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Memory loss and Auger processes in a many-body theory of charge transfer
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Charge transfer between hyperthermal alkali atoms and metallic scattering surfaces is an experimental and
theoretical arena for many-body interactions. To model new facets, we use a generalized time-dependent
Newns-Anderson Hamiltonian that includes electron spin, multiple atomic orbitals with image shifted levels,
intra-atomic Coulomb repulsion, and resonant exchange. A variational electronic many-body wave function
solves the dynamical problem. The wave function consists of sectors with zero and one particle-hole pair and
goes beyond earlier work with the inclusion of amplitudes for a neutral atom plus an electron-hole pair.
Higher-order sectors with more than one particle-hole pair are suppressed by powels; dfetite the
wave-function ansatz is equivalent to &Nléxpansion. The equations of motion are integrated numerically
without further approximation. This solution shows improved loss of memory — the final charge state is
independent of the initial one — in agreement with theoretical and experimental expectations. Understanding
of this phenomenon is deepened through an analysis of entropy production. By studying the independent-
particle approximation, and by examining the role played by different sectors of the Hilbert space in entropy
production, we arrive at necessary and sufficient conditions for loss of memory to occur in the many-body
solution. As further tests of the theory, we reproduce the experimentally observed peak in the excited neutral
Li(2 p) occupancy at intermediate work functions starting from different initial conditions. Next, we include
Auger processes by adding two-body interaction terms to the many-body Hamiltonian. Several types of Auger
processes are considered, and these are shown to affect the final-state occupancies at low work functions
because phase space enlarges rapidly as the work function is lowered. Preliminary experimental evidence for
an upturn in the Li(®) occupancy at the lowest work functions thus may be explained by Auger transitions.
Finally, we comment on the plausibility of observing a signature of the Kondo resonance in charge transfer
experiments[S0163-182@6)01620-4

I. INTRODUCTION of a dynamical system is independent of its initial state. It
has been observed experimentafiiyat the relative propor-
Charge transfer between metallic surfaces and atoms isté#n of charge species in a scattered beam of atoms depends
quantum-mechanical many-body phenomenon. Electrons @nly on parameters such as surface work function and the
either spin up or spin down can neutralize a positive ion, bubutgoing velocity. Loss of memory occurs in the
once one species has transferred to the atom, electrons of tfiglependent-particle approximation to the many-body
opposing spin are blocked, at least partially, by the two-bodyyewns-Anderson Hamiltonidnand, as explained below,
Coulomb repulsionU. In previous work [I] the time-  should also occur in better approximations that respect the

dependent Newns-Anderson Hamiltonian was employed as &rong intra-atomic correlation. To test loss of memory in the

model of resonant charge transfer dynamics in the Scatteringpproximate solution we integrate the equations of motion

of ?jlk"’.‘“ at?ms OH metgl lsurfaces. The only approxlmat]:orr]]forward in time starting from four different initial conditions.
made In solving the model was a systematic truncation of (g .o jations show a significant improvement in loss of
H|Ib_ert space. This varlatlonf%l approach, ploneered in th‘?nemory compared to that found ih] with a more restricted
static case by Varma and Yafeand in the dynamical prob- Hilbert space. By analyzing loss of memory in terms of the

lem by Brako and Newnd,is equivalent to a systematic . ; : : :
1/N expansion, wherd is the spin degeneracy of the elec- increase of entropy, we find a simple explanation for this

trons, which equals two for the physical cases of spin up and"Provement. o

down. The model and its approximate solution have been Loss of memory is important for another reason. Th_e
used by two experimental groups to describe the interactioN€Wns-Anderson model breaks down when the atom is in
of hyperthermal Li, Na, and K ions with an alkali/@01) the strong coupling region very close to the metal surface.

surfacé and Li ions with an alkali/AlL00) surface® Quali-  Atomic orbitals, which in the model are assumed to be or-
tative agreement has been found between experiment arlgogonal to the metal states, hybridize with surface states
theory. close to the surface. Also, higher-lying excited atomic states

In this paper we extend the many-body model[ldfby  that are neglected in the model begin to mix in and the scat-
adding Auger processes. We also improve the approximatiering atom cannot be accurately described by a small set of
solution by including higher-order terms. One test of the acdiscrete levels. Finally, Coulomb interactions between the
curacy of the approximation is provided by the phenomenorelectrons on the atom and in the metal become important.
of loss of memaory, which is said to occur when the final statéNevertheless, as long as loss of memory occurs, the Newns-
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Anderson model will be an accurate description of charge - -
transfer because the final charge state of the outgoing atom i$(t)= 2 [ (2P + el (2)Py]cl Cay + Ek: €Ck Cro
determined on the outbound portion of its trajectory, beyond ?
the strong coupling region. The breakdown in the model
close to the surface therefore does not affect the subsequent
physics of charge transfer further out.

The outline of the rest of the paper is as follows. In Sec. Il 1
we discuss the generalized Newns-Anderson Hamiltonian of * Eza Uaa”a(”a‘1)+§b UapNany - @
resonant charge transfer. The approximate solution of the
model is presented in Sec. lll. To the Hilbert space originally
considered irfl ] we add new sectors to the many-body wave' ™" L .
function at order M that correspond to a neutral atom plus °'Pital & of the atom. For lithiuma=0 for the ,Orb'tatl;
a particle-hole pair and solve the resulting equations of mo2=1, 2, and 3 for d,, 2p,, and 2y, etc. Likewise,c,
tions numerically. We compare the solutions to ones obCréates an electron of momentumand energyey in the
tained previously in[l] and find that the present model metal. Of coursek is really a three-vector, which labels all

agrees better with experiment as there is improved loss qgf the levels in the metal, .bOth filled and empty, but it may
memory. We also comment on the plausibility of observing! e regarded as a scalar without loss of generality by absorb-

the Kondo effect in charge transfer experiments. Section "9 the three-dimensional aspects of the problem &tand

of the present work is devoted to analyzing the origin of loss’ak- We introduce the operatof3, and P, to project, re-

of memory. We study the relationship between loss 0fspectively,. onto atoms with one or two _valence electrons.
memory ana growth in a coarse-grained von Neumann e These projectors, which may be written in terms of the or-

: “ital occupancies,= c*"cag, permit one to assign different
tropy. For comparison, we also calculate the correspondln%rbital energies ) a?'ld “®  and metal-atom couplings
entropy increase in the independent-particle approximation. 1) (2)9 €a a ’ piing ’
Since the Hilbert space is unrestricted in the independent?ak @ndVa. 10 the two cases of neutral atoms and negative
particle approximation, the comparison clarifies how the!®S: An implicit sum over repeated upper and lower Greek

truncation of Hilbert space affects entropy production. Ininr:jic.eS :sgdgpted; for PON.ZZ and(g= (11'2 to relpretsent th\fv
Sec. V we add two-body interaction terms to the originalp ysical SU2) case of spin-up and -down electrons. We

Hamiltonian that model several tvpes of AUGer Brocesses A1ave multiplied the atom-metal resonant coupling by a factor
yp gerp " ‘of N"Y2, This factor keeps atomic level widths finite in the

simple phase-space argument shows that these couplings K&« limit Finally, we eliminate excited negative ions from
increasingly important at low work functions. We demon- h ' y

) . e Hilbert space by taking the Coulomb repulsld
strate that Auger processes can explain the experimental rab+0 P y 9 P By

observe8 upturn in the formation of excited Li(®) atoms at The orbital energies and atom-metal couplings change

the very lowest work functions. Conclusions are presented ifith time. Time dependence enters through the ion trajec-
Sec. VI. tory, which we model as

+N-YZY 11V (2)Py+VR(2)P,lci7c,, + H.¢
ak ’ '

Here the fermion operatm';" creates a spitr electron in

Z(t)=z;—uit;  tsty=(Z—2p)/y;
Il. THE GENERALIZED NEWNS-ANDERSON MODEL

=Zot Us(t—tym);  t>tym: (2
To model the dynamics of charge transfer, we make sev-

eral simplifying assumptions. We employ the Newns-1h g the trajectory starts at a distarmefar away from the

