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Dynamics of metastable-atom deexcitation at metal surfaces
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Theoreoretical calculations of energy levels and widths are presented that indicate that He(2'S) atoms
are su%ciently long lived near a metal surface that a significant fraction of the excited atoms contained

o e sur ace, w ere, it is suggested,in a t ermal-energy beam can survive passage to within —3—4 A of the f, h

Auger deexcitation might compete effectively with resonance ionization. This might account for earlier
observations that electrons ejected from high-work-function met l f b l

3

e a sur aces y e ectron-spin-polarized
He(2 S) metastable atoms have a significant spin polarization.

Recent experiments have demonstrated that the dy-
namics of metastable-atom deexcitation at a surface can
be explored by use of spin-labeling techniques in which
electron-spin-polarized metastable atoms are directed at
the target surface and the polarization of the ejected elec-
trons is measured. Such spin-polarized metastable-atom-
deexcitation spectroscopy (SPMDS) studies using
thermal-energy polarized He(2 S) metastable atoms and
a variety of high-work-function clean metal surfaces have
revealed that the ejected electrons have a significant spin
polarization. ' Conventional models suggest that meta-
stable atom deexcitation at a high-work-function metal
surface occurs via a two-step process involving resonance
ionization of the incident metastable atom followed by
Auger neutralization of the resulting ion. In the neutral-
ization process the ejected electrons originate in the met-
al and the observed spin polarization would require that
the electrons involved in the Auger neutralization process
are correlated in spin. Here we explore an alternate ex-
planation, namely that a fraction of the incident metasta-
ble atoms do not undergo resonance ionization but rather
survive passage to regions close to the surface where theey
undergo direct Auger deexcitation. Calculations of ener-
gy levels and widths are presented in support of this hy-
pothesis. These calculations indicate that when a
H (e(2 S) atom approaches a metal surface the tunneling
rate for the excited 2s electron does not simply increase
exponentially with decreasing atom-surface separation
but rather saturates at a value of —5X10' sec '. This
saturation results from perturbations introduced by the
surface that polarize the incident atom and reduce the
electron tunneling rate. Based on these calculations it is
reasonable to expect that a significant fraction of the
H (e(2 S) atoms contained in a thermal-energy beam will
approach to within -3—4 A from the surface where, it is
argued, Auger deexcitation might become important.

The electron ejection processes that occur when a
He(2 S) atom is deexcited at a clean metal surface have
been discussed by Hagstrum and are illustrated schemat-
ically in the energy-level diagrams shown in Fig. 1. If the
work function of the surface is sufficiently large, an in-
cident atom can undergo resonant ionization (RI)
through tunneling of the excited 2s electron into an
unfilled level above the Fermi surface in the metal, as in-
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FIG 1 % h. Schematic diagram of the electron ejection processes
that can occur when He(2'S) atoms are deexcited at a clean
metal surface.

dicated by the wavy arrow in Fig. 1(a). The tunneling
rate is typically assumed to increase exponentially with
decreasing atom-surface separation and to be such that,
at a high-work-function surface, all incident He(2 S)
atoms undergo RI. The resulting He+ ions continue to-
ward the surface where they are each neutralized by a

energyconduction electron from the metal. The released energ
is imparted to a second (Auger) electron in the metal,
which may, if the energy transferred is sufficiently large,
be ejected from the surface. This two-electron process is
termed Auger neutralization (AN). At low-work-
function surfaces, RI cannot occur because there are no
vacant levels of appropriate energy within the metal. In
this event the 2 S atoms are deexcited by the Auger deex-
citation (AD) process diagrammed in Fig. 1(b), in which
an electron from the metal tunnels into the helium
ground 1s orbital and the energy released is communicat-
ed to the excited 2s electron which may be ejected.

The ejection processes that actually occur at a given
surface can be probed directly, as is evident from Figs.
1(a) and 1(b), by electron-spin polarizing the incident 2 S
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atoms and measuring the polarization of the ejected elec-
trons. In AD it is the excited 2s electron that is ejected
with polarization equal to that of the incident 2 S atoms.
In contrast, in RI+AN the ejected electron originates in
the surface, in which case (for nonmagnetic surfaces) the
ejected-electron polarization would be zero in the absence
of a spin correlation between the neutralizing and ejected
electrons.

