
2368 P. R. MORAN AND D. V. LANG

centers are aggregated into clusters of local high
density, then spin-diffusion suppression is expected
to be much more severe; this situation can be de-

scribed within the framework of our approach to
the spin-diffusion equations and will be the subject
of a subsequent publication.
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A cylindrical magnetic spectrometer has been constructed to study the electron-impact
desorption of ions and neutrals from solid surfaces. The instrument has high-energy resolu-
tion and sensitivity and allows the determination of the charge-to-mass ratio of the emitted
ions. The apparatus has been applied to the study of polycrystalline tungsten with 02, CO,
CO2, H2, N2, and H20 adsorbed. The ions which have been observed are 0' from 02/W,
CO/W, and CO2/W; CO' from CO/W; and H' from H2/W and H20/W. The ion energy distri-
butions, ionic and total desorption cross sections, threshold energies, and other experiment-
al results are presented and discussed.

I. INTRODUCTION

The process of the emission of ions by electron
bombardment was first reported by Dempster in

1918.' However, before 1964, little was known
about the mechanism involved in the electron-im-
pact desorption of ions and neutrals from solid
surfaces. In 1964, Redhead' and Menzel and
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Gomer independently proposed a mechanism for
the process and used it in the study of solid sur-
faces, opening a promising field of research. The
model which has been proposed is similar to that
by which energetic ions are produced by the elec-
tron bombardment of molecules in the gas phase.
In this model, an atom in the ground state is ex-
cited to an ionic state by an incident electron. If
the interaction potential for the ionic state is re-
pulsive, energetic ions are evolved. The main differ-
ence between a molecule in the gas phase and an atom
adsorbed on a metallic surface is that in the latter
case there is a high probability that the ion will be
neutralized through an Auger process before sepa-
ration can occur. Thus, the cross sections for
ionic desorption are typically much smaller than
the cross sections for excitation to metastable or
ionic states in gases. A more detailed description
of the model will be given in a later section in con-
junction with a calculation of the energy distribu-
tions of emitted ions.

Electron-impact desorption has been studied us-
ing ionization gauges, mass spectrometers,4 8 5-19

field-emission microscopes, ' and retarding
field analyzers. '6' These instruments have
provided much valuable information; however, a
review of the literature indicates the need for an
instrument with higher energy resolution and
greater sensitivity. In addition, it would be advan-
tageous to measure in one apparatus energy dis-
tributions and the charge-to-mass ratios of the
ions. We have designed and constructed a cylin-
drical magnetic spectrometer (Fig. 1) which a.c-
complishes each of these objectives.

The instrument has been applied to the study of
polycrystalline tungsten with 0» CO, H» N» CO»
and H~O adsorbed. The quantities which have been
measured are: ion species desorbed, ion energy
distributions, ionic and total (ion plus neutral) de-

sorption cross sections, and threshold energies.
These results are presented in the following sec-
tions. We have also made measurements of the
kinetics of the adsorption-desorption processes and
some measurements of thermal processes. The
details of these measurements will be reported
elsewhere. "

II. APPARATUS AND PROCEDURE

The instrument which has been designed for
this work is essentially a small P-ray spectrom-
eter of the axially symmetric type. The spectrom-
eter, which is housed in an ultrahigh-vacuum
system, incorporates an electron gun, a target,
an angle aperture, an energy aperture, baffling
apertures, an electrostatic lens system, and a col-
lector (electron multiplier). The electron gun,
which is placed on the axis of the apparatus, pro-
duces an electron beam which impinges on the tar-
get (also located on the axis). The ions produced
by this bombardment follow helical trajectories in
the axial magnetic field applied by the solenoid.
Only those ions in a particular range of angle and
energy pass through the apertures. Ions are ana-
lyzed by varying the magnetic field or the bias
voltage between the target and the aperture sys-
tem. The ions are focused onto an electron multi-
plier by an electrostatic lens system.

The characteristics of the instrument are: (a)
-4/& energy resolution, (b) sufficient sensitivity to
allow energy distribution measurements of systems
with ion yields (number of ions desorbed per elec-
tron) as low as 10 ions per electron, and (c) a
mass resolution of -S%%uo (for the ion energies and
energy spreads typical for electron-impact ioniza-
tion). Tests indicate that the electron gun can de-
liver a current of up to 10 A with a beam spot
size of -1 mm diam, over an energy range from
zero to 600 eV. The 16-stage, BeCuO venetian-
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FIG. 2. Energy distribution of 0'ions from tungsten
fully covered with 0&. The energy scale is corrected
for the contact potential between the target and the
analyzer. For comparison, the data of Redhead (Ref. 24)
and Madey and Yates (Ref. 26) are included. The distri-
butions are normalized, and plotted such that the maxima
are at the same energy. The energy shift necessary to
accomplish this is indicated by &V.

blind electron multiplier has a gain of -10'. The
stainless-steel bakeable ultrahigh-vacuum system
used for the present work includes a, 400-liter/sec
sputter ion pump, and a titanium sublimation pump.
It has been found that a total pressure of - 5&10
Torr can be achieved in about one and one-half days
from the start of the pumpdown. The pressure sub-
sequently drops to -1&&10 ' Torr in a few more
days. The details of the design and construction of
the apparatus will be reported elsewhere.

The tungsten sample (8. 25 mm diam) was cut
from a sheet of 0. 13-mm-thick polycrystalline
tungsten obtained from the Kulite Corp. An analy-
sis supplied with the material shows a tungsten
purity of 99. 95%% with carbon present at 30 ppm,
and hydrogen at 6 ppm. After machining, the tar-
get was electropolished to about 0. 1 mm thickness
to remove surface contamination. The target was
then installed in the apparatus, and the steps fol-
lowed in cleaning were:

(1) Heat the target for an hour or more in vacu-
um to over 2200 'K (electron bombard the target
at 0. 2 A and 1000 V). Heat until the pressure
bursts, due to flashing the target to over 2200 'K,
are less than 1&&10 Torr.

