QN =0.30
DN+ +IN+ '9o Io+ dN + iN'9N

(A9a)

)
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IN0+ 'gp l 07/0

D ++I + '9N I + 0+'pgp
=0.81, (A9b)

which relates the indirect XESD cross section to the to-
tal. Rearranging these equations gives

FIG. 7. Energy distribution curves obtained for highly
oriented pyrolitic graphite and gold using the photon energies
indicated. The curves have not been normalized so that they
are representative of S(h v, s) as defined in Eq. (A4). These data
include a correction factor for the analyzer transmission depen-
dency on c, so that they are indeed representative of S(hv, c),
not S(hv, c)/c as initially obtained by the retarding mode
analyzer. Here c=h v —(electron binding energy).

Equation (A6) then simplifies to

I„+/ex=i Yz j.lX2lb&r+ . (A8)

Here the notation ignores the dependence of I and g on
h v since the ratios I/g are nearly independent of h v.

ing this I:ri proportionality with Eq. (A6} above, we
might conclude that the expression

fpx(h v, s)cr „+(s)ds

is independent of h v, or further that pN(h v, s) is indepen-
dent of hv. As seen in Fig. 7, p(hv, s) =$(hv, s)/ri(h v}
is relatively independent of hv below a=25 eV, but is
very dependent on h v at a higher s. However, since only
those electrons above the electron-stimulated desorption
threshold, typically around 15-25 eV, can initiate the
desorption process, only a relatively small fraction of the
yield below 25 eV is of interest. Thus the I:g propor-
tionality can be expected only over a small energy range;
i.e., narrow structural features may be similar in I and g,
since narrow features in px(h v, s) are integrated out, but
large differences in relative magnitude can occur over
larger energy ranges. With these limitations in mind, we
can assume that fpx(hv, s)o +(E)dE is nearly indepen-

dent of h v, as well as the core levels involved, so that

fp~(hv, s)cr +(e)dE=i + . (A7)

N

'N'9N
=23, (A10a)

=0.24,
io'90

(A10b)

which relates the direct to the indirect XESD cross sec-
tions. Equation (A9) above indicates that the indirect
XESD channel has a 30% effect for N+ desorption (N+
yield at the N+ core level), but dominates the 0+ desorp-
tion (0+ yield at the 0+ core level) at 81% of the total
for the mixed 1.35:1 N2-02 condensed solid. The XESD
effect will be even larger in the pure solids since using
Eqs. (A4), and (A9), and (A10), we obtain dN /i N AN

=1.3
and do jior)N 0 10, g——ivin. g a 43% XESD effect for N+
desorption from pure N2 and a 91% effect for 0+ from
pure 02.

The calculation for the pure solids assumed that dx
and ix are the same in the pure and mixed solids, so that
only the bulk concentration introduced in Eq. (A4} has an
effect on the change in the XESD effect for the pure and
mixed solids. Although this approximation is a reason-
able one, consjdering the weak intermolecular interac-
tions in these van der Waals solids, we indicate above
that dx, in fact, may be reduced substantially in the
mixed solid, but suScient evidence exists (also discussed
above) indicating that the XESD process dominates even
for the pure 02 solid.

The 30—40% XESD effect for Nz is comparable to
that found previously for H+ desorption from
OH/Ti02, ' and thus is very reasonable. The dramatic
increase in relative magnitude of the XESD effect for 02
could have two possible causes: either (1) i o is extremely
large for 02, or (2) do is extremely small. We can show
that the latter is true by comparing the ratios
(DN++I +)j(D ++I +) for the mixture, given in



2110 D. E. RAMAKER, T. E. MADEY, R. L. KURTZ, AND H. SAMBE 38

Table II, to that for the pure solids as reported by Rosen-
berg et al. and given in Table I. This ratio, of course,
depends on two different hv energies, namely that in the
region of the N and 0 K levels. In Table II we show that
this ratio is relatively constant for excitation into the 6''
and k continuum above each core level. The reason why
it is very different for excitation into the 2m* level is due
to the different decay mechanisms possible upon excita-
tion into the 2m* bond level as explained in Sec. II B2.
The ratio involving two widely different photon energies
also require a knowledge of the relative photon fluxes in
the 0 K and N K regions. Parks et al. indicate that for
their synchrotron source and monochromator settings
the photon fluxes differed by a factor of almost 2 (i.e.,
fN /f o —1.9). Rosenberg reports absolute cross sections,
so that the relative photon fluxes have already been
corrected for in his data. Rosenberg reports yields on the
pure substances only for excitation into the 6a level, so
we will use this excitation for the mixture as well as the
pure solids. Thus we have

N+ N+ dN+ 9N~N
N 0 ~

=3.1 (for the pure solids),
D ++I + do+1oio

(A 1 lb)

where we have assumed [Nz], /[Oz], =1 for the pure
solids and again that dx and iz are the same in the pure
and mixed solids. From Eqs. (A10) and (Al lb), we ob-
tain dN/do=20, which can be inserted into Eq. (Alla)
to give [Nz], /[O~], =1.1. Furthermore, we obtain from
Eq. (A10)

0 24
20

o'9o 2.3

or from the corresponding equation involving gz,

1NgN 0 10

o'9o 1.3

and

fo DN~+ IN+ [Nz], dN+s)N[Nt]&iN

fN Do++ Io+ [ 2]s tfo+'go[Op]slo

=6.0 (for. the mixture) (Al la)

Thus the indirect XESD cross sections for N and 0 differ
by only a factor of 2, but the direct cross sections differ
by a factor of 20. Note also from Table II that at the
ls —+6o' excitation rP&/AN —,'4 X——1.35=1.06, so that the
secondary-electron yields for the pure substances are
nearly equal. The [Nz], /[Oz], ratio indicates that to
within experimental uncertainty the surface and bulk
concentrations ([Nz]t, /[Oz]& ——1.35) are comparable.
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