Anderson Hamiltonian, ignore radiative charge transfer progyface at time=0. We account roughly for the decrease in

cesses, and for now consider only resonant charge transfggn kinetic energy during impact, due principally to the re-

The electrons in the target metal are modeled as zerqjl of surface atoms and the change in the scattering angle,

temperature noninteracting spinning fermions, albeit with theyy instantaneously changing the initial perpendicular compo-

renormalized dispersion of a Landau Fermi qu?u'ﬂhe zero-  nent of the ion velocity; to us<u; at the point of closest

temperature approximation is justified, as experiments typiapproachz,.

cally operate at temperatures much less than other relevant The Fermi energyr is defined to be zero and the vacuum

electronic energy scales. The atom is modeled as a systelvel lies aboveer at work functionW. For simplicity, we

with a finite number of discrete states moving along a fixeddefine all orbital energies, relative toer. Because of im-

classical trajectory given by(t) wherez is the distance age charges, the orbital energies of the neutral ae@l)rshift

from the atom to the metal surface. Each of these atomiapward bye?/4z as the atom approaches the metal surface.

states couples to the metal electrons when the atom is clo§e parametrize thig dependence we use the following form

to the metal surface. Feedback between the electronic deer (¥, which saturates close to the surface:

grees of freedom and the trajectory is ignored in the formu-

lation. This trajectory approximation should be adequate as

long as the kinetic energy of the ion is much larger than theegb(z):

electronic energies. lat Wt max, Z<Zjny.
The model is defined by the following generalized time-

dependent Newns-Anderson Hamiltonian: 3

lat WH[102  + 16— Zi)21€*]1 Y2 2>27;,



13 342 A. V. ONUFRIEV AND J. B. MARSTON 53

Herel , is the ionization energy of an orbitalof an isolated TABLE |. Parameters appearing in E§) which characterize
atom that is taken to be negative ang is the distance from the resonant half-widths for different atomic states of lithium. All
the surface at which the image shift saturates to the valugarameters are in atomic units.

Umax- -

In contrast to the ionization levels, the affinity levels shift Atomic state Ao N Asat
downward as the atom approaches the surface. In othgr 0(2s) 293 0.86 0.04
words, the energy required to remove the two valence eleg, o(2p,) 0.70 0.54 0.04
trons bound to a negative alkali iofhereby making it a ,(2522) 018 038 0.05

positive ion is unaffected by the image charges. As the
intra-atomic Coulomb repulsion is already accounted for ex-
plicitly in the two-body interaction term in Eq1), the or-

bital energies for the negative ion are given by the samd © be concrete, we study the case of lithium atoms interact-
formula as Eq(3) without the image shift: ing with a CY001) surface. Some of the parameters that

appear in the Hamiltonian Eql) via Egs.(2), (3), and (6)

are fixed throughout the rest of the paper. In &) we either
€D =1,+W. (4)  start the trajectory far away from the surfaceat 20 A and

bounce off the surface at=1 A or begin from the point of

The Coulomb energy between two electrons in the lowest l0Sest approactg,, and integrate outward. In E¢3) we
electron affinity(also defined here to be negativéhe atom-  energy from the & ground state is given b= —5.39 eV
metal couplingd/, . decay exponentially with distance when and the ionization energy from thepg excited state is
the atom is far from the metal surface because the atomit;=—3.54 eV. We ignore the & , states as they couple
wave functions drop off exponentially with increasing dis- only weakly to the metal. We also eliminate higher-lying
tance from the atom, and the electronic wave functions in thexcited states and, as mentioned above, excited states of the
metal fall off exponentially with increasing Closer in, the negative ion as these states are not expected to become sig-
couplings deviate from the pure exponential form and satunificantly populated. The electron affinity energy in £4).is
rate. In the following calculations we ignore tikedepen- given byA=—0.62 eV. Finally, the half-bandwidth of cop-
dence of the metal-atom coupling. This approximation is jusper is given approximately blp =4 eV. Parameters appear-
tified insofar as most of the resonant electronic processefg in the resonant widths formula E@) are given in Table
occur close to the Fermi surface and the wave-vector depem:- Parameters that vary are the surface work funct@and
dence of the couplings is smooth. the incoming and outgoing velocities of the lithium atom
The metal states are labeled byv2discrete momenta, u; andu;. Values for these variables are listed in the text
M above the Fermi energy amd below it. We seM=30in  below and in the figure captions.
the numerical calculations presented below, a sufficient num-
ber to sample the continuum of states accurately. Though the
couplingsV,. are of fundamental importance in the many- . SYSTEMATIC SOLUTION
body theory, it is convenient to express them in terms of the
atomic half-widths, as the couplings must be rescaled each To construct an approximate wave function for the prob-
time we change the number of discrete metal stdesNe lem we follow Varma and Yafétand also Brako and Newhs
relate Coup"ngs and ha|f_WidthAa via the approximate and group the full many-body electronic wave function into
independent-particle Fermi golden rule formula: sectors containing more and more numbers of particle-hole
excitations in the metal. Upon truncating the wave function
at a given number of particle-hole pairs, we obtain a varia-
2 tional wave function that spans only a small, but manage-
Va:k_w_p’ 5 able, portion of the entire Hilbert space. The amplitude for
particle-hole pair production is controlled at least formally
by generalizing the two types of $2) electrons(spin up
and down to N types of SUN) fermions. Thus the spin
index o now runs from 1 toN. We show below that the
amplitudes for terms involving more and more particle-hole
pairs are reduced by higher and higher powers bff. 1/

where p=M/D is the density of states for a flat band of
half-width D. Level half-widthsA,(z) are obtained from
first-principle calculations, within an independent-particle
approximation, carried out by Nordlander and Tillynd
Nordlandert! Exact values forvi will, of course, differ To begin, we decompose the many-body wave function
somewhat from those obtained via E). To be useful, o4, five sectors, four of which were introduced [iif. The
theoretical predictions must be robust to changes in the Valiaw fifth sector consists of two parts, symmetr) (and

uer:s_ r?f the Cour%')llngs.hA simple _thlrge-parameter fL]fnCt'oEantisymmetric A). In this paper we adopt the convention of
which accounts for both exponential decrease away from t sing capital letters to denote momenta indices that are re-

surface and saturation close to it, fits the calculated Width§tricted to values greater tham , or in other words, states

.12
well: above the Fermi energy. Lower case letters denote momenta
indices that run over values less thiap. The variational
A ©6) ansatz for the many-body wave function can then be written

Aa(z): [e4az+(A0/Asao4_1]l/4 . as
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Each sector is a global SN| singlet. Nonsinglet sectors can at zero temperature with no particle-hole excitations. Ac-
be ignored insofar as the initial state of the system, a closedsording to the convention the limits on the momenta ranges
shell positive alkali ion far away from an unperturbed non-appearing in Eqgs(8) and (9) are shorthand notation for

magnetic metal, and the Hamiltonian are both(SJsin-

€q<€x<e€r and e, > e, Whereez=0 is the Fermi energy.

glets. Here the orthonormal basis states in different sectors d¢f other wordsk and g label hole momenta, and labels

the Hilbert space are given by
|ask)=N""%c]"c,,|0),
IL,ky=N"YZ& "¢, |0),
[k, @)=[N(N=1)]"*%5"craCi’Capl0).  (8)
The basis for the new sectors is given by
|a;L k,a)=[2N(N—1)]~*¥c[“cy,cfeqyl0)
+c]*CqaClPeysl0)}.
|a;L k@) A=[2N(N+1)]¥¥c[“craclfcqs|0)

¢ "CqaCiCigl 0)}.