(2) Heat the target for about 24 h to over 2200 'K
in about 1&&10 Torr of oxygen to remove surface
contamination due to the outward diffusion of inter-
stitial carbon.

(3) Flash the target to over 2200 K for about 3
sec two to three times before each measurement.

As a rough check of surface cleanliness, the
instrument is used to verify that no surface ions
are produced after flashing. Reproducibility of

the experimental data is always examined as an
additional check of the surface cleanliness.

In this work we could not accurately determine
the temperature of our target. The target temper-
ature for the measurements presented here is prob-
ably slightly higher than 300 K.

The methods used for the measurement of the
ion species, ion energy distributions, ion yield,
total desorption cross sections, and the time-de-
pendent measurements are described elsewhere. 37

III. EXPERIMENTAL RESULTS

The states of adsorption and the electron-impact
desorption parameters for the various systems are
summarized in Table I. The experimental curves
are shown in Figs. 2-10. In the figures, V, is
electron energy, I, is electron current, V~ is tar-
get bias, E~ is ion kinetic energy, and I, is elec-
tron-multiplier output current.

A. Ion Species

We have observed 0" ions from Oz/W, CO/W,
and CO&/W, CO' ions from CO/W, and H' ions
from H,/W and HzO/W. No other ions were ob-
served in any of the systems. The NgW system
was also studied, but no ions were observed.

B. Ion Energy Distributions

Except for the H~/W system, the energy distri-
butions of ions have been measured at an incident
electron energy V, of 100 eV, and an electron cur-
rent I, of 2~10 A. It is found that this value of
electron current is sufficiently small that the elec-
tronic desorption is negligible during a sweep of
the ion energy distribution.

Figure 2 shows the energy distribution of 0' ions
from tungsten fully covered with oxygen. The dis-
tribution has a maximum at 8. 8 eV and a half-width
of 3 eV. The ion energy extends from approximate-
ly 5-13 eV, and the distribution is symmetrical
about the maximum. The energy scale is corrected
by 1.7 eV for the contact potential between the tar-
get and the analyzer. This correction is accurate
to -+ 0. 5 eV and is determined by studying the
elastic reflection of electrons from the target. The
contact potential between the target and the cathode
is determined by the retarding-potential technique.

For comparison, the results of Redhead~ and
Madey and Yates are also shown in Fig. 2. The
distributions are normalized and are plotted such
that the maxima are at the same energy. Redhead
found the maximum at 7. 5 eV with an indicated er-
ror in the energy scale of +0. 5 eV. Madey and
Yates found the peak at 7. 5 eV. They report a
correction of 1 eV for the work-function difference
between the oxygen-covered tungsten target and the
oxygen-covered Cu collector, leading to the cor-
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rected maximum at 6. 5 eV. Since oxygen-covered
copper has a work function of - 5 eV and oxygen-
covered tungsten -6 eV, ' it would appear that
their correction was in the wrong direction and
should have been to 8. 5 eV.

Our data agree quite well with those of other
workers in the higher-energy region, but large dif-
ferences exist in the low-energy region. The dif-
ferences can easily result from the electron optics
of the retarding-field analyzers used by these
workers. The comparatively low ion energy they
observed for the maximum might be due to the same
effeet. ~8

Figure 3 shows the 0' ion energy distribution
from tungsten fully covered with oxygen as a func-
tion of electron energy V, . For V, &30 eV, the ion
energy distributions shift to lower energies. This
is predicted by the model mentioned above. For
V, «30 eV, the distributions have maxima at -8. 8

eV, and show little change in shape with V, .
The 0' ion energy distributions have been mea-

sured as a function of coverage during oxygen ad-
sorption and during desorption by electron bom-
bardment. For these latter measurements, the
desorption rate was increased by increasing the
incident electron current by a factor of 10-100.
The 0' ion energy distributions for different cover-
ages are nearly identical in shape, indicating that
the state which produces 0' ions (state 2) is a
single state in the coverage range studied.

The ion current from state 1 (the state populated
at low coverage' ) was at least a factor of 10'
smaller than from state 2, and was too small to
allow measurements of the ion energy distribution.

Figure 4 shows the 0' ion energy distribution
from tungsten fully covered with CO. A 0. 9-eV
correction was made to the energy scale for the
contact potential between the CO-covered target and
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FIG. 4. Energy distributions of 0' ions from tungsten
fully covered with CO. The energy scale is set so that
the lower edge of the distribution of CO'ions is at zero
eV. For comparison, the data of Redhead (Ref. 24) and
Coburn (Ref. 18) are included. The distributions are
normalized and plotted such that the maxima are at the
same energy. The energy shift necessary to accomplish
this is indicated by ~V.

the analyzer. This correction was chosen such
that the CO' ion (which is also observed) has a mini-
mum energy of at 0 eV. (Fig. 5). The ion energy
scale may be in error by +0. 5 eV. The 0' ion dis-
tribution has a maximum at 7. 9 eV, is quite sym-
metrical about this maximum, has a half-width of
2. 8 eV, and extends from -4-12 eV.

The results of Redhead ' and Coburn' are also
shown in Fig. 4. These curves are normalized to
our data at the 0' ion peak. Their data agree well
with ours at the high-energy region, but there are
substantial differences in the low-energy region.
Again, this is attributed to the electron optics of
the analyzers used.

Figure 5 shows the CO' ion energy distribution
for tungsten fully covered with CO. Because of
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FIG. 3. Energy distributions of O' ions from O~/W
for various incident electron energies. The electron
energy is not corrected for the contact potential between
the target and the cathode of the electron gun.

FIG. 5. Energy distribution of CO ions from tungsten
fully covered with CO. The energy scale is set so that
the lower edge of the distribution is at 0 eV.
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FIG. 6. Energy distribution of 0' ions from tungsten
fully covered with CO2. The energy scale is not corrected
for the contact potential between the target and the
analyzer.

the combination of mass and ion energy, the high-
energy region of the CO' ion distribution overlaps
the low-energy region of the 0' ion distribution.
We have obtained the CO' ion energy distribution
by subtracting the 0' ion energy distribution. The
maximum of the CO' ion energy distribution is at
1.3 eV (with the contact potential correction de-
scribed above), the half-width is 1.6 eV, and it
extends from 0 to -3 eV. The shapes of the 0'
and CO' ion energy distributions were almost in-
dependent of the coverage.

