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Distance of Excited-State Formation in ion-Surface Collisions
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%e present the first numerical results of a multichannel theory for resonant charge exchange in ion-

surface scattering at grazing incidence. The time-dependent Schrodinger equation describing resonant
exchange can be solved in the adiabatic approximation for the slo~ perpendicular motion. As an initial
application the state dependence of the distance of formation in the H(n 2) following specular reflec-
tion of protons at a gold surface is determined.

PACS numbers: 34.50.Fa, 34.50.Pi, 34.70.+e, 79.20.Rf

Charge-exchange processes in ion-surface scattering at
small grazing angles (8~5') provide the unique oppor-
tunity to study collision processes under unusual condi-
tions not easily accessible by other means: Projectile ions
reflected specularly at clean surfaces undergo an array
of extremely soft collisions at the surface layer with dis-
tances of closest approach selected by the normal com-
ponent of the projectile velocity. An even more interest-
ing feature is that the electron capture from the conduc-
tion band of the metal into atomic orbitals is simultane-
ously characterized by two different time (or velocity)
scales: a fast motion of the projectile (vt=vF) in the
surface plane and the near-adiabatic motion along the
surface normal (v& «vF) where the characteristic inter-
nal velocity of the target electrons is the Fermi velocity
vF. Both low- and high-energy methods therefore must
be combined to describe inelastic electronic processes
near the surface at intermediate velocities.

The technique of ion-surface scattering at grazing in-
cidence has recently been used in a large number of in-

vestigations in a broad range of different subfields such
as the polarization characteristics of excited atomic man-
ifolds, ' 3 the production of nuclear spin polarization,
surface channeling, and the diagnostics of surface mag-
netic order. For the understanding of the production
mechanism of excited states itself as well as its applica-
tion as a potential tool of surface diagnostics, detailed
knowledge of the distance dependence of the formation
process is required.

As a first application of a new multichannel treatment
of resonant charge transfer we calculate the formation
distance from the surface of all substates H(n 2,lm)
following p Au collisions at intermediate projectile
speeds (v =—1 a.u. ). The quantization axis is chosen to
coincide with the surface normal. The gold surface is
described by a (nearly) free-electron jellium model. The
motion of the proton can be quite accurately approxi-

mated by a classical trajectory since the de Broglie wave-

length A,a is small compared to characteristic distances in

the target or projectile. In the following we will be con-
cerned only with the outward portion of the trajectory of
the receding ion which is taken as a straight line. Devia-
tions near the turning point as well as the inward portion
are irrelevant for the formation of excited states for
reasons to be discussed below. The electron transfer
from a conduction-band state pg to an atomic orbital pl
is then governed by a time-dependent Schrodinger equa-
tion. Because of the fast parallel motion, the orbitals be-

longing to different frames of reference have to be prop-
erly Galilei transformed by use of translation factors well

known from high-energy ion-atom collisions. We
choose the projectile as the frame of reference. The dis-
tance between the proton and the jellium surface is

denoted by R (t ). For solid surfaces with perfect
translation symmetry such as jellium the effect of the
relative motion is now to bring about degeneracies be-
tween discrete atomic levels and the Galilei-shifted occu-
pied conduction-band levels (Fig. 1) to which we will

refer in the following as kinematic resonances. While at
v 0 the occupied levels are nondegenerate with the en-

tire spectrum of the hydrogen atom, at velocities v =v F

excited states are in resonance simultaneously with por-
tions of the occupied as well as empty levels of the
Galilei-shifted band structure. A continual creation by
resonant capture and subsequent destruction by resonant
ionization is therefore expected to dominate the forma-
tion process. %e note, however, that capture from inner
shells resembling binary ion-atom collisions becomes im-

portant at high velocities U & 1 a.u.
Our treatment of charge transfer through a kinematic

resonance follows closely standard resonance theory for
radiative decay' except for two important modifications:
Charge transfer is an intrinsic multichannel scattering
process with asymptotic initial (pg) and final states (&J.)
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belonging to different channel Hamiltonians. This re-

quires the proper identification of relevant channel per-
turbations and the inclusion of contributions due to the
nonorthogonality of the initial and the final states.
Furthermore, the resonance scattering becomes explicitly
time dependent as a result of the classically prescribed
trajectory.