SPMDS studies of a variety of clean high-work-
function metal surfaces have been undertaken in this lab-
oratory' and show that the ejected electrons have a
significant polarization. Typical data for Cu(100) are
presented in Fig. 2, which shows both the ejected-
electron energy distribution and energy-resolved polar-
ization (normalized to unit incident metastable-atom po-
larization). The measured average ejected-electron po-
larization of -0.2 is similar to that observed at Pd(110),
(unmagnetized) Ni(110), and polycrystalline Al surfaces,
and, given the possibility of secondary-electron produc-
tion, must represent a lower bound to the true polariza-
tion of electrons generated in metastable-atom —surface
interactions. If it is assumed that all the incident
He( 2 S ) atoms are deexcited exclusively by RI+AN,
then the observed ejected-electron polarization implies
that the electrons involved in the AN process tend to
have antiparallel spins. This would require that Auger
neutralization favor singlet two-hole final states in the
metal target such as have been reported for certain Auger
processes originating on core holes in ferromagnets.
However, the analysis below suggests that, even at high-
work-function surfaces, RI+AN and AD might occur in
parallel, in which case the observed spin polarization
might be understood even if there were little or no spin
correlation in the AN process. This possibility is dis-
cussed with reference to calculations of the energies and
widths (lifetimes) of He(2 S) atoms when near a metal
surface. Shifts in the atomic energy levels occur due to
changes in the electronic potential induced by the sur-
face, and the levels broaden into resonances due to the

V„(r)=
—z + g

y 1=0 y
(2)

In this expression PI is the projection operator for angu-
lar momentum l, Z is the charge on the atomic core ion,
and BI is a parameter. For a single atom in vacuum, the
Schrodinger equation for this potential can be solved ex-
actly yielding the eigenvalues

continuum of surface electronic states into or out of
which electrons can tunnel. The present theoretical ap-
proach is similar to that described in detail elsewhere.

Consider an excited helium atom with coordinate R lo-
cated outside a metal surface. The total effective poten-
tial for the excited electron, with relative coordinate r,
may be written

V' (r;R)= Vo(r)+b V'„(r;R)+ V "(r) .

Vo(r) describes the bare-electron —surface interaction. At
large distances from the surface this interaction is dom-
inated by the image force, i.e., Vo= —1/4z, where z is
directed outward from the surface and measured from
the surface image plane. The hV'„(r;R) term represents
the change in electron-surface potential induced by the
presence of the He+ core ion, and for large z is simply the
repulsive interaction between the excited electron and the
image of the core ion. The image approximations to Vo
and AVz, however, are not adequate for the small to in-
termediate values of z of interest in the present work. In
particular, the image approximation to Vo diverges at
small z, whereas the true potential should approximate
that of the bulk. In order to more accurately represent
Vo and AV„', the surface is described using a jellium
model with parameter r, =2.65 (this choice of r, yields
the correct local charge density n for a copper surface,
where n =3/4mr, ) Vo i.s calculated using the weighted
density approximation. 5V~ is obtained using a linear-
response approach from the surface charge distribution
induced by the helium core ion.

The excited-electron —core-ion interaction is modeled
by a pseudopotential of the form introduced by Simons,
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The parameters BI were directly determined by fitting
this equation to the known triplet helium energy levels.
All excited states up to those with configuration 1ssl
could be well reproduced by retaining only the three
lowest I values in the summation in Eq. (2).

The energies and widths of the excited states are calcu-
lated directly from the Schrodinger equation using the
complex scaling technique. The wave function for a res-
onance state may be written simplistically as

FIG. 2. Ejected-electron energy distributions (~ ) and energy
resolved polarizations ( $ ), normalized to unit incident meta-
stable atom polarization, for He(2'S ) deexcitation at a clean
Cu(100) surface.

The eigenenergy E is complex and may be written
E=ER —il /2, where Ez is the real part of the energy
and I is the width of the state. A Hermitian Hamiltoni-
an, however, can produce only real eigenvalues for
square-integrable eigenfunctions. The desired complex
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eigenenergies are associated with eigenstates exhibiting
so-called Siegert (diverging) boundary conditions

g(r) ~ e ' f(Q),

where kz and kI are the real and imaginary parts of the
complex wave number (kI &0) and E= —(kz+ikI) l2.
By use of the variable transformation rare' these reso-
nance boundary conditions can be replaced by simpler
bound-state conditions. Application of this complex ro-
tation, however, results in a Hamiltonian that is both
complex and non-Hermitian. The resulting one-electron
Schrodinger equation is solved by expanding the eigen-
functions in a basis consisting of generalized Laguerre
polynomials comprising states with values of n up to 40
and l up to 18. The matrix elements of the Hamiltonian
are evaluated and the Schrodinger equation is converted
into a matrix equation that is solved by direct diagonali-
zation.