Figure 6 shows the energy distribution of 0' ions
from tungsten fully covered with CO, . The distri-
bution has a maximum at 5. 7 eV, is symmetrical
about the maximum, and has a half-width of 2. 5
eV. The energy scale is not corrected for the con-
tact potential between the target and the analyzer.

The energy distributions of H' ions from tungsten
fully covered with H~, and H20 are shown in Fig. 7.
In both cases the energy scale is fixed such that the
low-energy edge of the distribution is at zero ener-
gy. Both distributions are quite asymmetrical and
have long tails towards higher energies; however,
the distribution for H2/W has a maximum at -1.7
eV, a half-width of 1.7 eV, and extends from -0
to 6 eV, while the distribution from H~O/W has a
maximum at -4. 1 eV, a half-width of 4. 8 eV, and
extends from -0 to 14 eV. Another striking differ-
ence between the two systems is that the ion yield
for the H20/W system is -100 times greater than
for H2/W system. Because of the low yield for H2/
W, the energy distribution measurement was made
at I, = 2 x 10 A and V, = 300 eV.

C. Ion Desorption Cross Sections

Figure 8 shows the ion current for 8. 8-eV 0'
from tungsten fully covered with oxygen as a func-
tion of V,. For V, 100 eV, the 0' ion current in-

5
O
O

4

O

0 4 6 8 10
H Ion Energy, Ek {eV)

I

12 14 16

FIG. 7. Energy distributions of H'ions from tungsten
covered with H& and H~O. The energy scale is set so
that the lower edge of the distribution is at 0 eV.

creases sharply with V„and for V, -100 eV it in-
creases very slowly. Because of a slight variation
in the size of the electron beam at the target as V,
is varied, our measurement shows some structure
in this type of curve. The amplitude of this struc-
ture is indicated by error bars. By making several
measurements at different values of magnetic field,
this structure averages out, and the solid curve
(which is the average of several measurements) is
felt to be more accurate than indicated by the error
bars. Figure 8 also shows the ion currents for
7. 9-eV 0' from CO/W, 1.3-eV CO' from CO/W,
5. 7-eV 0' from C02/W, 1.7-eV H' from H2/W,
and 4. 1-eV H' from H,O/W as a function of elec-
tron energy. These energies correspond to the
maxima in the various ion energy distributions.
The dependence of the 0' ion current on electron
energy in the other systems is quite similar to
that observed for the 0' ion current from 02/W.
We had some difficulty in the measurement of H'

ion current from H~-covered tungsten because of
the low H' ion current. The curve shows a signifi-
cant increase in the ion current as a function of
V, beyond V, = 100 eV. This behavior is quite dif-
ferent from the dependence of the H' ion current
from water-vapor-covered tungsten.

Figure 9 shows a comparison of the variation of
the ion desorption cross section and total desorp-
tion cross section for oxygen-covered tungsten with
electron energy. The two quantities are normal-
ized at V, = 150 eV. The total desorption cross
sections for various electron energies are deter-
mined from the time dependence of electron desorp-
tion measurements. It will be noted that for V,
«40 eV, the two cross sections show a very simi-
lar dependence on electron energy, while for V,

40 eV the curves are different, and the total de-
sorption cross section exhibits a different thresh-
old than that for ion desorption. It should be em-
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other workers. A summary of the desorption pa-
rameters (some of which are based on these as-
sumptions) is given in Table I.

D. Threshold Energies

0 from Op/W

x 10

I

Ie= 1x 10 A

VB =5V
EK = 8.8eV
p =1.4 x10 Torr

tx10

Figure 10 shows the data used for the determina-
tion of the threshold energy for the liberation of
Q' ions from oxygen-covered tungsten. The thresh-
old for 0' ions with 8. 8-eV energy (corresponding
to the maximum in the energy distribution) is 20. 5

eV. The thresholds for ions with energies corres-
ponding to the half-height points of the energy dis-
tribution (7. 3 and 10.3 eV) are 19.0 and 22. 0 eV.
Thus, there is a linear dependence of threshold en-
ergy with ion energy as is expected from the theo-
retical model. It is difficult to measure accurately
the threshold energy because the ion current in-
creases almost exponentially with electron energy
near the threshold. The average of several experi-
ments is used to determine the threshold energy.
The threshold energy did not vary with coverage
within our experimental error. The experimental
value of the threshold energy has been corrected
for the work-function difference between the cathode
and the oxygen-covered tungsten target.

In making threshold measurements with retarding-
potential analyzers, the retarding potential is gen-
erally set at zero so that ions with all energies
above zero are collected. The threshold deter-
mined in this way is then the threshold for the pro-
duction of ions with energy equal to the low-energy
cutoff of the ion energy distribution. In addition,
since ions at all emission energies are detected
and since there is a different threshold for each ion
energy, such measurements can be difficult to in-
terpret. Similar remarks hold for measurements
made with mass spectrometers. However, if done

properly, these measurements should lead to the
threshold for production of ions with an energy equal
to the low-energy cutoff. We shall designate this
threshold as the "minimum threshold. "

Madey and Yates' measured the minimum thresh-
old energy for the production of ions from 02/W
to be 19.3 eV. Since we find that the low-energy
cutoff of the ion energy distribution is - 5 eV, their
measurement would predict a threshold of 23. 1 eV
for 8. 8-eV ions (as opposed to the value of 20. 5 eV
measured in this work).