9)

The reference stat®) represents a positive alkali idine.,
an empty valence shelalong with the Landau Fermi liquid

0> la;k>
SF ________________________
— @ K —
ILk>

particle momentum, so whilf_,q) is a positive ion plus a
particle-hole pair, the statéd,q) instead represents a nega-
tive ion with two holes in the metal. A schematic of the
different sectors of the Hilbert space is presented in Fig. 1.
We show below that terms involving two or more particle-
hole pairs constitute higher-order corrections, which are
dropped in the approximate solution.

The time-dependent coefficients appearing in the many-
body wave function Eq(7) are amplitudes for the following
states:(1) f(t): A positive ion with no excitations in the
metal, which is at absolute zero temperature. Note that
f(t=0)=1 describes the initial state of an experiment that
directs incoming positive ions against the metal targex.
b,.k(t): A neutral atom with orbitah occupied and a hole
left behind in the metal at momentukn (3) e 4(t): A posi-
tive ion and a single particle-hole pair in the mdthle elec-
tron has momentumh. and the hole has momentuq). (4)
dyq(t): A negative ion with a double-occupiesl orbital
(a=0) and two holes in the metal at mometandq. (5)

SaL kg aNda,; kq: Amplitudes for the new states that rep-

k,q>

zero M order

in 1IN

first order

in I/N

FIG. 1. Schematic of the different sectors of the Hilbert space up to ortlerTle new sector is highlighted in the box. Still missing
at O(1/N) are amplitudes for a negative ion with two holes plus a particle-hole pair in the metal.



13 344 A. V. ONUFRIEV AND J. B. MARSTON 53

resent a neutral atom with orbitaloccupied plus two holes ing a single particle-hole paire( o, Sa| kg, andaa .q)

in the metal with momentk andq and a particle of momen- are reduced by a factor &f ¥ in comparison to the ampli-
tumL. To enforce orthogonality, the sector is split into sym-tudes for the sectors with no particle-hole paifslg,.,, and
metric (s) and antisymmetric partsaj with respect to inter-  d, 4). The probability for a particle-hole pair is therefore
change of momenta indicds and q. Physically, the state reduced by a factor of . The restriction to this trial basis
produced by an electron hopping to the atom from a metalligs achieved by projecting the Schiinger equation
level k while another electron hops fromto L can be dis- j(d/dt)¥ =HW¥ onto each sector of the Hilbert space to ob-
tinguished from the state in whidhandq are interchanged. tain the equations of motion. Followir{g], to reduce com-
In the special case of no spin degener&ty 1, however, putational work we remove diagonal terms from the equa-
there is only one state, the antisymmetric one, as the particlea®ns of motion by a change of variables:
are then spinless and can no longer be distinguished. At =A(t)exp YD where \(t) is an amplitude andp(t)

The logic behind the truncation scheme becomes cleafould be the phase of the corresponding state were the cou-
upon considering the nature of the off-diagonal coupling, thepling of the atom to the surface turned off. For instance, in
terms in the Hamiltonian proportional t8~Y2/,... These the newly added sector, diagonalization is accomplished with
terms couple adjacent sectors of the Hilbert space, as showhe following change of variables:
in Fig. 2.(By adjacent we mean sectors that differ by at most
one elementary excitation in the band such as a hole or a
particle) Repeated applications of the off-diagonal coupling
to the reference stat®) generates all of the sectors in the
singlet many-body Waveifunction. Each tim&g,. acts, it Aa k() =Aa kgt exp—i[ da(t) + (e — ex— €g)t]},
brings along a factor oN~Y2 Thus amplitudes for sectors
involving multiple particle-hole pairs are weakly coupled to where ¢,(t)=[e{(t")dt’ is the time-evolved phase for
lower-order terms whem is large. In particular, from Eg. the decoupled, but image-shifted, atomic orbéalThe re-
(10) below it is clear that the amplitudes of sectors contain-sulting equations of motion are

Sa;L,k,q(t) = Sa;L,k,q(t)eXp{_ i[da(t)+ (e —e— fq)t]}!

d
I = ) Ve exptil et~ 4a(0]} B,

| ¢ Bak=Vaexpli[ da(t) — ed]}F + 81 0V1— N2 Vgt exp{—i[(U— eq+ 26 )t = do() [ 6(k— ) Dyt 8(q— k) Dl
q

NS VR explil ¢alt) - e tIHEwk,

i%ELﬁNl’Zg Vailexplilet= ¢a(0)]}Bast VIN=1)/2N 2, Vi exilil &gt = da( Ok~ 0)Saiig

+0(0—K)SaLqul + ¢<N+1>/2N§ Vi explil egt— da(t) IH O(k— ) Ag kg 00— K) A qid,
i%Dkq: Ji— 1/Nv§,€,;exp[i [(U—eq+2€)t— do(1) 1}Bost+ V1— IINVELexpli[ (U — e+ 26 )t— do(t) 1} Boyk
(2N VELexplil (U= e+ 2t do(t) } ok,
i%salqu Sa o 2IN) YAV exp{ —i[ (U — e+ 2€?)t— do(t) I} Dg+ V(N— 1)/2N[vggexp{i[¢a(t) — et VELi
+Vhexplil pa(t) — et 11ELq],

d
i VIN+1)/2N[VEexpli da(t) — egt HEL— Vakexpli[ da(t) — et 1}E 1. (10
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0.80 T T T T
10> — lask> Ik,q> initat condiion:

0.70 | — ———  positive ion

g - - peutral atom

3Ia;L,k,q> : 0.60 I ground state
HasLk,q>

IL,k>

0.50

0.40 -
FIG. 2. Resonant charge transfer couples the different sectors of

the truncated Hilbert space indicated by the arrows. 0.30 r

Neutralization probability

0.20 |

In the above equations we have used the following symme-
tries of the amplitudesDy;=Dgx, SaLkg=SaLqk. and 010 1
Aa:lkqg= —AaLgk- Also, we have corrected several typo- 000 ‘ ‘ ‘ ‘
graphical errors that appeared in E8.6) of [I]. As the 0.000 0.010 0.020 0.030 0.040 0.050
amplitudes undergo unitary evolution forward in time, the a) Perpendicular velocity (a.u.)
sum of their squares is conserved and equals one. 0.80
The equations of motion are numerically integrated for- L postveion
ward in time with the use of a fourth-order Runge-Kutta ~ °"°[ v neutral atom
algorithm with adaptive time steps. The double-precision C = ¢, | ————  ground state
code is run on IBM RS/6000 machines and, in a vectorized b
and multiprocessor form, on a Cray EL-98 compdfe®rob-
ability is conserved to better than 1 part in®1&or M =30
levels, one run at a typical velocity takes on the order of 10
min of RS/6000 CPU time. We choose one of the following
four initial conditions:(1) A positive alkali ionA™ far away
(z=z;) from the surface. The only nonzero initial amplitude 0.20 |
is F(t=0)=1. (2) A neutral, unexcited, alkali atorA® far
away. The only nonzero initial amplitude Bg.,=1. A
single hole lies at the Fermi energy. It is important to note 0.00 ‘ ‘ ‘ K
that the hole is delocalized throughout the entire target and 0.000 0.010 0.020 0.030 0.040 0.050
hence does not affect charge transt&). A negative alkali ) Perpendicular veloly (a.u.
ion A~ far away. The only nonzero initial amplitude is
Doo=1. Two holes lie at the Fermi energi4) Start at the
point of closest approaclz=z,, in the equilibrium ground
state.(The ground state is obtained via the imaginary-time
Lanczos aIgprithn).This initial condition is realized in sput- o condition, is given byu; = (4/3)u; . The surface work func-
tering experiments. tion is W=4.59 eV, corresponding to a clean ©01) surface.(b)

~ In Fig. 3(a) we present results from the improved equa-same aga but using the smaller variational Hilbert space and
tions of motion for the case of a lithium atom striking a cleangquations of motion oft].