The calculated energies and widths of the helium
2 S (ls2s) and 2 P (ls2p, m =0) levels are shown in
Fig. 3 as a function of distance from the surface. The en-
ergies of both levels shift upwards with decreasing atom-
surface separation. At large distances, the magnitude of
the shifts is determined by the electron-surface potential
V~+6 V~ and its overlap with the atomic state. As illus-
trated in Fig. 1 of Ref. 5, in the vicinity of the core ion
the surface potential is positive due to the repulsive-
electron —core-image charge interaction AV„'. Near the
surface Vo dominates and the surface potential becomes
negative. For a perfectly conducting metal surface the
surface potential changes sign at a point one-third the
distance from the surface to the atom. Near the core ion
the surface potential is positive (given approximately by
1/4z) and results in an upward shift of the electron lev-
els. These shifts are, however, different for the 2 S and
2 P states due to the greater spatial extent of the 2 P

state, which extends further toward the surface and en-
compasses more of the region where the electron-surface
potential is negative.

0
At intermediate atom-surface separations ( —3-4 A),

the 2 S and 2 P levels approach each other and mixing,
i.e., hybridization, of the 2s and 2p, states occurs forming
hybrid states that are oriented toward and away from the
surface. (Calculations of the behavior of alkali atoms
near metal surfaces have revealed similar hybridization. )

The effect of hybridization is illustrated for the 2 S state
in Fig. 4, which shows the probability density associated
with the excited 2s atomic electron at atom-surface sepa-

0
rations of -2.5 and 5 A. At large atom-surface separa-
tions the 2 S atomic state is largely spherically sym-
metric, but has a slight orientation toward the surface
due to long-range image forces. At smaller separations
the probability density becomes markedly asymmetric
and peaks toward the vacuum. The overlap between the
2 S atom and metal states at small atom-surface separa-
tions leads to a rapid upward shift in the energy levels.

Hybridization has a pronounced effect on the electron
tunneling rates, and thus on the width of the states. At
large distances from the surface both the 2 S and 2 P
widths show a nearly exponential increase with decreas-
ing atom-surface separation. This is not unexpected be-
cause tunneling rates though a barrier depend exponen-
tially on the thickness of the barrier. At smaller atom-
surface separations, the 2 S width saturates at values of
-325—375 meV, which correspond to tunneling rates of
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FIG. 3. (a) Calculated widths I of the He(2 S) (1s2s) and
He(2 P) (1s2p, m =0) levels near a Cu(100) surface. (b) Spatial
dependence of the corresponding energy levels. The helium
core-ion —surface-interaction potential is also included ( ~ ~ ~ )

together with an approximate total atom-surface potential
( ——~ —.). Distances are measured from the jellium edge.
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FIG. 4. Normalized probability density distributions associ-
ated with the excited 2s electron at He(2'S)-surface separations
of (a) -2.5 A and (b) -5 A. The contours are labeled in arbi-
trary units.
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—5 X 10' sec '. This saturation results because, as illus-
trated in Fig. 4(a), hybridization causes a marked de-
crease in the electron probability density in the vicinity of
the barrier. In contrast, the hybrid state that derives
from the 2 P level is oriented toward the surface and its
width begins to increase more rapidly at the smaller
atom-surface separations. Although the calculated 2 S
widths are quite narrow, they are, nonetheless, somewhat
larger than those measured for excited states of xenon
and argon on metal surfaces using spin-resolved photo-
emission spectroscopy and electron-energy-loss spectros-
copy. '

The uncertainties in the calculated widths and energies
are difticult to assess. The surface potential and its
derivation are believed to be realistic. Similar potentials
have been applied in the study of adsorbates and have
provided results in good agreement with experimental
measurements. " It is also assumed that the pseudopo-
tential derived in the free-atom limit applies at small
atom-surface separations. This appears reasonable, how-
ever, because the He+ core ion is very compact. Also,
the general characteristics of the data shown in Figs. 3
and 4 are not sensitive to the details of the pseudopoten-
tial. The calculations do not incorporate the detailed
electronic structure of the clean surface. This again
should not change the general characteristics of the re-
sults. The present calculation only concerns electron tun-
neling, and the use of a one-electron description is inade-
quate when the overlap between the surface electronic
wave functions and the helium 1s core hole becomes
sufficiently large that AD will contribute significantly to
the overall level widths.

The total He(2 S }-surface potential is difficult to calcu-
late. A qualitative estimate can be obtained by adding
the He+ core-ion —surface-interaction potential ( Vo } to
the energy of the 2 S level. This procedure results in the
total atom-surface potential shown by the dashed line in
Fig. 3(b). At large distances from the surface an incident
He(2 S) atom experiences a weak attractive force. At
smaller atom-surface separations, however, the interac-
tion becomes repulsive and the atom-surface potential
shown in Fig. 4(b) suggests a distance of closest approach
of -2.5 A for an incident thermal-energy metastable
atom. A more sophisticated first-principles treatment'
taking into account van der Waals forces and orthogonal-
ization suggests a somewhat smaller distance of closest

0

approach of -2 A. Both treatments, however, indicate
that an incident thermal-energy He(2 S) atom can ap-
proach within -2—2. 5 A of a clean metal surface.