The measurements of the threshold energies for
the desorption of 0' and CO' ions from tungsten
covered with CO were made in a manner similar
to those for the O~/W system. The threshold ener-
gy for 0' ions with 7. 9-eV energy (corresponding
to the maximum in the energy distribution) is found
to be 18. 5 eV, and again the threshold is found to
increase approximately linearly with ion energy.
The threshold energy for desorption of 1.3-eV CO'

x 10
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tll

O

JD

M IM

15
I I I

20 25 30
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35

FIG. 10. Dependence of the 0' ion current from. 0&/W
on the electron energy in the region of the threshold.
The energy scale is corrected for the contact potential
between the target and the cathode of the electron gun.

ions is 15. 5 eV.
Table II shows the threshold energies which have

been measured in this work along with those re-
ported by other workers. The column labeled
"Normalized threshold" gives the values for the
emission of ions with energy equal to that of the
maximum in the energy distribution. This normal-
ization is made as indicated above. The discrepan-
cies among the workers will be discussed later.

IV. DISCUSSION

A. Ion Energy Distribution

The theoretical model for the electron-impact
desorption of ions was suggested by Redheads and

by Menzel and Gomer. The experimental obser-
vations which the theory must explain are:

(1) Both ions and neutrals are desorbed.
(2) Desorption can occur from tightly bonded

states.
(3) The desorbed particles can possess consider-

able kinetic energy (from 0 to ~10 eV).
(4) Desorption cross sections vary over a wide

range (10 "to &10 "cm') and are typically very
small compared to ionization or excitation cross
sections for gaseous atoms or molecules.

We shall apply a simple one-dimensional model
to the calculation of the electron-impact desorp-
tion of 0' ions from 02/W and CO/W. The calcula-
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TABLE II. Comparison of the threshold energy of ion desorption obtained by various workers.

System Ion Worker
"Minimuum threshold

energy" (eV)
Normalized

threshold (eV)

Theoretical threshold
energy (eV), "final states
of the two electrons at

Vacuum level Fermi level

02/W O' Yates et al. (Ref. 25)
Madey, Yates (Ref. 26)
This work

21.8 (E~ —— 5)
19.3 (E,=-5)
20. 5 (E~ —— 8.8)

-25. 6 (Eq-—8.8)
23. 1 (E~=s.s)
20. 5 (E,=s. s)

28. 9
(E =8.8 eV)

17.1
(E,=s. s)

CO/W

CO/W

O' Redhead (Ref. 24)
Yates et al. (Ref. 25)
Coburn (Ref. 18)
Menzel (Ref. 19)
This work

CO' Redhead (Ref. 24)
Yates et al. (Ref. 25)
Menzel (Ref. 19)
This work

20. 5
17.3
20. 9
20. 0
18.5

15.1
17.3
14.6
15.5

(E-
(E = 4 7)c
(E — 4)
(E — 7 9)

(E — p)
(E — p)
(E — p)
(E =13)

24. 4 (E = 7.9)
-21.2 (E„=7.9)

24. 1 (Eq ——7.9)
-23.9 {E,=7.9)

18.5 (E, =7.9)

-16.4 (E,=1.3)
18.6 (E~ = l.3)

-15.9 (E„=l.3)
15.5 (EI,=1.3)

26.7
(E,=7.9)

16.4
(E, =1.3)

16.1
(E„=7.9)

5.8

(E, =1.3)

The "minimuum threshold energy" is defined in Sec. III D. The kinetic energy of the corresponding ions is an
estimate based on the energy distributions measured in this work.

"Assumptions used in this calculation are given in the discussion of threshold energies.
'The threshold energy for these measurements is for ions of the kinetic energy specified.

tion is similar to that reported by Redhead; how-

ever, we shall perform the numerical integrations
required to obtain a good fit to the experimental
energy distributions, the total ion yield, and the
total neutral yield. We will not analyze the other
ion energy distributions. The principal purpose
of this analysis is to provide an additional and
more quantitiative test of the plausibility of the
model which has been proposed.

A schematic of the potential-energy diagram for
adsorption is given in Fig. 11. M refers to a
metal, and A refers to an adsorbed particle. For
simplicity, we consider only the ground state
(M+A) and the ionic state (M +A'). The potential
energy of the ground state and the ionic state are
expressed by Vo(X) and V(X) as a function of dis-
tance X, respectively. The zero of the potential
energy is taken as the ion A' at infinite distance
from the surface. V& is the ionization potential of
the particle A in the gas phase, Q is the work func-
tion of the gas-covered metal, E„ is the activation
energy for desorption of the particle A, and V~0
is the threshold energy to produce an A' ion of zero
kinetic energy.

An electron incident on such a system can cause
transitions from the ground state to the ionic state.
Since the mass of the atom is much larger than that
of the electron, these transitions are "vertical, "
that is, the position and the kinetic energy of the
atom are constant during the transition (transition
1, Fig. 11). ' Once excited, the ion is subjected
to a strong repulsive force and moves away from
the surface. The transitions such that the kinetic

energy E~ of the ion after escape is greater than
zero occur within the region on the X axis where
the value of the potential energy of the M +A'
curve is greater than the value at infinite distance
from the surface, and where the wave function of
the particle A in the ground state has i ~ite value.

If all of the ions produced in the excitations to
the ionic state escape from the surface, the ion
energy distribution fo(V) is determined by the re-
flection of the probability density distribution of
the particle A in the ground state through the poten-
tial-energy curve of the ionic state, i. e. ,

where N is the number of particles adsorbed in the
ground state per unit area, cr,„ is the cross section
for excitation of the particle A from the ground
state to the ionic state, and q&o(X) is the wave func-
tion of the particle A in the ground state.

