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Chemisorption of Li on jellium: Local density of states and nuclear-spin relaxation
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Nuclear-spin relaxation of atoms chemisorbed on metal surfaces is investigated theoretically. The un-

derlying interaction is the Fermi contact interaction between the magnetic moments of the nucleus and
the surrounding electrons. In a resulting rate equation for the nuclear polarization, the rate depends on
the local density of electron states (LDOS) at the nuclear site. This LDOS is calculated in the frame-
work of density-functional theory via solving Dyson s equation using the jellium model for the metal
substrate. The model results are consistent with the data.

I. INTRODUCTION

Investigations of the properties of solid surfaces and of
adsorption of atoms on surfaces are important because of
their technological relevance. One of the relevant prob-
lems concerns the electronic structure. ' Global as well as
local structures are of interest. An adsorbed atom gives
rise to an induced density of electron states altering the
band structure of the clean substrate. The local density
of states (LDOS) at the position of the nucleus contains
information on the functional dependence of the electron-
ic structure on both energy and geometric site. In addi-
tion to classical methods in surface physics, recently
chemisorption phenomena have been investigated with
nuclear-spin-polarized nuclei. The detection of the
decay rate of an initial spin polarization of the adsorbed
atom provides information on the chemisorption process.
Through the decay rate one measures the LDOS at the
position of the adatom nucleus at the Fermi energy.

Experimental studies with polarized nuclei are well es-
tablished in the field of NMR. A variety of experimental
and theoretical investigations of the nuclear magnetic re-
laxation of nuclei implanted in solids have been per-
formed. From the hyperfine interaction of the nucleus
with the bulk electrons, information on the local elec-
tronic structure is obtained. In NMR literature this re-
laxation process is known as spin-lattice relaxation.
Nuclear-spin relaxation of atoms chemisorbed on sur-
faces has been measured for polarized Li on a variety of
metal surfaces, and recently also on Si.

The approach which we put forward is devised to cap-
ture the essential physics touched by the relaxation rate
and its main ingredient, the LDQS. Therefore the
present paper starts from simple physical pictures, using
the jellium model to describe the substrate.

In Sec. II A we present a brief summary of the time de-
velopment of an ensemble of nuclei in the presence of an
electronic surrounding. The interaction thereby con-
sidered is the Fermi contact interaction, since in most
cases this represents the dominant interaction. As a re-
sult one obtains a rate equation for the polarization
which under normal conditions exhibits an exponential
decay of the polarization with a rate proportional to the
temperature and the LDQS.

In Sec. IIB a method for calculating the LDOS of a
chemisorbed atom is put forward. The density-functional
theory and especially Dyson's equation for the Green's
function is applied to calculate the LDOS at the position
of the nucleus. To obtain insight into the essential phys-
ics involved, the chemisorption of Li atoms on a jellium
surface is studied. Results for the induced density of
states are discussed in Sec. III. Also, the spatial electron
density in the vicinity of the chemisorbed atom is calcu-
lated. Finally a discussion of the relaxation rate obtained
for Li on several jellium surfaces, and a comparison with
experimental data, are presented. . Section IV gives a
summary and conclusion.

II. THEORY

A. Rate equation

To describe the polarization of an ensemble of particles
with spin I, one usually refers to the density matrix in
spin space. Expanding the density matrix in a set of irre-
ducible tensor operators ~k one obtains a description of
the polarization in terms of spherical polarization param-
eters tk q...7

P g tk, qrk, q t

k, q

tk =Tr~~ p, k=O 1, . . . , 2I, —k~q~k .

The tensor operators wk are defined by their matrix ele-
ments in spin space:

where ( ) is a Clebsch Cxordan coefficient. The time
dependence of the polarization in the Schrodinger picture
is then given by

q
=Trek, qp

Because we are interested in a relaxation process due to a
change of the population of the magnetic sublevels (T,
times in NMR), only the diagonal matrix elements of the
density matrix p and consequently the parameters tk o are
relevant. Therefore a second relaxation time T2, well
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know in other publications, ' does not occur in the
present problem.