The Hamiltonian can be written as

H 0;+ V;+Hf+ Vf, (I)
where H; tf~ is the entrance (exit) channel Hamitonian
and V; ~f ~ is the corresponding channel perturbation. For
the numerical calculation we will later choose the Som-
merfeld Hamiltonian 0; for the semi-infinite electron
gas" and the hydrogenic Hamiltonian Hf. In the chan-
nel perturbation we will also include the interactions of
the transferred electron with the proton image charge
and with the electronic self-image in order to take into
account the collective response effects of the electron gas
to lowest order The. use of a classical image potential is

justified' for distances larger than the surface-plasmon
wake wavelength k, U/ai, (ta, is the surface-plasmon
frequency).

In the independent-particle model (IPM) for charge
transfer, the exact wave function can be expanded in an
overcomplete basis as

+{t) -g,.a, (t )y, + g„bk(t )yk(t ).

The equation of motion for the amplitudes aj (t ) with the
Hamiltonian (1) can now be solved for slow perpendicu-
lar motion in two steps. In the first step, we determine
the exact solution for v~ 0 and fixed R(t ) Ro and fi-
nite time intervals {O,t ). In the second step, the
parametric dependence of all matrix elements through
the time-dependent distance R(t) Ro+i, j is treated in

the adiabatic approximation, thus allowing the deter-
mination of asymptotic scattering amplitudes aj{t ~).

v=0

r

v&0

FIG. 1. Kinematic resonance as seen in the projectile frame,
schematically. At U 0 occupied levels (shaded area) are non-

degenerate with atomic spectrum (sz. Fermi energy; W work
function). At intermediate velocities atomic levels are in reso-
nance ~ith both occupied and empty levels of the Galilei-
shifted band structure.

~here

MJ(s) (p t V )pal)
—(is —sk){p. teak) (4)

are coupling matrix elements including nonorthogonality
corrections due to nonvanishing overlap {&J

teak),

the in-

verse Laplace transform can be performed. In Eqs. (3)
and (4) the variable of the Laplace transform is denoted
by s. Restricting ourselves for simplicity to the subspace
of a (near) degenerate manifold of atomic substates of
dimension N with energy e„we find for the new ampli-
tudes

In the first step, the Schrodinger equation can be con-
verted to a matrix equation by standard Laplace transfor-
mation techniques. ' ' Upon solution of the eigenvalue
problem for the self-energy matrix

Z, , (s) -{y, t Vf t y,. ) +Q,MJ(s)M, . (s)/(ts —g„),

ri l

c, (t) = i g — dt'8)( isk)exp—[i„dt"sk i „,dt"(s—,+Z, )],
Ik-v„t «kf

where the vector of new coupling matrix elements
8=(8t)i «~ «iv is given in terms of the original coupling
matrix elements by

and sk =sk+ &pk t V; t pq) denotes the conduction-band en-

ergies including distortion. Similarly, the vector of new

state amplitudes, C (c~.)i«t«iv is related to the unper-
turbed atomic amplitudes A=(aj)i «j«iv by

C =U 'A.

The amplitudes C describe the population amplitudes of
strongly perturbed atomic states in the vicinity of the sur-
face. These perturbed states are eigenstates of Z. The

t

eigenvector matrix U is nonunitary because of the cou-
pling of the atomic system to the infinite degrees of free-
dom in the solid. The initial condition bk(t =0)
=e(kf —tk —vt t) restricts the I sum (integral) on the
right-hand side of Eq. (5) to the occupied jellium states.
Xj denotes the complex eigenvalues of the self-energy
matrix of the perturbed atomic energy level in the vicini-
ty of the surface.