Cu(001) surface of work functionW=4.59 eV for three dif-

ferent initial conditions(1), (2), and(4), and over a range of nation in the particular manner in which the Hilbert space is
velocities (0.005 a.u<u;<0.05 a.u.. The occupancies truncated, and we return to this question below in Sec. IV.
change by less than 1% when the number of metal levels Another important test of the improved approximation is
below the Fermi energy, is increased from 30 to 60. For whether it reproduces the peak in the excited neutral
comparison, in Fig. @) we also report results obtained from Li(2p) occupancy seen in experimehisat a surface work
the previous equations of motion fif], which are missing function value ofW~2.8 eV. The improved calculations do
the new sectors. Note in particular the significant improve-in fact yield a peak.The physical origin of this peak is
ment in loss of memory compared to that foundlihfor all discussed in Sec. V belopwExperimental measuremefisf
three initial conditions. From both experiméft and the the number of photons produced by the decay of the excited
independent-particle approximatioh,we expect loss of Li(2p) state to Li(Z) are plotted alongside the calculated
memory to be complete at this velocity. Evidently the sys-final Li(2p) occupancy in Fig. 4 for the case of initial con-
tematic 1IN expansion works better and better as the Hilbertditions (2) and (4). Good qualitative agreement between
space is enlarged and higher-order terms are included. Howheory and experiment is obtained. The positive-ion initial
ever, we also find that loss of memory is absent from bottcondition does not, however, yield results that agree with
solutions for initial condition(3), the negative ion. For this experiment at work functions below 2.8 eV as the lgj2
initial condition, the final charge state is nearly 100% neutraloccupancy continues to grow monotonically. We attribute
(A°) for the improved equations of motion, and 100% nega-the breakdown at low work functions to the truncation of the
tive (A7) in the case offl]. The breakdown of loss of Hilbert space. A term at orderM/has been left out because
memory for the negative-ion initial condition has an expla-it has four momenta indices: the amplitude in e sector

initial condition:

0.50 -

0.40

0.30

Neutralization probability

0.10

FIG. 3. (a) The calculated neutralization probability for lithium
(N=2) as a function of outgoing velocity; using the improved
approximate solution. Three different initial conditions are exam-
ined. The incoming velocity, except in the case of the ground-state
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Away from a level crossing it is small and can usually be
neglected. This is no longer the case in charge transfer ex-
periments, where the Kondo temperature is of orgBrA
near the level crossing. Then the unphysical temperature
scale is of ordeD?/A, which is generally larger than both
the bandwidthD and the Kondo temperatuté A compari-

son between the NCA approximation and an essentially ex-
act renormalization groufRG) analysis of the Anderson im-
purity model also shows that NCA is an inaccurate
approximation for dynamical properti&$.In contrast the
1/N approximation employed here is free of these difficulties
as it contains vertex corrections. For example, the Kondo

1.0

A Experiment

0.8

o
o
T

o
IS

Relative Yield (arb. units)

02 r

Ap | peak disappears in the variationaNl#approach aN=1 as it
A should, since there is no longer any spin degeneracy. In the
0.0 Sl s i slave boson NCA approximation it persists as an unphysical
0.0 1.0 2.0 3.0 4.0 5.0 featurey

Work function (eV) . . . .
ereneton Besides the technical limitation of the slave boson NCA

approximation, other problems arise in attempting to extract
FIG. 4. The measured and predicted normalized yields of thehe weak Kondo signal from the large background. Shao,
excited neutral atom Li(@) (triangles vs the surface work function Nordlander, and Langreth assume that the negative ion has
W. In the experiment, Li is incident on K/C(001) with initial  the same width as the neutrabut this assumption should be
kinetic energyE,=400 eV. The peak occurs #/~2.8 eV. Solid  relaxed since, as noted above, negative alkali ions are larger
and the dashed lines are the results of the improved approximaian neutral atoms. This means negative-ion yields cannot be
solution of the many-body modeN(=2) for two different initial  gjrectly compared to positive yields. Furthermore, the de-
conditions. In this case the band consistd/of 30 states above and tziled form of the width is not a pure exponential and the
30 states belgw the Fgrmi surface with a h_alf-bandwidttDeM image shift is impossible to compute precisely. These com-
ev. The atomic level width parameters are given in Table I. For the,iations may introduce additional nonlinearities that will be
initial condition of the equilibrium ground stateolid line) the tra- difficult to separate from those produced by the Kondo reso-
jectory begins from the point of closest approaeh= 1.0 A) with nance. Excited states also have been neglected in the model
an outward velocity given by;=0.03 a.u. For the initial condition of Shéo Nordlander and Lanareth. but these mav cause
of a neutral atorr(dashed ling the trajectory starts at;=20.0 A wiggles ,in the occup;ancy thatgcouk,j be misinterprgted as

with an initial velocity ofu;=0.04 a.u., bounces ay=1.0 A, and p fi .
leaves the surface with a lower outward velocitywf=0.03 a.u. Kondo effects. Indeed, we find no clear signature of the

The experimental and theoretical yields, which agree in magnitudd<ondo resonance in the approximate solution to our model,
are here normalized to unity. We attribute the broader width of theéVhich incorporates these generalizations. Finally, there ap-
experimental peak to inhomogeneities in the surface potential duB€ars to be no way to do a control experiment in which only
to the K adsorbates. the intra-atomic Coulomb repulsion is turned off, with all

else left unchanged. Nevertheless, the observation that
corresponding to a negative ion with two holes plus akondo effects can in principle occur serves to underscore the

particle-hole pair in the metal. We expect that this term could@ny-body nature of charge transfer.
absorb the excess excited neutrals at low work functions.

Scattering experlments_ off clean ;urfaces are the best IV. ORIGIN OF MEMORY LOSS
arena for answering quantitative questions about many-body
effects, as complications involving surface adsorbases In this section we analyze how theNLExpansion works

then avoided. Recently Shao, Nordlander, and Langreth have the dynamical problem. In particular, we investigate the
made an interesting suggestion: at low velocities, a Kondghysical mechanism responsible for loss of memory. We
resonance should appear in the atomic spectral funttidn.  analyze how loss of memory is affected by the truncation of
argue that this resonance could be observable in chargee Hilbert space to clarify why the approximate solution
transfer experiments, Shao, Nordlander, and Langreth enexhibits loss of memory for three of the four initial condi-
ploy a slave boson noncrossing approximatitdCA) treat-  tions while it breaks down for the case of an incoming nega-
ment of the time-dependent Newns-Anderson motishao, tive alkali ion. We begin by formulating a simple necessary
Nordlander, and Langreth argue, based on an assumed putgterion for memory loss to occur and show that it is always
exponential form for the atom-metal coupling, that thesatisfied as long as the initial velocity of the atom is low
Kondo peak could show up as deviations from a singleenough. As loss of memory is not complete in the approxi-
straight line in a plot of the logarithm of the atomic occu- mate solution, we conclude that the conditions that determine
pancy versus the inverse perpendicular velocity. its presence or absence are more subtle. To characterize the
It is important to note that the slave boson NCA approxi-phase decoherence of the initial state and thus loss of
mation breaks down when the atom is in a mixed valenceanemory, we introduce a coarse-grained entropy in both the
state, which must occur whenever there is a level crossingndependent-particle and the many-body picture. In the
the Fermi energy. In particular, a nonphysical temperaturéormer case the Hilbert space is unrestricted and loss of
scale appears within NCA. It is an artifact of the approxima-memory at low velocities is completé By comparing en-
tions made: especially, the neglect of vertex correctidns. tropy increase in the two pictures we gain insight into the
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FIG. 5. The occupancies of the different charge statesA°, andA™ as a function of time fofixed atomic positiorz=z,. A lithium
atom (N=2) interacts with a metal surface of work functid®d=4.59. Time evolution begins from each of the following four initial
conditions:(a) Positive ionA* atz=1 A. The final occupancie@tt=_8.2x 10" '°seg areP*=0.7806,P°=0.2134, and®~ =0.0058.(b)
Neutral atomA°® atz=1 A. The final occupancies afe" =0.7471,P°=0.2480, and®~ =0.0047.(c) Negative ionA~ atz=1 A. The final

occupancies are®"=0.028, P°=0.9508, andP =0.0204. (d) Equilibrium ground state az=1 A. The final occupancies are
P*=0.7965,P°=0.1983, and® =0.0071.