The interaction between the nucleus of the atom and
the metal surface to be considered here is the Fermi con-
tact interaction, i.e., the interaction of the magnetic mo-
ment of the nucleus with the magnetic Geld produced by
the electrons at the position of the nucleus. In most
cases this is the dominant part of the interaction:

Po Sm.
Hint I ~el( X )

. 4 3 ge)gNI e)PNSel(rN )

Here S,)(r))t) represents the electron-spin density at the
position of the nucleus and g,i,gN, P~,PN are the g fac-
tors, the Bohr magneton, and the nuclear magneton.
Throughout this paper the Systeme International (SI)-
system of units is used, and Pp is the vacuum permeabili-
ty. S and I are the dimensionless spin operators. This in-
teraction Hamiltonian describes a coupling between the
nuclear spin of the chemisorbed atom and the substrate.
To define an axis of quantization (which is chosen to be
the z axis) an external magnetic field Bo is applied. In the
NMR literature, the theoretical treatment of this so-
called spin-lattice relaxation is we11 known: An exponen-
tial decay of the initial nuclear polarization is ob-
tained- ' ' '

(4)

tk, o ktk, o ~

2

k(k+1) Po 8~ Scop
k 2 4~ 3 g el gNPelPN

XI, ,(, , „),
where kz, T, and ~o are the Boltzrnann factor, the tem-
perature of the substrate, and the Larmor frequency of
the nucleus. rN is the position of the nucleus. For fur-

ther detail see, e.g., Refs. 5 and 6.
For temperatures around 1000 K, which are of interest

here, and a magnetic-field strength of less than 1 T, one
has (()i(t)o/2k') T ) = 10 . The approximation of
cothx =(1/x) therefore holds, and the equation for aI,
reads

2
k(k+1) Ijo Sm 1 2k~T

g el gNPelPN

XI' i )(r~, r~, coo)

The spin susceptibility is calculated in the independent
particle approximation, which gives the following expres-
sion for y

) )(r, r', o))=—,' g P„*(r')P (r')P*(r)P„(r)
p, v

1 1

(Ep, —(i/z) Ev, (i/2) )+

with

f„(m, )= 1

1+ ex'( E„+m, 2p~Bo EF)—
where the chemical potential is approximated by the Fer-
mi energy. Using the spectral representation for the
Green's function,

(t„*(r')(t„lr )G+(r', r, E)= g E —E„+ie
one finds the following expression for the susceptibility:

, ,(r, r', t)))= ,' g f —,'p—"(r)p (r')[ G+(r', r, E, + @2~ Bo+A' o))] +f (
—

—,
t )t)tt*(r')p (r)[G+(r', r, E, 2p~Bo —iieet))—)]" .

Replacing the sum over the discrete states into an integral over the density of energy states, the susceptibility for r=r'
Ieads

1
, ,(r, r, co) = — —

~ dE f(E)ImG+(r, r, E pzBo)[G+(r, r—,E+p~B+fi(t) )2'

+ JdE f(E)lmG+(r, r, E+(Mi)Bo)[G+(r, r, E p~Bo Ace]* '— — (10)

Since A~p, which is only of interest for the relaxation pro-
cess, is small compared to the energies in the solid, first-
order expansion in A'co for the imaginary part of the sus-
ceptibility yields

Imp, ,(r, r, t))o)

A~o B=-+ JdE f(E) ImG (r, r, E —p B )
2m BE o

X ImG+(r, r, E+(M~Bo) .

Amo
Imp i )(r, r, coo) = — [ImG+(r, r, E+)]

2m
(12)

Since we are dealing with Fermi contact interaction only
the susceptibility at the position of the nucleus, which is
chosen to be the origin of the coordinate system, is need-

The derivative of the Fermi function has a sharp peak at
the Fermi energy. Replacing it by a 6 function peaked a
the Fermi energy, and neglecting the energy splitting of
the electron states in an external magnetic field, one finds
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B. Local density of states

Subsequently the calculation of Green's function and
the LDOS for chemisorbed atoms is brieAy described. '
State of the art electronic structure calculations are per-
formed with the framework of the density-functional
theory utilizing the local approximation for the
exchange-correlation potential. " ' Thereby the Kohn-
Sham equations have to be solved self-consistently:

Hog, .(r) =E,g,.(r),

Ho = — b, + V,s(r),

n(r)= g Ip, (r)I',
(14)

V,~(r)= V„,(r)+ f d r',",+ Vo(r) .
4m@0 Ir —r'

Here Vo represents the external potential from the posi-
tive nuclei of the system. V„,(r) is the exchange-
correlation potential. For the correlation potential the
expression from Ceperley-Alder in the parametrization of
Perdew-Zunger is used in the present paper. '