Some of the ions will be neutralized to the ground
state near the surface by Auger processes. De-
pending on the amount of kinetic energy the ion
gains before neutralization occurs, the particle
will either be recaptured by the surface or escape
as a neutral. The high probability of this neutral-
ization process explains the very small value of
the ion desorption cross sections observed in
most systems. If the rate of neutralization is
R(X), the probability that an ion of velocity v
moving through dX at X will be neutralized is

(2)
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neutral will occur (transition 5, Fig. 11). X, is
of course a function of X&. The total probability of
desorption Pr(x&) (either as an ion or a neutral)
for a particle excited at X, is

g "ca)) R(x}I' (X,)=exp {- dX (6)
~x)

Multiplying Pr(x, ) by the probability density
distribution of the particle in the ground state
) yo(x;) ) and integrating over X„ the total number
of ions and neutrals desorbed per incident electron
N~ ean be calculated as

&,=~o,„f „dX,~q, (X,)~'P,(X,) . (9)

%e shall approximate the ground-state potential
curve Vo(x) by a Morse potential, ~

V (X) V (e-a/a)r 2 -u/l)r)

Iy, (x)) x,

Distance X

I'IG. ll. Schematic of a simple potential-energy
diagram for adsorption, showing the machanism of elec-
tron-impact desoption of the neutrals and ions.

R(x)P(x, ) = exp — dX
~x

(4)

Multiplying P(X, ) [Eq. (4)] with fa [V(X,)] [Eq.
(1)], we get the energy distribution f(V) of the
desorbed ions

f[v(x~)]=-&o Im&(x, )~' ' . (5)
X=X

The total number N~ of ions desorbed is

X,'= f, dVf[V(X, )]. (6)

An ion originating at X, and moving away from the
surface has kinetic energy Z), = q[v(X, ) —V(X)] at
the distance X. If neutralization occurs at X~X„
where X, is determined by

v(x, ) —v(x, ) = v, ( ) —v, (x,), (7)

the particle will have gained sufficient kinetic en-
ergy to surmount the potential barrier [Vo(~}
—Vo(x,)] in the ground state, and desorption as a

If the particle A is excited into the ionic state at
X=X&, then the velocity e at the distance X is,

t) =(2q[v(x, ) —V(X)] //if j"a, (&)

where q is the ionic charge and M is the mass of
the particle A.

Using Eq. (2), the probability P(x, ) that anion
starts from X-X& and moves to infinity without
being neutralized is

where eVO is the activation energy for desorption
(E~) and d is the "width" parameter of the potential
well. The wave function )j)o(x) and the vibrational
energy E„of the particle in the ground state can be
closely approximated by the solution for a harmon-
ic oscillator,

(X) (~/v)/a)1/8 e-()/2)0t )) (11)

(12)

where

n = (M(o, /)f)' ja,

and M is the mass of the particle. (d, is given by

~, = (1/d) (2va/M)' j (14)

The potential energy of an ion, V(X), is approxi-
mated by

v(x) =ae '

the Born-Mayer repulsive potential resulting from
the inner-core interaction. The image potential
and van der %aals and exchange forces are ne-
glected. The reasons for neglecting these will be
mentioned later.

%e shall assume that the ions are neutralized
near the surface by an Auger process and that the
rate of neutralization R(X) is given by

R(x) =Re ' (16)

where q is the ionic charge,

Thus substituting Eqs. (15) and (16) into Eq. (4),
the probability P(X;) that an ion starting from X
=X, will move to infinity without being neutralized
ls

P(X, ) = e~[- (/1/5) (/)d/2qa)' j'
xe-"-"2) &&(p, )],
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P = a/f),

E(P, u) = f, du[e ~"/(1 —e ")' '],
F(p, ")= (lv) [f'(p)/ 1'(p+ -,')],

(18)

(19)

(20)

1'(P)=f, duu' 'e ". (21)

Expressing X, in terms of V [Eq. (15)], the dis-
tribution f(V) is given by

&&gee p 1
f(V) =-,/s*- exp —c(a —ln-

bn' V

(23)

Using Eq. (6), the total ion yield Nr is given by

A M V ~
24

We have defined a critical distance X, by Eq. (7).
In terms of the potentials which we have assumed,
X, is given by

ff(e- bx( e-()x~) V (2 -()/(()x~ g/(()x~) -(25)
Using Eq. (8), the probability Pr(X;) that an ion

starting at X=X; will move to X=X,(X,) without
being neutralized is

(X )
(a ()/2)x(

T ~=exP -b 2B e
q

xX[X, ((X,(X;) —X)]I. (28)

Using Eq. (9), the total number of ions and neu-
:rals desorbed per incident electran N~ is

Nr = Ng „o( ()/) dX( exp —o'. X( ——I 2 2 A 3f
b 2qB

x e-" ""( F [p, b(X, (X;) -X,)

Using Eqs. (24) and (27), the ratio R of the num-

Therefore, using Eq. (5), the energy distribu-
tion of ions is

aNg 2 & A M
/[V(X;)]=—,/s* exp —o(X, ——

b 2qB

(a -])/2)x( P(p ) (22)-&~ xx,
'

ber of neutrals to the number of ions desorbed per
incident electron is

B=(Nr —Nr')/Nr . (28)

r(p)
exp —— — (x )()

& ,
)

= 1&&10 '.
b 2qB P+ X

Using Eq. (25),
(29)

We have used Eqs. (23), (24), and (27) to calcu-
late the energy distribution of ions f(V), the total
ion yield N ~, and the total number of ions and
neutrals desorbed per incident electron Xz, for Q'
from 02/W and CO/W. An iterative process (de-
scribed below) is used to determine the values of
the parameters a, A, b, and B which produce a fit
to the experimental results. Integrals are calcu-
lated numerically by the use of a computer.

l. O' fons from the 02/W System

The activation energy Vo for desorption of an

oxygen atom from the ground state is taken as 6. 5

eV. The vibrational energy E~ of an oxygen atom
adsorbed on tungsten is estimated to be 75 meV. '
Using Eqs. (12)-(14), these assumptions give n
= 17 A" Bnd d = 0. '77 A. Assuming an initial excita-
tion cross section g,„which is -10 times the value
of the ionization cross section of an oxygen atom
in the gas phase, and a surface coverage N of- 3 X 10"atoms/cm, the number of 0' ions excited
into the ionic state by a single electron (No,„) is
estimated to be -0.1. The values reported for the
number of 0' ions desorbed per incident electron
vary among researchers (Table I). On the basis
of the approximations indicated previously, we
have estimated in this work that the yield is 10 '
ions/electron. However, the retarding-field
analyzer is best suited for the measurement of ion
yields, and we shall use a value of 1.0&10 0'
ions per incident electron as reported by Madey and
Yates. '6 We also assume that 1.0~10 0' ions.
and neutrals are liberated per incident electron.
This number is estimated on the basis of our mea-
surement of the total desorption cross section (3
&10 '8 cm ) and an assumed surface coverage of
3)&10' atoms/cm . This means that if one atom
is excited into the ionic state, it has a probability
of 1.0&10 ' of leaving as an ion and a probability
of 1.0~10 of leaving as a neutral.