Equation (5) is now well suited for application of the
adiabatic approximation in a second step. The in-

tegrands in the time integrals are treated as implicitly
time dependent through the R (t ) dependence of all ma-
trix elements (e.g. , MJ. ,ZI). The probability for capture
into a projectile state j, the diagonal element of the den-
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sity matrix, is given by

p, (Rn) -(c,(i —~)cg (r —~)),
where the amplitudes ci are to be correlated to the
asymptotic unperturbed atomic-state amplitudes aJ
through the nonintersecting adiabatic self-energy curves
Re(ZJ). The dependence of p on the initial value Rn of
the evolution will be discussed below.

Recall that the result [Eqs. (5) and (8)] is based on
three essential assumptions: the independent-particle
model, the perfect planar symmetry of the surface, and
the adiabatic approximation for the perpendicular
motion. It allows, however, the calculation of the
resonant charge transfer between atomic levels and the
solid for a broad class of input matrix elements charac-
terizing the static structure of the atom and of the sur-
face at various levels of sophistication.

As an initial test we have evaluated Eqs. (5) and (8)
for the formation of H(n 2) near a gold surface using
the following input: (a) Sommerfeld model for the
conduction-band states, " (b) the multipole expansion of
the image charge potentials including the quadrupole
term in the channel perturbation, and (c) self-energy
matrix in Wigner-Weiskopf approximation, ' i.e., Z(s)
=Z( in, ) —We a.lso have taken into account non-
resonant loss processes due to electron-electron scatter-
ing using a mean-free-path approximation. '3

The capture probability p2p~1(Rn) as a function of

-1
10

10

the initial distance Rn of the evolution on the outward
trajectory displays a characteristic saturation behavior
for Ra~3 a.u. , i.e., p becomes independent of Rn (Fig.
2). At small distances the continual creation and de-
struction of excited states leads to an excitation equilibri-
um. We also have observed small oscillations in p(Rn)
around the equilibrium value at small Rn and higher U.

'3

This loss of memory justifies the crude approximation
for the trajectory near the point of closest approach (=- I

a.u. ) mentioned above. At large values of Rn, p ap-
proaches the first-order (Born) approximation results'~

(Fig. 2). In the present case, the validity of the Born ap-
proximation for the transfer at large distances is based
on the weakness of the coupling rather than the high
projectile speed used as the perturbation parameter in

high-energy ion-atom collisions. We also note that
second-order Thomas double scattering' is not impor-
tant in this case since the planar channel potential Vf
does not support a 60' scattering event into the forward
direction as required for the kinematics of the Thomas
process.

The most probable distance for the formation can be
inferred from the rate of change in probability, —dp/
dRn (Fig. 3). Roughly, capture takes place at a distance
R =(r)„-2=5 a.u. from the jellium surface, correspond-
ing to distance of R (r)„-2+a/2 (a is the lattice con-
stant) from the outermost atomic layer of a real metal
surface. This quantitatively confirms experimental
data3' and explains the good qualitative agreement with
Born-approximation calculations ~hen a phenomeno-
logical cutoff Rn~ (r)„was introduced. We also note a
qualitative similarity of the present ( —dp/dRn) curve
for 2p + 1 with the spatial weighting function' for cap-
ture derived within a fixed-ion approximation for hyper-
thermal surface scattering. In more detail, we find the
peak of ( —dp/dRn) to be state and velocity dependent.
For the 2s and the 2pn states we observe oscillatory

2.5
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FIG. 2. Probability p(RO) for capture into the 2p ~ 1 state
for p Au (U 1, 8 5') as function of the lower limit Roof
the outward R(t) integration. The surface normal is the
quantization axis. (dashed line) Born approximation; (solid
line) present multichannel resonance theory (see text).
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FIG. 3. Rate of change of capture probability ( —dp/dR0)
for ail substates H(2lm) for p Au (U 0.7 a.u. , 8 5').