The Green's function of the system is defined through

Go+ =lim 1

o E —Ho+i@

From the Green's function one obtains the electron den-
sity

no(r)= ——f dE ImGO (r, r, E) . (16)

ed. Thus the relaxation rate ak is given by
2

k (k + 1) 16' Po 1 2ak=
2 3 4 PNPB i gNkBT

X [ImG+(O, O, E~)]
The expression ImG+(r, r, E) is usually called the local
density of states (LDOS). This result for the relaxation of
a nuclear spin polarization is quite general. On the one
hand thermodynamical effects result in a linear tempera-
ture dependence essentially over the whole temperature
range since the expansion of coth(ficool2k~ T )

=(2k~ T!%coo) becomes wrong only for very low temper-
atures or strong magnetic fields. On the other hand, the
local electronic structure surrounding the nucleus deter-
mines the relaxation behavior through the LDOS.

b, V = V,s(no(r)+En(r)) —V,s(no(r))

e 3, b,n(r') e Z
4~co I

r —r'I 4~co r

b, V„,(r)= V„,(no(r)+An(r)) —V„,(no(r)) .

Defining the modification of Green's functions caused by
the chemisorbed atom as

b,G+(E)=G+(E)—Go (E) . (20)

Dyson's equation for this difference of the two G-reen's
functions is given by

bG+(E)=(I —Go (E)b.V) '(Go (E)AVGO (E)) .

(21)

The difference in the electron density follows according
to (16) from

EF
bn(r)= ——f dE 1mb 6+(r, r, E), (22)

For the chemisorption, b.n(r) is important because it
reAects the change in the electron density due to the ad-
sorbate.

Since a metal tends to screen out a perturbation, the re-
gion where hn(r) is different from zero is well localized.
Therefore a rather small set of localized basis functions
P; should be sufficient to describe hn(r). ' The operator
equation (21) then is solved as a matrix equation in the
space of the appropriately chosen basis functions. Again
a coupled system of equations has to be solved self-
consis&ently:

(b6+(E));,=(1—Go (E)&), g'(Go (E))k

X(b, V) „(G+(E))„
E

(bn ), = ——f dE Imh(G+(E)); J, (23)

bn(r)=g (b )n, P~, (r)P (r),

(bV); =[V(no(r)+bn(r))]; J
—[ V(no(r))], J .

After having solved these equations all the relevant infor-
mation on the chemisorption can be deduced.

(1) The induced density of states b p(E):

hp(E) = ——f d r ImAG+ (r, r, E )
2

where EF is the Fermi energy of the syste~.
If in a first step the Green's function Go of the unper-

turbed substrate system is solved, the total Green's func-
tion can be calculated through Dyson's equation

(2) The change in the electron density in the vicinity of
the adsorbate:

G (E)=Go (E)+Go (E)b VG (E), —(17) hn(r)= g(b, n); P;(r)P, (r) .
where AV is the change in the potential due to the chem-
isorbed atom: (3) The relaxation rate of the chemisorbed atom:
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a=c ImGO (0,0,EF)

+ g P;(0)$,(0)(ImhG+(E~));
~

cf. Eq. (13) for the factors in front of the bracket (k =1
for the case of Li).

To investigate essential features of the physics deter-
mining the spin relaxation of chemisorbed atoms on a
meta1 surface, calculations for the relaxation rate n were
performed in the jellium model, i.e., the positive ions of
the metal substrate atoms are replaced by a uniform posi-
tive background n+. ' ' Usually the parameter to
characterize the jellium substrate is the Wigner Seitz ra-
dius r„which is related to the positive background densi-
ty n+ through

1 4m

+
3"'

Thus by varying r, di6'erent metal substrates are simulat-
ed. Choosing the z axis of the coordinate system as nor-
mal to the surface with a positive direction into the vacu-
um side, the positive background density has the form

n+(r)=8( —z)n+ . (25)

$2E= (k+k)
2m,

(26)

(g~ q ~g~ I, ) =5(k, —k', )5(k —k')5

where ul, (z) are the numerical solution of the remaining
Kohn-Sham equation in the variable z. From these eigen-
functions a Green's function is constructed via the spec-
tral representation, which gives

Due to the axial symmetry around the z axis an appropri-
ate ansatz for the Kohn-Sham eigenfunction is

1
gF & (r)= Qk, e' ~J (k,p)uz(z),

277

I (p'c )IC (pc ), p' (p
Go+(r, r', E)= — pe' '~ ~' J dk ul,'(z)u„(z')X I ( )+ (

f
)77 Qo m PC m PC ~ P+P

c =k k i—e, —Re(c)) 0, E= k
f2
2m

(27)

Here K and I are modified Bessel functions. This ex-
pression for the Green's function Go+ is used in calculat-
ing the matrix elements in (21).