importance of the higher-order sectors left out in the trun-nfinite bandwidth D—), the following expression is ob-

cated Hilbert space of Eq7). We show that the probability tained for the time evolution of the expected atomic

flow between different sectors of the Hilbert space is towardbccupancy™®

the direction of increasing entropy; the entropy grows as

robability flows to sectors that occupy larger and larger por- t

ItCi)ons of p>r/1ase space. Py e na(t)zna(O)exF< _ZJOA[Z(t/)]dt'
First we review the phenomenon of loss of memory

within the independent-particle approximation. In this ap-The first term is the memory term*", which depends on

proximation, we neglect the strong correlations betweenhe initial atomic occupancy,(0). The second ternO(t)

electrons on the atom by reducing the atomic states to does not interest us here as it is independent of the initial

single orbital, and by treating the electrons as spinlesgondition. Assuming pure exponential dependence of the

(N=1). Then the Pauli exclusion principle, instead of thelevel width on distanceA(z)= A exp(—«2), and using the

intra-atomic Coulomb repulsion, prevents multiple occu-trajectory approximation Eg2), the memory term in(11)

pancy of the atomic orbital. Consider an atom initially in may be rewritten along the inward bound portion of the tra-
some statga) incident on the metal surface. As the atom jectory as

moves towards the surface, it begins to forget its initial state.

If the atom does not spend enough time close to the surface, me 2A,

however, the initial state will not decay completely, and the na ) =na(0)exp — —-exd —a(zi—uiH)]]. (12
final charge state will depend on the initial one. Thus the '

atom must move slowly enough for loss of memory to occurlnitially the atom is at a distance; from the surface and
In the independent-particle approximation, for the case ofmoves towards it with a velocity; . It reaches the surface at

+0(1). (11
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t=tynm=2¢/u; and loss of memory is thus complete if undergoing unitary time  evolution.  Thus,
N *"(twm) <Na(0) or in other words, p(t)=U(t)ﬁ(Q)UT(t), _ where U(t)=exp(-iHt), so
Srg(t) =~ Tr{U(t) p(0)UT(t) U (t)Inp(0)UT(t)}. Grouping to-

2A> au; . (13 getherU(t) andUT(t) under the Tr symbol, it is straightfor-

ward to see thaB(t)=—Tr{p(0)Inp(0)}=S4(0). Instead,
The physical meaning of this equation is that there must beve coarse grafit the system by ignoring information con-
enough time for an electron to hop back and forth betweerained in the off-diagonal matrix elements @f The coarse-
the atom and the metal several times for loss of memory tgrained entropy is then defined as
be complete. Parameters for the half-widths of lithium are
given in Table |. For the & orbital, A;=2.23 and
a=0.86. Thus at a typical incoming velocity of=0.04 a.u,
Eq. (13) is well satisfied. Although the above estimate is ) . - o
based on the independent-particle approximation and ad/Nerépa, are the diagonal matrix elementsmfwhich time
sumes a pure exponential form fArz), the conclusion is €Volves as
valid in the many-body case and for the more general form
for A(z) we use below, as the key physical feature, the cou- p,,(t)=">, |Up(t)|?pps(0)+ >, Ukp(t)Uac(t) pre(0).
pling of the atomic level to a continuum of states in the b b#c
metal, is unchanged. Indeed, loss of memory occurs within (15

the slave boson NCA approximate solution to the dynamicairhe second term in this equation contains all the information
many-body problem in which a class of bubble diagrams isabout phase correlations, and we expect it to vanish in the
summed to all order¥ In a low-velocity limit the slave t_so |imit provided the Hilbert space is large enough. Then
boson NCA approximation reduces to a set of first-order ratg: is easy to sho# that dS,(t)/dt=0, the quantum me-
equations, which necessarily exhibit loss of memory whenchanical analogue of the Boltzmaiththeorem.

ever the occupancy of any channel attains unity along the |t is straightforward to compute the coarse-grained en-

trajectory. However, as quantum mechanical phase informaropy Eq.(14) from the many-body states E):
tion is thrown away in the semiclassical rate equations, they

are inaccurate at velocities of most experimental int&téSt
and we do not consider them further here.

It is useful to examine the time evolution of an atom held
at a fixed position close to the surface as the Hamiltonian is

ch(t)z _za: Paa()INpaa(t), (14

Se0) = = FIANIF= S, [Bayl2nlBaid?

— 2 2_ 2 2
then time independent. If there is no loss of memory for LEI:< |ELl®In|Evy] gq | Dkgl“In[Dyql
different initial conditions, then loss of memory will, in gen-
eral, be absent in the dynamical problem. Results for the

- : — > ISakdl 2N Sai kg2
approximate solution to the many-body problem are pre- q a;Lkq a;Lkq

a;L k>

sented in Fig. 5. It typically takes,~ 10~ 1° sec for the oc-
cupancies to settle down to constant values. This interaction _ Z
time scale is shorter than the typical amount of time the atom

spends in the region of strong coupling in the dynamical ) o ]
problem, 7> (5 A)/(0.05 a.u} ~5x 10 15 sec. Small oscil- Where the ellipses denote contributions from higher-order

lations in the occupancies with period 1:030 5 sec at  Sectors not included in the variational wave function. In the

large time are due to the finite metal bandwidih=4 eV, m_dependent-particle picture the coarse-grai_ne_d entropy i_s

and are washed out in the dynamical system. The occupa@!ven by the2 standard expression for the statistical mechani-

cies change by less than 0.1% when the number of met&?! entropy’

states above or below the Fermi enerdy¥, is increased

from 30 t(_) 60. Note that Poincarecurrence, relev_ant when Seyt) = —E ngn nk—z (1—nyIn(1—n,)—nyln n,

the coupling between the atom and the surface is weak, oc- k k

curs at the longer timer, =27 M/D~2X 1.0*14 sec and —(1-nyIn(1-n,). 1n

can be ignored. The final atomic occupancies of about 80%

positive fraction are nearly the same for three of the initialHeren, is the occupancy of the metal band lekehndn, is

conditions: positive ion(1), neutral atom(2), and equilib- the atomic occupancy. It is important to note that the two

rium ground state4). In the case of the negative-ion initial entropy definitions, Eqs(16) and (17), are not exactly

condition (3), however, the final charge state is mostly neu-equivalent, even for the case of spinless electrons. Informa-

tral, not positive. tion in the form of two-body and higher-order correlations
Study of the effects of the truncation of the Hilbert spacecontained in Eq.(16) has been thrown away in E¢17)

on loss of memory in the many-body solution requires awhere only the one-body occupancies appear. For example,

guantitative measure of decoherence. For this purpose weach Hilbert space sector of Eq8) and (9) strictly con-

may introduce the fine-grained quantum mechanical vorserves total particle number. Conservation of total particle

Neumann entropySy(t)=—Tr{p(t)Inp(t)}, wherep(t) is  number is reflected in nontrivial two-body correlations,

the density matrix. The fine-grained entropy, howeverwhich are discarded when the state is described purely in

is constant for any time-independent Hamiltonian asterms of one-body occupancies. While the two entropies are

no phase information is lost in a system equalin the limit of a macroscopic number of excitations, for

|Aa;qu|2|n|Aa;qu|2_ R (16)
a;L,k>q
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the finite number of excitations generated in an atom-surface
collision the coarse-grained entropy of Ef7) is somewhat
larger than that of Eq(16).