As the first step in the calculation, we obtain a,

rough estimate of the values of the parameters a,
A, b, and B required to give the observed values
for the number of ions and neutrals desorbed.
Since the probability density distribution l(/)o(X) I

of the oxygen atom in the ground state is strongly
peaked at X= 0, we make the approximation that an
oxygen atom is excited only at this position, i. e. ,
X, =O. Then, using Eq. (17),



E LE C TRON-IMPACT DESORPTION 0 F IONS 2379

B(1 bx
) 1/ (2

- (1/d)x~ -(2/d)x
)

Using Eq. (26),
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FIG. 12. Helation of the parameters a, A, X~, and
b for the theoretical calculation of the energy distribu-
tion, of 0 ions from 02/W (B=8. 8 eV).

exp[-(A/b) (M/2qB)'/' F(P, bX,)]=1&&10 . (31)

Since 8. 8-eV 0' ions (the peak in the energy distri-
bution) are initially excited at X=O (Fig. 11), we
take B=8.8 eV. Using Eqs. (29), (30), and (31),
the values of a, A, and X, are determined for vari-
ous values of b. The results calculated with the aid
of a computer are shown in Fig. 12. From these
curves, we can determine values for a and A after
selecting a reasonable value for b. For example,

0

as a trial, we can choose b=3. 5 A ', which gives
a = 1.8 A" and A = 1.4 x 10" sec '. Putting these
values into Eqs. (24) and (27), we can calculate N r
and Nr. Doing this, we find Nr=6. 0x10 ' (ions/
electron) and Nr = 6. 6x10 (tons and neutrals/elec-
tron). As we have determined the values of a, A,
b, and B considering ions which are excited only
at X=X, = 0, it is quite natural that the calculated
values of N& and N~ are different from those which
we have initially assumed. Trying a few more
values of b and the corresponding values of a and

A, we get a set of values for these parameters
that gives the calculated values for N~ and N&,
which are reasonably close to the values that we
have assumed originally. Thus, for b = 3.8 A ',
a=1. 9 A ', and A=1. 4&& 10" sec ', we get N~
= 1.2&&10 (ions/electron) and Nr = 1.1 &&10 (ions
and neutrals/electron).

As the second step, we put these values of a, A,
b, and B into Eq. (23) and calculate the energy dis-
tribution of 0' ions. For B=8. 8 eV, the calculated
energy distribution has a peak at 8. 5 eV, but the
shape of the distribution is fairly close to the one
which has been measured. In order to shift the
energy peak to 8. 8 eV, the value of B is changed,

{2
P

O
c/) M

C5 m
~ D

S Cl
w+
O

0 from 02/W

I I I I

A=i.5xio" (ii~)——A=0 (iisec)—.--- Experimental

8 9 10 11 12 13
O' Ion Energy, Ez (eV)

FIG. 13. Comparison of the calculated energy distri-
bution of 0' ions from 02//W with the experimental result
(Fig. 2). The calculated energy distribution of 0' ions
without taking the neutralization process into considera-
tion is shown also. The curve neglecting neutralization
is multiplied by 10 to normalize it at the maxima of
the other curves.

with the values of the rest of the parameters re-
maining the same. In this case, 8=9.1 eV puts the
maximum of the calculated distribution at 8. 8 eV.
When the value of B is changed, the calculated
values of N~ and N~ also change. For B= 9. 1 eV,
we find Nr'=1. 5x10 (tons/electron) and Nz, =1.4
&& 10 (ions and neutrals/electron).

The set of values for the parameters which we
have obtained at this point gives fairly good values
for N~ and N~, and yields a good approximation to
the observed energy distribution of 0' ions. The
next step is to set B = 9. 1 eV and go back to the
first step, calculating new values of the parameters
a, A, and b. This is the starting point of the itera-
tive process. We proceed through the whole cycle
until reasonable values result. The values of the

0
parameters which give a good fit are a = 2. 0 A ',
A=1. 5&&10" sec ', b=3. 7 A ', and B=9.1 eV.
These values give a total 0' ion yield N~, of 9.4
x10 ' (ions/electron), the total number of 0' ions
and neutrals desorbed per incident electron N~ of
"1. 9&& 10 ' (ions and neutrals/electron), and a ratio
A of the number of the desorbed neutrals to ions
of 84.

Figure 13 shows a comparison of the calculated
energy distribution of 0' ions with the experimental
distribution. The calculated energy distribution of
0' ions without taking the neutralization process
into consideration is shown also. The curve ne-
glecting neutralization is mulitplied by 10 5 to
normalize it as the maxima of the other curves.
Figure 14 shows plots of the ground-state potential
energy Vo(X), the probability density distribution
I{{)G(X)I ~, the ionic-state potential energy V(X),
and the calculated energy distribution.

In our treatment, we have neglected the contri-
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FIG. 14. Plots of the potential energy V~(X) of an

oxygen atom in the ground state, the probability density
distribution I pt-. (&) I, of an oxygen atom in the ground
state, the potential energy V(X) of an 0' ion in the

ionic state, and the calculated energy distribution f(V)
of 0' ions (02/W).

bution of the image potential to the potential curve
for ions. Since the width of the probability density
distribution of the ground-state oxygen atom is
only -0. 2 A, the primary influence of the potential
curve is through its slope, dV/dX. The slope of
the Born-Mayer potential is - 34 V/A at X= 0,
while the slope of the image potential is -1 V/A

(assuming that the equilibrium spacing between
tungsten and an 0' ion is -2 A). Since the latter is
quite small compared to the former, we are justi-
fied in neglecting the image potential. A similar
argument applies to van der Waals and exchange
forces.