The basis functions in the vicinity of the adsorbate
were chosen to be a Slater-type orbitals (STO) centered at
the adatom nucleus:

P(r)=f I(r)Y~ (Oy),

The STO's of the 2s wave functions are orthogonalized
with respect to the 1s wave function. Since the metal
screens out the perturbation, the STO's are defined only
within a sphere of radius R. The calculations showed

0
that a radius of R =3 A was sufhcient.

III. RESULTS AND DISCUSSION

A. Induced density of states

f &(r) =Mr" 'e (29)

For the case of Li atoms a double-zeta (DZ) basis set is
used. Since the chemisorption properties are dominated
through the valence electrons the calculations were per-
formed in the frozen-core approximation for the 1s elec-
trons. That is, the basis functions for the 1s orbital of the
Li atom are not varied and taken from the free atom.
Furthermore s- and p-type orbitals were used to represent
hn. Therefore the basis consists of the following func-
tions:

x2, and x2, : k= 1 »
and y~~, : g'=0. 67 .

Xi,(r), Xi, (r), X~,(r),

x2, (r» x2, (r), x2, (r).
The exponentials g of the 2s and 2p orbitals are chosen to
be identical in atomic units:

Although the chemisorbed Li atom has an equilibrium
distance d, from the surface of the substrate, which is
determined by the energy minimum, it is interesting to
study the dependence of various quantities on the dis-
tance of the Li atom from the jellium surface. First we in-
vestigate the induced density of states b p(E) for different
distances d of the Li atom from the jellium surface. The
distance d is measured from the position of the nucleus to
the positive background n+.

For an infinite distance of the Li atom from the surface
the induced density of states equals that of the free atom,
because there is no interaction between the surface and
the atoln. A treatment of the free atom is not possible
within the framework of Sec. II 8 due to the fact that the
density of states of a free atom consists of 5 functions in
energy, while in the self-consistent procedure a numerical
integration with respect to the energy is required. Never-
theless for rather large distances a self-consistent solution
is found.

In Fig. 1 the induced density of states is shown for
three difFerent distances of the Li atom. For the substrate
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FIG. 1. The induced density of electron states for Li on a jel-
lium substrate surface and its s-wave part for r, of 2 bohr and
three distances d of the Li nucleus from the surface. (The equi-
librium distance is 1.3 A.)

system the value of r, =2 (bohr) was chosen, which corre-
sponds to an Al surface. The energy is measured relative
to the vacuum. Thus the bottom of the conduction band
for this system lies at —16.3 eV. For large distances
(d =2.6 A) there are two sharp peaks in the induced den-
sity of states. An angular momentum decomposition of
bp(E) shows that these peaks are well-separated states
with s and p characters. Due to the weak interaction of
the Li atom with the surface at these distances, one can
identify these states with the atomic 2s and 2p states of
Li. However, the states are shifted to higher energies.
When the Li atom gets closer to the surface the increas-
ing interaction broadens the sharp states into resonances,
and both states are hybridized. The energetic separation
of the 1=0 and 1 parts of b,p disappears. Both 1 states
are spread over a wide energy range and have essentiall
the same shape. Pushing the Li atom further to the sur-
face the induced density of states bp(E) again shows two
maxima. Again the 1 =0 and parts have the same shape.
This behavior of the induced density of states indicates a
hybridization of the 2s and 2p states of the Li atom. For
weak interaction the atomic character is dominant in
hp(E). Due to the axial symmetry of the bare jellium po-
tential a mixing of states with the same quantum number
m of the angular momentum is possible. Therefore a hy-
bridization of the 2s and 2p, states occurs when the atom
is moved closer to the surface. Projecting on the com-
ponent of the angular momentum with 1=0, one obtains
two resonance peaks, which are most clearly seen for the
distance d =0.8 A.