Occupancies in the independent-particle approximation
are obtained by solving equations of motion for thgera- 60 |-
tors C,(t) andc,(t) as opposed to equations of motion for
amplitudessuch as Eq(10). To highlight this difference, we
place carets on top of the operators. As there is no many-
body interactionU in the independent-particle approxima-
tion, the Heisenberg equations of motion for the operators,
obtained from Eq(1), are linear:

8.0

40 |- s ————

Entropy (dimensionless)

Th .
20 // e

independent-particle
~~~~~~~~~~~~ = many-body (new)

. A .
igea= & (V8 + 2 Vor(De, / T

4 - many-body (old)

0.0 - : !
0.0 10.0 20.0 30.0

Time t (107 sec.)

. d ~ _ ~ (l) ~
Iack— Eka+V0;k(t)Ca. (18)
FIG. 6. Time evolution of the dimensionless coarse-grained en-
Here and belova=0 and the momentum indedkruns over tropy S¢i(t) for afixedatomic positiorz=1 A. Initially, att=0, the
all momenta, not jusk<k . The operators at timemay be lithium atom is a positive ion. It then interacts with a metal surface

expressed as a linear combination of the operators at th worI§ function W= 1.59. The_ independent-particle and the two
initial ime t=0- approximate many-body solutions are compared for the case of

spinless electrongy=1.
Ca(H)=(1E,(0)+ 2, b(HEO), |\If<t>>=Hk<kF6k<t>|O>=Hk<kF[d:<t>éz(0>

|0); (2D

* At
BD=0(08(0)+ T e80. (19 2 (V%0
here|0) is the true vacuum state devoid of any electrons.
Initially, the time-dependert-number coefficients are given Now it is clear how an arbitrary number of particle-hole
by f(0)=1, b,(0)=d,(0)=0, andey4(0)= 5yy. Subsequent excitations are accommodated within the independent-
values are obtained from the equations of motion for theParticle approximation. From Eq(21) it follows that
coefficients: Na(t) =i | di(D)]?, andng(t) =2 leq(t)]?.
In Fig. 6 we plot the time evolution of the entropy in the
d independent-particle approximation and in the approximate
i&f=e§f)(t)f+2 VEi(t)dy, solution to the many-body model for the case of spinless
k fermions (N=1) with and without the new sectors
la;L,k,q) of the Hilbert space, Eq.7). We also eliminate
d w " excited atomic states in the many-body equations of motion
s (Dbt 2 Vi (beg, Eqg. (10) to permit direct comparison of the approximate
d many-body solution with the independent-particle solution.
The initial state of the lithium atom, which is held at fixed

d 1 position z=z,=1.0 A, is a positive ion and the entropy is
'&dk: adi+ VoD, zero. As time advances, this pure state evolves into a mixed
one and the entropy grows. Several features shown in Fig. 6
are generic for all of the initial conditions and parameters we
'Ee = e+ V(Db (20) tested. First, the entropy increase in the independent-particle
"t Bka™ €Cka ™ Vo UBq- case is comparable to that in the many-body case, even

though the Hilbert space of the independent-particle solution
Once the diagonal terms are removed by a change of varis unrestricted. This suggests that sectors containing two and
ables as in Eq(10), these equations are numerically inte- more particle-hole pairs, the ones not present in the varia-
grated forward in time with the fourth-order Runge-Kutta tional wave function, do not become significantly populated
algorithm!* The occupanciesn,(t)=(c!(t)¢,(t)) and and can be safely neglected. Indeed the number of electron-
nk(t)=<él(t)ék('f)) may then be calculated for any initial _hole pairs produ_ced duri_ng a collisi_on, estimated in the
state of the system. For example, in the case of an incidefdependent-particle solution by counting the expected num-
positive alkali ion and a filled Fermi sea, initially,(0)=0  ber of particles due to pairgy Nk, is typically less than
andn,(0)=1 for k<kg. The many-electron wave function one. Evidently an infrared catastrophe is avoided: the num-
is then given at all times by the Slater determinant ber of very low energy excitations is severely limited. We
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An important feature of the probability cascade is the in-
creasing time scale at which higher-order sectors become
populated as seen, for instance, in Figo)9The atomic oc-
cupancies essentially reach their final values at
t=7.5x 10 1 sec, despite the fact that probability continues
to flow from |0) to |L,k) and from|a;k) to |a;L,k,q) even
at much later times=20x 10~ 16 sec. That the occupancy of
the atomic orbital is unaffected by these subsequent prob-
ability flows to the higher-order sectors supports the use of
the 1IN expansion, as the neglect of terms of ordét?and
— higher should not significantly disturb observables accessible
1.0 H - néutralatom B tO eXperlment.

/N positive ion We next switch back on the coupling #0° as depicted in
———- negative ion Fig. 8b). It is now clear why loss of memory breaks down
for the A™ initial condition at high work functions, as shown,
for instance, in Fig. &). For high work functions the final
charge state should be most#y". However, as shown in
Fig. 8b), there is no path of strictly growing entropy that

FIG. 7. Coarse-grained entrof(t) as a function of time for leads fromA™ into any of the sectors corresponding to
the approximate many-body solution in the physical ddse2 for ~ A™. The probability can only flow into thia;L,k,q) sector
a fixed atomic positionz=1 A and a surface work function of corresponding to a neutral atom and a particle-hole excita-
W=4.59 eV. Three different initial conditions are studied. tion, and stay there as in Fig(d®. We conjecture that loss of

memory for this initial condition can be restored with the
also see that entropy does not grow monotonically when thénclusion of a new sector corresponding to a positive ion
|a;L,k,q) sectors are dropped as the Hilbert space is now togith two particle-hole pairs, which appears at second order
restricted for phase decoherence to be complete. Finally, Fign 1/N as shown in Fig. ). The probability may then cas-
7 shows how the entropy grows monotonically in the many-cade diagonally down fromA~ to A* with increasing en-
body solution for the physical case of spinning electronstropy at each step. The reason this sector has not been in-
N=2, with both excited neutral and negative-ion states nowluded is pragmatic: it is labeled by four momenta indices,
included. and the computational power required to so@eM?) dif-

Entropy growth provides clues as to how probability ferential equations versu8(M?) at the current level of ap-
flows between different sectors within the truncated Hilbertproximation would be excessive.
space. We again turn off the couplings to the negative-ion Up until now we have focused on the static problem of an
and excited-state sectors. The coarse-grained entropy grovdsom at a fixed distance from the surface. We now return to
in time as long as the Hamiltonian is time independent. Thehe dynamical problem. Consider the positive-ion initial con-
main direction of the probability flow corresponds to flow dition (1) and a surface of intermediate work function. Away
into sectors with larger and larger phase space. The phasem the surface, the atomic level lies below the Fermi en-
space corresponding 10) is a single state and is therefore ergy and the atom neutralizes via th@— |a;k) path as
smaller than the phase space of thgk) sector that contains shown in Fig. 8a). Close to the surface the level is image
M states. Th¢L k) sector occupies an even larger portion of shifted above the Fermi energy and probability flows back
the phase space consisting bf? states. Finally, sector into the positive-ion sectdt,k). On the outgoing leg of the
|a;L,k,q) occupies the largest portion of the Hilbert space agrajectory, the atomic level shifts back below the Fermi en-
it comprisesM? states. Thus, probability that flows in the ergy and the atom again neutralizes by filling up the
direction |0)—|a;k), |a;k)—|L,k), and|L,k)—|a;L,k,q)  |a;L,k,q) sector. As the image shift is a monotonic function
as shown in Fig. &) leads to an entropy increase while a of distancez, higher-order sectors do not become populated
reversal of flow would, in general, lead to a decrease okignificantly during the atom-surface collision, as this would
entropy and is improbable. As an illustration of probability require more than two level crossings. In the dynamical
flow, consider the time dependence of the occupancieproblem there is backflow of probability, manifested as a
shown in Fig. 9a). The initial positive ion|0) state first decrease in entropy along part of the outgoing trajectory as
dwindles into a group of neutra;k) states because in this shown in Fig. 10. The decrease in entropy does not contra-