The present calculated 2 S widths yield RI tunneling
rates in the range —1 to 5 X 10' sec ' at distances of -3

0
to 4 A from the surface. A simple estimate of the tunnel-
ing probability integrated over the incoming trajectory
using the atom-surface potential shown in Fig. 3(b) sug-
gests that —15% of the He(2 S) atoms in a thermal-
energy beam incident normally on a metal surface will
survive passage to within 4 A from the surface. The rates
associated with AD at such atom-surface separations are
not known, but there is experimental evidence to suggest
that they might be comparable to, if not larger than,
those for RI. Specifically, spin-resolved studies of the de-

cay of xenon atoms excited at a Pt(111) surface have re-
vealed a sizable electron signal resulting from AD. Since
the excited xenon atoms could also undergo RI, this
demonstrates that AD can compete effectively with RI.
(The xenon atoms were in the form of an adsorbed layer

0
suggesting atom-surface separations of —3 A. ) In addi-
tion, collisions of He(2 S) atoms with gas phase targets
can lead to chemi-ionization' via reactions of the type~He(1'S)+XY++e

He(1'S)+X++ Y+e
in which the internal energy of the 2 S atom is used to
ionize the target particle. Many such reactions proceed
via the so-called exchange channel in which an electron
from the target tunnels into the vacant 1s hole in the 2 S
atom with the energy liberated being used to eject the ex-
cited 2s electron —a process analogous to AD. Cross sec-
tions for chemi-ionization reactions at thermal energies

0
range from —10 to 50 A, which corresponds to interac-
tion ranges of —1.8 to 4 A, indicating again that AD
might be important at atom-surface separations of
-3—4 A.

The above considerations suggest that a significant
fraction of the He(2 S) metastable atoms incident on a
high-work-function metal surface might be de, excited
through AD, rather than solely by RI + AN as is gen-
erally assumed. The ejected-electron polarization ob-
served in SPMDS studies would be explained if -20% of
the ejected electrons result from AD, a reasonable frac-
tion given the uncertainties in the calculated RI tunnel-
ing rates. (The required AD fraction might actually be
less than 20% since the relative escape probabilities for
electrons excited in AD and AN processes may well be
different. Indeed, the escape probability for electrons
produced via AD might be significantly higher because
the 2s atomic electron is initially located outside the sur-
face potential barrier. ) Since the majority of the electron
emission results from RI+ AN, however, a broad rela-
tively structureless ejected-electron energy distribution is
to be expected that reflects, approximately, a self-
convolution of the local density of electronic states at the
surface and such a distribution is indeed observed. AD, a
quasi-one-electron process, results in a narrower distribu-
tion of ejected-electron energies peaked at the higher en-
ergies. Thus contributions from AD can account for the
increase in ejected-electron polarization observed at the
highest ejected-electron energies. In addition, detailed
comparisons between the data in Fig. 2 and the ejected-
electron energy distribution measured following neutral-
ization of low-energy He+ ions at a Cu(100) surface'
show that, although both distributions display similar
general characteristics, the relative number of high-
energy electrons appears greater in the metastable-atom
data.

The preceding discussions suggest that the SPMDS
data might be explained if some of the incident metasta-
ble atoms undergo AD. A number of experimental tests
of this hypothesis appear possible. The most direct is

simply to measure the polarization of electrons ejected by
an incident beam of polarized He+ ions; if this polariza-
tion is zero, then the polarization observed in SPMDS
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studies must be associated with AD. An alternate ap-
proach is to use a beam of fast polarized He(2 S) atoms
(with energies of a few to several tens of electron volts)
and measure the polarization of the ejected electrons as a
function of He(2 S) atom velocity. As the velocity in-
creases, a greater fraction of the incident atoms will sur-
vive passage to regions close to the surface, and the dis-
tance of closest approach to the surface will decrease.
Since both of these effects will increase the relative im-
portance of AD, an increase in ejected-electron polariza-
tion should occur. Lt is interesting to note that SPMDS
studies have already shown that the average polarization
of electrons ejected by (thermal-energy) polarized

Ne( Pz) and Ar( P2) metastable atoms from a Pd(110)
surface is a factor of 2 smaller than that observed, at the
same surface, using polarized He(2 S) atoms. ' This ob-
servation might be explained by noting that the lower ve-
locities associated with the heavier metastable atoms
would increase the probability of RI during the approach
to the surface.
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