O' fons from the CO/W System

The activation energy Vo for desorption of an
oxygen atom in the ground state is taken as 5. 2 eV.
The vibrational energy E~ of n-CO adsorbed on
tungsten is taken to be 258 meV. This corre-
sponds to o = 32 (1/A) and d = 0. 20 A. We assume
that the number of 0' ions excited into the ionic
state by a single electron Ncr,„is - 0. 1. The values
for the number of 0' ions desorbed per incident
electron vary among researchers (Table I). We

.Q
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I I
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FIG. 15. Comparison of the calculated energy distri-
bution of 0' ions from CO/W with experimental result
(Fig. 4). The calculated energy distribution without
taking the neutralization process into consideration is
shown also. The curve neglecting neutralization is
multiplied by 4 &&10 5 to normalize it at the maxima
of the other curves.

assume that 4x10 0' ions are desorbed per inci-
dent electron. We also assume that 5&&10 O' ions
and neutrals are liberated per incident electron.
The ratio of the desorbed neutrals to ions is then
about 125.

Following an iterative process similar to the one
described for the case of 0' ions from the 02/W
system, we obtain values of parameters which
predict the experimental results well. The values
are a = 3. 3 A ', A =2. 1&&10' sec ', 5 = 6. 6 A ', and
B= 8. 1 eV. The values of N~ and N~ calculated
from these parameters are 3. 8X10 8 (ions/elec-
tron) and 5. 0&&10 (ions and neutrals/electron).
The ratio of the desorbed neutrals to ions is 132.

Figure 15 shows a comparison of the calculated
energy distribution of 0' ions with the experimental
result. The calculated energy distribution of 0'
ions without taking the neutralization process into
consideration is also shown. The curve neglecting
neutralization is multiplied by 4&&10 ' to normalize
it at the maxima of the other curves.

It is interesting to note that, since in both of
these cases the shape of the curves calculated with
and without neutralization are essentially the same,
the probability of escape of an ion is almost inde-
pendent of the position of excitation. This is a re-
sult of the very strong localization of the nucleus
in the ground state. Having demonstrated this
fact for fairly reasonable values for the various
parameters derived in this calculation, we could
produce a much simpler approach to the calcula-
tion. In particular, we see that the shape of the
distribution is determined only by the parameter
e in the ground-state wave function and the slope
of the ion interaction potential.

The relationship between the interaction poten-
tials for the ion V(X) and for the neutral Vo(X)
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eV; —eP+E~, (32)

where V& is the ionization potential, P is the work
function of the metal, and E„ is the activation en-
ergy for desorption of the absorbate atom. This
excitation leaves the atomic electron at the Fermi
level. On the other hand, the maximum amount
of energy which an incident electron can give up in
an electronic excitation is

eV, +eQ

where eV, is the kinetic energy of the electron.
Thus the threshold energy for excitation to the
zero-kinetic-energy ionic state is given by

eV, +eP =eV, —eP+E„, (34)

and the threshold energy for excitation to an ionic

has a substantial effect on the energy distribution
of the emitted ions. In the case of 0' emission
from all of the systems, V(X) is greater than zero
over the entire region where the wave function
yo(X) of the ground state is finite (Fig. 14). This
assertion can be made since in every case the
minimum kinetic energy of the emitted ions is
greater than zero. In contrast to this situation,
the energy distributions for H' ions from Hgw and
H20/W appear to start at zero kinetic energy.
This shows that for these systems V(X) passes
through zero in the region where y(X) is finite.
Such a relationship would also produce asymmetri-
cal distributions as observed for these cases. It
would appear that the analysis outlined above would

apply to these systems also. An exception would
be that V(X) could not be approximated by a simple
Born-Mayer potential but would have to have an
attractive component.

The calculations described above were made as
an additional test of the qualitative validity of the
model. As we do not have accurate values for N~
and N~, we have performed only a few cycles of
the iterative process, that is, the values of N~
and N~ calculated are not exactly the same as
those estimated, but we have shown that we can
find a set of values for the parameters which give
reasonable results for N~ and N~;- and the mea-
sured energy distribution of 0' ions. In addition,
the values of the parameters are reasonable.
Finally, we note that the above treatment is a one-
dimensional calculation, and that the initial exci-
tation to other states, e.g. , antibonding states, has
been neglected.

B. Threshold Energies

Reference to Fig. 11 shows that the minimum
amount of energy required to excite an atom from
the ground state of adsorption to the ionic state
with no kinetic energy is

state with kinetic energy E„ is

eV, = e V, + E~+ E~ —2eg (35)

Equation (35) will hold for the situation in which
both the electron originally on the adsorbed atom
and the incident electron go to the Fermi level.
This is then the "absolute" threshold. If for some
reason the probability of this occurring is either
zero or extremely small, the threshold which is
observed will be at a higher energy. Such a higher
"observed" threshold could occur, for example, in
the case where the adsorbate particle is at a sub-
stantial distance from the surface. Thus, the over-
lap integral between the atomic electronic state and
the metallic electronic state for the Fermi level
would be extremely small, and the probability for
transitions at the absolute threshold would be cor-
respondingly small. For such cases, the thresh-
old would be somewhere between the energies
given by Eq. (35) and

eV, = eV, +E„+E„ (36)

The transition represented by this latter expression
leaves both of the electrons at the vacuum level.