case the surface work function has been set to the low valugict the quantum generalization of thé theorem as the
of W=1.59 eV. Later on, the higher orddt,k) and Hamiltonian now depends explicitly on time. Even though
|a;L,k,q) sectors become partially populated. Had the initialthe incoming Li" ion is completely neutralized during its
state been a neutral atom and had the surface work functiogncounter with thaV=1.59 eV surface, the probability for
been high, probability would instead have flowed from theexciting an electron into one of the unoccupied levels above
single|a;k=0) state diagonally into the ionized states with athe Fermi energy is only 0.098 in the independent-particle
particle-hole pair,|L,k). The alternative ionization route approximation. Thus the probability for the creation of a
|a;k=0)—|0) does not increase the entropy and is negli-particle-hole excitation is comparably small.
gible compared to théa;k)—|L,k) route. The approximate Two conclusions should be emphasized. First, the intro-
solution confirms this scenario in this case as the particleduction of a coarse-grained entropy permits a quantitative
hole sectolfL k) dominates the finah™ occupancy. understanding of the loss-of-memory process and elucidates
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FIG. 8. Schematic showing the different sectors of the Hilbert space up to oMleThé arrows indicate the direction of probability flow
as the entropy grows. Ife), coupling to the negative-ioA™ is turned off and the corresponding sector is not shownbjrall sectors
discussed in the paper are shown plusAdnsector at second order inNLAvhich has not been included. We conjecture that loss of memory
from an initial A~ state would occur if the Hilbert space were expanded further to include this sector.

the origin of irreversibility in charge transfer. It also facili- V. AUGER PROCESSES

ta_tes analysis of t_he m/expa_nsior_m Secon_d, truncation O_f the We can take advantage of the newly added extension to
Hilbert space at first order in W/in most instances suffices he Hilpert space to include Auger charge transfer processes
for the dynamical charge transfer problem as the probabilityn addition to the resonant processes considered up until
flow does not significantly populate higher-order sectors durnow. It has been a long-standing questiowhether or not

ing the course of the atom-surface interaction. This concluAuger processes are of comparable importance to resonant
sion is supported by the independent-particle approximatiorcharge transfer. We show here that at least at low surface
which shows that less than one particle-hole pair is producediork functions, Auger transitions may be required to obtain
under typical conditions. an accurate description of experiments involving lithium
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FIG. 10. Time evolution of the dimensionless entropy

Scd z(t)] in the full dynamical problem for spinless fermions
08 1 1 (N=1). We compare the independent-particle solution with the
; many-body solution; only the coupling to the(2§) state is turned
on. A positive lithium ion with an incoming velocity af;=0.04
a.u. interacts with a metal surface of work functidf=1.59 eV.
The atom bounces off the surface with an outgoing velocity of
u;=0.03 a.u. and is completely neutralized. Note the comparable
sizes of the two entropies. In this case, the probability for an elec-
tron to be excited into a state above the Fermi energy is only 0.098;
hence the probability for the formation of a particle-hole pair is also
small.
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It is straightforward to include new terms in the Hamil-
FIG. 9. Occupancies as a function of time foffieed atomic ~ tonian Eq.(1), which correspond to these processes:
positionz=1 A. The pure initial state is a positive iod{), which
then decays. For clarity, the coupling to the negative-ion and ex-

. . o 1
cited neutral sectors is turned off)) The surface work function is HAUg )= — VAL (7 }5 cleg, clBc
W=1.59 eV.(b) Same aga) except the surface work function is (®) N Ckq a;qu( JP1CL"CkaCa Cap
W=3.28 eV. In both(@) and(b) a cascade of probability flow from
the low-order to the higher-order sectors of the Hilbert space is 1 A2 -
evident. +_N Ig Voiirg(2)P2cl “CraCo’Cqpt H.c.
kg
bombardment of copper surfaces with alkali overlayers. The (22

measured yield of excited neutral Li¢2 atoms grows at the ) ]
very lowest work functions when the incoming kinetic en- We use the same notation here as in @g.except that now
ergy of the Li* ion is 100 eV. At kinetic energies of 400 eV, the sum over momenta indices is restricted to states either

however, this feature appears to be ab&ent. above or below the Fermi energy, depending on whether the
In a typical Auger process an electron from one of theindex is a capital or a lower case letter. We have normalized

filled states below the Fermi energy of momentgrirans-  the couplingsvA(*2 differently to account for thél species
fers nonresonantly into the atomic orbial while a second  of spins. For Auger transitiong”(?) from the neutrala;l)
metal electron belower of momentumk is promoted to a  Sector to the negativik,q) sector, a preexisting hole in the
state of momenturh of higher energy. Within the truncated metal of momentunh and specific spin must be filled. This is
Hilbert space transitions with>kx andk,q<kg couple the ~ not the case for Auger transition® from a positive ion to

|0) sector to thea;L,k,q) sector as shown in Fig. 1d). a neutral atom that involve the creation of two new holes of
Two other possible Auger processes are shown schematicaly spin; hence, the matrix element must be reduced by an
in Figs. 11b) and 11c). In these cases one of the metal additional factor of 1N to make theN— o limit well de-
electrons hops onto the atomic orbital while the other refined. As we work in the restricted Hilbert space defined
mains below the Fermi level but fills up a hole that waspreviously, projection onto singly and doubly occupied
already present. These transitions couple the neldard)  atomic sectors occurs automatically and we may drop the
sector to the negativik,q) sector. Other Auger processes, projection operator®; , in the following equations. Before
which we do not consider here, include Auger deexcitatiorwe proceed further it is useful to separate the Auger Hamil-
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a)

b)

FIG. 11. Schematic of three different Auger processasA metal electron from below the Fermi level of momentikntransfers
nonresonantly to the atomic orbitlwhile another electron from below the Fermi level of momentyis promoted to a state of momentum
L above the Fermi level to conserve energy. Final-state transitions are possible only when the atomic level dips below the Fermi level,
e.<er. (b), (c) Two other Auger processes that involve the negative ion. A metal electron from below the Fermi level transfers nonreso-
nantly to the atomic orbitah, while another electron from below the Fermi level of momentujnmps to a state of momentulmwhich
is also below the Fermi level. Final-state transitions in this case are possible b@th &> e and for(c) e,<eg .

tonian into symmetric and antisymmetric paftgth respect _

to interchange of the momenta indicksand q) to accord 'ﬁ E=---,
with Eq. (9). We also ignore the momentum dependence of

the Auger matrix elements. This approximation, like the one

already imposed on the resonant matrix elements, can easilyd

. : D —...—2 11N A(2) _i _
be relaxed to incorporate more complicated momentum de!g;Pka= " =2V1 1/N§|: Vo “(2)exp—il(eteq—e
pendence. With this assumption, the antisymmetric part of
HAY9(t) vanishes, and —2€i? = U)t+ ¢o(1)1}Boy

1 e _ A1) ;
a @ i—=Sa1kg= - T V2(1—1N)V3 7 (z)exefi —€ex— €t
HAUQI(»[):N Lk2>q Vs(l)(z)(CL CkaC;ﬁngJFCL anC;BCk,B) dt a;Lkg ( ) a (2) p[ [(eL— e Eq)

1 + ¢a(D]}F,
+— > Vo@(2)(cCraclPey,
i— Ay kg="""- (24
+¢/Cqacifeyg) + H.C. (23 dtatka
. o Here the ellipses denote all of the terms in the original equa-
Adding the Auger Hamiltonian to the resonant one, 89,  tions of motion, Eq(10), which remain unchanged. Like Eq.
and projecting the resulting Schtinger equation onto each (10), the new equations of motion, E(4), are exact in the
be added to the equations of motion E#0): 1N.
Before we proceed with the solution of the above system
q of equations, we must find reasonable values for the Auger
i—F=---+2(1-1IN) 2 Vﬁ(l)*(z)exp[—i[(eL— € matrix Vg(l'zi(f)z. AdopFing the same parametrization
dt ailk>q scheme forv4(?(z) as in the case of the resonant cou-