0.6

0.4

E

LLI

0.0
I
I

0.6— E

r =3.0::
0.4
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4 =3.85eV
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FIG. 2. The same as in Fig. 1, though for three different r,
and the respective equilibrium distances. E& indicates the bot-
tom of the conduction band, EF the Fermi energy, and P the
work function. The energy is measured from the vacuum.

The equilibrium distance for the adsorbed Li atom is
found by minimizing the energy of the system. In Table I
we give a summary of equilibrium distances for different
values of r, . For these equilibrium distances Fig. 2 shows
the induced density of states hp(E). The conduction-
band-width of the jellium system decreases with increas-
ing r„since the positive background becomes smaller
with increasing r, . To demonstrate the inhuence of the
conduction-band-width on the induced density of states
hp(E), the energy range in all three plots is that of the
jellium system with r, =2 (bohr), which has the largest
bandwidth. The Fermi energy E~, the work function P,
and, for the systems with r, =3 and 4 (bohr), the bottom
of the band E~ is also marked.

For the jellium surface with r, =2 (bohr) there is only
one resonance in bp(E) above the Fermi energy. A
decomposition of hp(E) into parts with l =0 and l shows
that the s and p parts below the Fermi energy have the
same shape, and that both are essentially of equal magni-
tude. For increased r, the induced density of states
bp(E) has two resonances which become the sharper the
1arge the value of r, . Moreover the resonance below the
Fermi energy contains more and more s character. The
system with r, =4 (bohr) shows this result most clearly.
This behavior of bp(E) is strongly influenced by the
conduction-band-width. In systems with a small band-
width there are less metal states that interact with the Li
atom. Due to this weaker interaction the hybridization
of the 2s and 2p states in the Li atom is reduced, leadin

~ ~ 19
ea 1ng

to more atomrchke resonances. With respect to the
work function of the different systems, Fig. 2 gives the
following result: The larger the work function of the sys-
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TABLE I. Equilibrium distance d,q of the nucleus of the
chemisorbed Li from the jellium surface for various Wigner-
Seitz radii r, .

r, (bohr)

d,q (A) 1.0

tern considered, the stronger the hybridization of the 2s
and 2p states of the Li atom, i.e., the stronger the polar-
ization of the electron cloud around the Li atom. .

B. Spatial electron distribution

As described in Sec. IIB the change in the electron
density in the vicinity of the chemisorbed Li atom can be
extracted from the self-consistent calculations. Since the
core density of the atom is kept frozen, only a change in
the valence electron density b, n(r) is possible within the
framework of Sec. II B. In Fig. 3 contour plots of b,n(r)
are shown for chemisorbed atom on the jellium systems
r, =2 and r, =4 (bohr). Because of the axial symmetry

rs=2.0

r
/'

/
/

/
/

/
I
I
I
I

I

I

I

I

/
I

1

I
I
I

I

/
I

/
/r

I
/

/
/

/
1 /

/

I

I

'I

/

I, i I

X a

\

\

I

I
I

I
I

I
I

I /

/
/

/
/

/
/

r

0 001
0.025----
0.065
0.12 —.—.

rs=4.0

/
/

/
/

/
/

/

I
I

I
I
I

I

\

I r
I

/
/

/
/

/

I
I

I

/
/ ' ~

I
I

I
I
I

/
~ /
r

I

I
I

I

I
I

/

/
/

/

'I

1

I
I

I

I

I

I I
I I

I

/

p /
/

0 001
0 025
0.065 -.--

FIG. 3. Two-dimensional cut through the induced spatial
electron density for two different r, and their equilibrium dis-
tances. The point (0,0) is the nuclear site, the solid line is the
jellium surface. The distribution has rotational symmetry
around an axis perpendicular to the surface through the nu-
cleus. Contour lines for several electron densities are plotted.

around the z axis, the plane corresponding to y =0 is
chosen. The vertical axis corresponds to the z axis, and
the horizontal axis to the x axis, respectively. The begin-
ning of the positive background n+ is marked by a solid

0

line. The unit for the electron density is A
Both plots show that the density is moved from the

vacuum side into the region between the metal surface
and the chemisorbed atom. This is the typical result of
an isolated atom chemisorbed on a metal surface, since
the metal tries to screen out the positively charged ion. '

However, the magnitude of the polarization of the elec-
tron cloud around the atom is different in the two sys-
tems. A stronger electronic polarization occurs for the
jellium substrate with r, =2 (bohr) in comparison to r, =4
(bohr). This is most clearly seen from the contour level of