26Sl



VoLUME 57, NUMBER 21 PHYSICAL REVIEW LETTERS 24 NOVEMBER 1986

structures due to strong state mixture near the surface.
The distance of formation is fairly delocalized with a
typical width of h,R =3-4 a.u.

A simple physical picture emerges: At distances R
(&(r)„ the coupling of atomic levels to the unoccupied
levels in the solid due to the overlap is so strong that the
formation of excited states is folio~ed by loss. At large
distances, the coupling is so weak that the probability
Aux in both directions is small despite the resonant na-
ture of the process. The final state formation effectively
takes place in the transition region between these two re-
gions.

The present treatment can be extended to a calcula-
tion of the complete density matrix of the excited-state
manifold including substate coherences and the polariza-
tion characteristics of the subsequent photon emission. '

We acknowledge valuable discussions with J. Andra,
H. Gabriel, H. Schroder, and H. Winter. This work was
supported in part by the National Science Foundation,
by the U.S. Department of Energy under Contract No.
DE-AC05-8405-840R21400 with Martin Marietta Ener-

gy Systems, Inc. , and the Sonderforschungsbereich 161,
Deutsche Forschungsgemeinschaft.

'H. J. Andra, Phys. Lett. 54A, 315 (1975).
2H. G. Berry, G. Gabrielse, A. E. Livingston, R. M. Schect-

man, and J. Desesquelles, Phys. Rev. Lett. 3$, 1473 (1977).
N. Tolk, J. C. Tully, J. S. Kraus, W. Heiland, and S. H.

Neff, Phys. Rev. Lett. 41, 643 (1978).
4H. Winter and R. Zimny, Hyperfine Interact. 22, 237

(1985).
sW. Graser and C. Varelas, in Inelastic Particle Su-rface

Collisions, edited by E. Taglauer and W. Heiland, Springer
Series in Chemical Physics Vol. 17 (Springer, Berlin, 1981),
p. 211.

SC. Rau, J. Magn. Mater. 30, 141 (1982).
7H. C. Brinkman and H. A. Kramers, Proc. Roy. Acad. Sci.

(Amsterdam) 33, 973 (1930); D. R. Bates and R. McCarroll,
Adv. Phys. 11, 39 (1962).

SJ. van Wunnik, R. Brako, K. Makoshi, and D. Newns, Surf.
Sci. 126, 618 (1983);R. Brako, Phys. Rev. B 30, 5679 (1984).

9H. Schroder, Nucl. Instru. Methods 82, 213 (1984).
'aSee, e.g. , W. Louisell, Radiation and IVoise in Quantum

Electronics (McGraw Hill, New York, 1964), Chap. 5.
"See, e.g., N. Ashcroft and N. Mermin, Solid State Physics

(Holt-Saunders, Philadelphia, 1981), Chap. 2; B. A. Trubnikov

and Y. N. Yavlinskii, Sov. Phys. JETP 25, 1089 (1967) [Zh.
Eksp. Teor. Fiz. 52, 1638 (1967)].

'2R. Ray and G. D. Mahan, Phys. Lett. 42A, 301 (1972);
J. Muscat and D. M. Newns, Surf. Sci. 64, 641 (1979).

'3J. Burgdorfer, E. Kupfer, and H. Gabriel, to published.
'4J. Burgdorfer, H. Gabriel, and H. Schroder, Z. Phys. A

295, 7 (1980); H. Schroder and J. Burgdorfer, in Ref. 5,
p. 207.

~~R. Shakeshaft and L. Spruch, Rev. Mod. Phys. 51, 369
(1979).

R. Zimny, H. Hagedorn, H. Winter, and H, J. Andra, Nucl.
Instrum. Methods 813, 60 (1986).
' E. Overbosch, B. Rasser, A. Tenner, and J. Los, Surf. Sci.

92, 310 (1980).