et da(D]IS plings, we assume that the couplings fall off exponentially
a a aLka» fast at large distances from the surface and saturate close to
it. As now there are four overlapping wave functions in the
q matrix element(compared to two in the resonant cpsee
i—B.i=...—25. VI—INS VA@* (1 axdi I expect the coupling to faII_ off roughly_ twice as fast away
dt &t a0 g‘q o (@exdil(ect & from the surfacé? We obtain the couplings from the corre-
) sponding atomic half-widths by using the Fermi golden rule.
—€—2¢€5 —U)t+ (1) ]} Dyq, For the neutral atom,
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TABLE Il. Parameters which characterize the Auger half-widths

for lithium. All parameters are in atomic units. 1o — -;
ata: P
triangles  K.E. =400 eV |
Atomic state Ap o A oo os | circles  K.E.=100eV
Li °(2s) 14 18 0.7 z e ey | 2 .
Li%2p,) 10 1.3 0.6 g KE.=100ev
Li ~(2s?) 5 1.4 0.3 5 0°
g
& o ! N
S 04| 3 ,‘ LA A
A1) A1)/ (2 2 g : " $
AV @)=m > VAV (@)p0e + eV e-ep 00 (25 &
a KoL a Lt ey €k eq s g A
o A
0.2
and for transitions to the negative-ion state, Lp o
2
A(2) A(2) 2 %0 1.0 20 30 : 4’0 — 5.0
Ag (Z):Tf;q:I Vo' “(2)] pﬁegl)*q 2eP+U—g— ey ' ' Work function (eV) ' .

(26)
. . . FIG. 12. The experimentally observed and theoretically pre-
where again the density of states for a conduction band dggicted yield of excited neutral E{2p). In the experiment, an inci-
scribed by a set ol equidistant levels spacéd/M apartis  gent Li* ion interacts with a metal surface of variable work func-

given byp=M/D. From Eq.(25), it follows that: tion. In the theoryN=2, M =30, and parameters which define the
level widths due to Auger transitions are given in Table Il. The
A';\(l)(z)= %w(M/D)3|V§(1)(z)|2(egl)— éF)Zo( €r— 621))_ initial condition in this case i$4), the equilibrium ground state at

27) point of closest approach, though similar curves are also obtained
for initial condition (2), the neutral atom far away. The solid line is
In Egs.(27) the Auger rate is proportional tae{— ). The  for the case ofi;=0.03 a.u. corresponding to an incoming kinetic
rate, like the inverse lifetime of a quasiparticle in a Landauenergy of 400 eV. The dashed line corresponds;te0.015 a.u. or
Fermi liquid?® drops rapidly as the phase space available ta.00 eV. Yields are normalized to one.
particle-hole pair excitations decreases. Féf’—eg|=D,

however are doubled or halved. To understand the origin of the sec-

ond upturn at low work functions, we first review the expla-
nation for the existence of a peakwt=2.8 eV when there is
only resonant charge transfeDynamical competition be-
tween Li(2p) and Li(2s) states is the key to understanding
. . .. the photon peak. As the atom bounces away from the surface
Assuming that the holes are confined to the energies jughe ooy pling between the surface and the atom falls off faster
below the Fermi level, ar_1d assuming that the energy differy, o Li(2s) state than for the Li(@) state because the
ence between the negatlve'lon state and'the neutral grourtql(zp) orbital is larger and of higher energy than the
state equals the half-bandwidn we also find Li(2s) orbital. At the highest work-function values, the en-
ergy of the Li(20) state lies above the Fermi level at all
A2, T M3 A2)/ 12 distances from the surface and is unoccupied. However, as
Ao (Z)_EFNO 2% 29 the work function is lowered, the Li{® state begins to
cross the Fermi level at closer distances where its coupling to
To be concrete, we choose as trial parameters fothe surface is appreciable while the coupling to Is) 2 still
A2 those listed in Table Il and obtain the matrix ele- small. For this intermediate range of work functions, the Li
mentsVA(2 from Egs.(28) and(29). Of course, the matrix (2p) state becomes populated on the outgoing leg of the
elements themselves, not the widths, are of fundamental infrajectory despite the fact that it is always energetically less
portance in the many-body theory. For instance, the sign ofavorable than Li(8). As the work function drops further,
the couplings is important; we choos¥”Y>0 and the Fermi level crossing for the Li(® state occurs at dis-
VAR)<0 so that the Auger processes interfere constructivelyances for which coupling to Li(®) is appreciable. Now the
with the resonant ones. The Fermi golden rule then deterki(2p) state yields its occupancy to the lower energy Li
mines the magnitude of the matrix elements in an approxi{2s) state.
mately correct way with the right dependence Mn The Consider what happens when the Auger coupling is
results of the dynamical calculation for lithium which in- turned on. At the very lowest work functions, Auger transi-
cludes both resonant and Auger charge transfer are presentégns between the Li(8) state and the metal occur more
in Fig. 12. The Auger couplings have been chosen to bérequently because the phase space for these processes grows
sufficiently small so that the peak in the excited neutralrapidly as (fg”—ep)? increases. As thé,i(z) Auger rate
Li(2p) occupancy remains at work functiow~2.8 eV. falls off more rapidly away from the surface than the
Now, however, there is a second upturnVelt=1.5 eV in  A,,(z) Auger rate, the picture outlined above in the resonant
qualitative agreement with experiméhfhese features are case simply repeats itself and there is a second upturn in
robust as the two upturns remain even when the Auger ratds(2p) occupancy. However, as evident from Fig. 12, the

m M3
AP @) =5 HlvaP @l (28)
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second rise in Li(p) occupancy is not noticeable at the cation of the Hilbert space on loss of memory by studying
higher incoming kinetic energy of 400 eV. In the 100-eV entropy production both within the approximate solution to
case the atom moves only half as fast as in 400-eV case arldle many-body theory and also within the independent-
there is sufficient time for an electron to make an Augerparticle approximation. This analysis showed how thd 1/
transition to the excited neutral Li(@ state. At higher ve- truncation scheme works in dynamical problems. In most
locities there is not enough time for an Auger transition tocases, higher-order sectors can be neglected as less than one
occur. particle-hole pair is produced during the atom-surface colli-
While the model developed here reproduces the upturn ision. This conclusion was supported by the independent-
the excited neutral Li(@) occupancy at the very lowest particle approximation. Despite the fact that an unlimited
work functions, it is only one of several possible explana-number of particle-hole pairs can be accommodated within
tions for the feature. Two difficulties impede further this approximation, typically less than one is created during
progress. Experimentally, it is hard to measure absolut@n atom-surface interaction. The production of entropy dur-
yields of ejected Auger electrons. Relative yields, as meaing the collision demonstrates the irreversibility of the inter-
sured in Auger spectroscop§ provide little guidance. Most action: at velocities of experimental interest, information
of the Auger electrons are promoted to unoccupied metahbout the initial state of the incoming atom is dissipated.
states instead of ejected from the surface. Indirect probes, We included Auger processes and showed that an experi-
such as the formation of excited states, appear to be the ontpentally observed upturn in photon yield due to the forma-
way to gauge the relative importance of Auger processegion of excited Li(2) atoms at the very lowest work func-
Theoretically, Auger matrix elements cannot be computedions can be explained in terms of competition between the
accurately because Auger transitions are driven by manyki(2s) and Li(2p) states and the rapid growth at low work
body correlationg! The parameters for the Auger rates listed functions in the phase space for Auger transitions. Finally,
in Table Il are at best just an educated guess. Indeed, calcwe examined whether Kondo effects are accessible in experi-
lations to date have focused on Auger widths as opposed tments involving alkali ions interacting with metal surfaces,
matrix elements, which are of more fundamental importanceand concluded that it will be difficult to separate the small
Either constructive or destructive interference with resonanpredicted effects from other, more mundane, nonlinearities.
processes is possible, but only a full microscopic calculation
of both types of matrix elements can determine the relative ACKNOWLEDGMENTS
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