We shall apply these expressions to the analysis
of the thresholds which we have obtained in the
present work. W'e have, in general, found thresh-
old values smaller than those reported previously
in the literature. This is possibly due to the higher
sensitivity of our systems. As pointed out previ-
ously, in this apparatus this measurement is for a
specific ion energy (whereas, in 'retarding-potential
and mass-spectrometer systems the equivalent
measurement is for a range of energies greater than
some minimum value). Thus the gradual rise near
threshold (e. g. , Fig. 10) is not due to the mixing
of ion energies but is the real behavior for a single-
ion energy. It seems likely that this very gradual
rise is a reflection of the fact that the electrons do
in fact tend to end up in states below the vacuum
level but with rapidly decreasing probability.

Table II summarizes the threshold measure-
ments made in the present work along with those
made by other workers. Theoretical threshold en-
ergies are given for two cases: (a) the final states
of the two electrons are at the vacuum level, and
(b) the final states of the two electrons are at the
Fermi level. The assumptions made to calculate
the theoretical threshold energies are
ogw:

(1) the work function of oxygen covered tung--

sten, 5. 9 eV;
(2) the activation energy for the desorption of

an oxygen atom from oxygen-covered tungsten,
6. 5 eV;
co/w:

(1) the work function of CO-covered tungsten,
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5. 3 eV;
(2) the activation energy for desorption of state

1-CQ from tungsten, 1.0 eV;
(2) the activation energy for the desorption of

state 2-CO from tungsten, 1.1 eV;
(4) the activation energy for the desorption of a

carbon atom from tungsten, V eV.
For 0 ' from OQW and CO/W, it will be noted

that our measurement is approximately 2. 5-3 eV
lower than any of the previous measurements and
that our value is considerably closer to the value
predicted by Eq. (25), that is, to the case where
both electrons end up at the Fermi level. In con-
trast to this, the threshold for CO' ions from CO/
W is quite close to the value predicted by the model
where both electrons end up at the vacuum level.
It seems plausible that the difference is due to the
fact that the CO' ions come from a weakly bound
state which is adsorbed over previously adsorbed
CO and is thus at a larger distance from the
surface.

Even though the threshold measurements are
difficult to make because of the gradual rise in
the ion current over a rather wide range of elec-
tron energy, we feel that we have shown that the
threshold for tightly bound states is not given by
either the model in which both electrons end up at
the vacuum level as proposed by Redhead' nor by
the model where one electron ends up at the vacuum
level and the other at the Fermi level as proposed
by Menzel and Gomer. However, for the case
where the adsorbate particle is at a relatively
large distance from the surface, the "apparent"

threshold may be given by assuming that both of the
electrons end up at the vacuum level.

V. SUMMARY

We have designed and constructed a cylindrical
magnetic spectrometer for the study of the elec-
tron-impact desorption of ions and neutrals from
solid surfaces. The apparatus has been applied
to the study of polycrystalline tungsten with Qa,
CO, H» N„CQ2, and H~O adsorbed. Some of the
results are:

(l) The ions which have been observed are 0'
from 02/W, CO/W, and C02/W; CO' from CO/W;
and H' from Ha/W and H20/W.

(2) The analysis of the observed 0' ion-energy
distributions for the OJW and CO/W systems in-
dicates the qualitative validity of the model for the
mechanism of electron-impact desorption of ions
and neutrals as proposed by Redhead, and Menzel
and Gomer.

(2) The dependence of the 0' ion desorption
cross section and total desorption cross section
for 03/W on electron energy indicates that the
neutralization of ions is not the only mechanism
but is a dominant mechanism for neutral desorp-
tion.

(4) Typically, the ion desorption cross sections
increase sharply with t/', for V, ~ 100 eV and in-
crease slowly for V, &100 eV.

(5) The threshold energies measured are sub-
stantially lower than those previously reported.
Theoretical threshold energies agree reasonably
well with the experimental results.
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Mossbauer absorption spectra of the group-III antimonides AlSb, GaSb, and InSb, and terna-
ry alloys of the latter two compounds have been taken at 78'K, using the 37.2-keV, +2

transition in Sb' . An absorber of KSbF6 was used to help determine the nuclear factor 4R/R
= (-6.7 +3) &&10 . Chemical bonding in these compounds has both ionic and covalent character
raising the question of relative ionicity. Molecular-orbital (MO) and linear-combination-of-
atomic-orbital calculations, together with an assessment of electronegativity differences, pre-
dict that ionicity increases for the series GaSb, InSb, and A1Sb, whereas measurements of the
Mossbauer isomer shift along with some bulk and atomic properties show that ionicity in-
creases in the series InSb, GaSb, and AlSb. Interpretation of the isomer-shift data is some-
what complicated by shielding of the p electrons at the Sb nucleus, but electron populations de-
termined by MO calculations indicate that the Gs-electron population is nearly the same on the
Sb nuclei in the three compounds, in accord with the results of Hafemeister et al. on alkali
iodides and those of Lees and Flinn on tin compounds. Thus, the 5s-electron population tends
to be constant in compounds of these three elements from the same row of the periodic chart.
Though the single-line Mossbauer absorption spectra were broad for some absorbers, there
was no evidence of quadrupole hyperfine structure which would have been apparent from asym-
metry of the absorption lines.

I. INTRODUCTION

In the absence of hyperfine splitting, Mossbauer
absorption lines unambiguously reflect the rela-
tive electron densities, measured at the nucleus,
between absorbers composed of different solid
materials. Since the isomer-shift 5 may be writ-
ten as the product of an electronic factor and a
nuclear factor, the electron densities may be mea-
sured only after the nuclear factor for a particular
y-ray transition has been determined. In this pa-
per we discuss results obtained from Mossbauer

experiments using y rays from the 37. 2-keV, y- —,
' transition in Sb' ' which, together with cal-

culations of electron densities arising from vari-
ous configurations, have permitted determination
of the nuclear factor for this transition. Vfe have
usedthe nuclear-factor and isomer-shift measure-
ments on the group-III antimonides, AlSb, GaSb,
and InSb, to measure the degree of ionicity in these
compounds, in a manner similar to that of Hafe-
meister et al. for compounds of iodine. ~ The ter-
nary alloys Gain& „Sb were studied as well to see