0
0.01 A, which consists of two separate, nearly spheri-
cal lines in the case of r, =4 (bohr). In the case of r, =2
(bohr), however, only one closed line is seen at that value
of the density showing no extended contribution to the
electron density on the vacuum side. Thus the electronic
polarization of the Li atom is stronger when adsorbed on
a jellium surface with small r, . Since the smaller the
value of r, the higher the work function, one can con-
clude that the electron cloud around the Li atom be-
comes more strongly polarized on substrates with high
work functions. This result for the spatial density distri-
bution is consistent with the picture obtained from the in-
duced density of states, discussed in Sec III A (cf. Fig. 2),
and in Ref. 19.

C. Relaxation rate

In this section we present results for the nuclear-spin-
relaxation rate of a chemisorbed Li atom on different jel-
liuin surfaces. Since the magnetic moment of the Li atom
enters the equation for the relaxation rate [cf. Eq. (13)j,
one has to distinguish between the isotopes Li and Li.
The following calculations were performed for the iso-
tope Li. Measurements of relaxation rates were per-
formed on hot surfaces, the temperature being usually
above 1000 K. The calculated relaxation rates are there-
fore for a temperature of 1000 K. In Fig. 4 the depen-
dence of the relaxation rate a on the work function of
different jellium systems is shown. The work function is
chosen as the parameter in the system against which the
relaxation rate is plotted, since usually experimental data
are also plotted in this way. The calculations were per-
formed for values of r, =2, 2.5, 3, 3.5, and 4 (bohr).

From Fig. 4 one infers the following results. First, the
value of e lies within the range of 1 s ' and 2 s . From
NMR measurexnents relaxation rates are known, which
vary from 10 to 10 s for diff'erent systems (solids,
liquids, etc.). According to the present results, the relax-
ation rates for Li atoms chemisorbed on metal surfaces
are expected to be of the order of 1 s '. As a second re-
sult Fig. 4 shows that the relaxation rate becomes smaller
with increasing work function of the bare metal system.
This behavior of the relaxation rate is connected with the
degree of polarization of the electron cloud around the Li
atom. As demonstrated in Figs. 2 and 3, the electronic
polarization of the Li atom is enhanced for systems with
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FIG. 4. Nuclear-spin-relaxation rate for Li on a jellium sur-
face as dependent on the work function for a temperature of
1000 K.
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FICx. 5. Data for nuclear-spin-relaxation rates of Li on vari-
ous surfaces at 1000 K. Data are taken from Ref. 3.

high work functions. Thus the LDOS, which is connect-
ed to the s part of the wave function, is decreased, result-
ing in a lower relaxation rate.

In Fig. 5 experimental results of relaxation rates are
shown as measured on different metal surfaces. ' Two
main features can be noted in this figure. First the data
points lie in the range 0.5 —2.5 s, and, second, the mea-
sured relaxation rate shows a clear downward trend with
increasing work function. Thus the theoretical results for
the relaxation rates calculated in the jellium model
correctly predict the order of magnitude of the relaxation
rate and its work-function dependence. From these re-
sults one can conclude that the Fermi contact interaction
describes the dominant process responsible for the
nuclear-spin relaxation on metal surfaces.

A more direct comparison of the present results for a
jellium substrate with the data was not possible because
the present method is poorly suited for work-function
values above 4 eV, as test calculations showed. This is
consistent with the fact that the jellium model provides a
good description only for sp metals which have rather
small values for the work functions. For details of the
jellium model see Refs. 17 and 18. Therefore the work
function within the jellium model vary from 2.5 to 4.0
eV, whereas the experiments were performed on transi-
tion metals which have work functions above 4 eV.
Presently, measurements on metals with work functions

below 4 eV are not practical for technical reasons. The
question then arises how the d electrons in the transition
metal inhuence the relaxation rate. Since the d electrons
are very localized in space their direct inhuence at the po-
sition of the nucleus should be less important. On the
other hand, the relatively narrow energy band of the d
electrons means less interaction between the Li atom and
the substrate, which should increase the relaxation rate as
in the jellium results. Another point should be men-
tioned here. The jellium model describes the perfect met-
al, since all electrons are treated as free electrons. As a
consequence the screening properties of the jellium sur-
face are overestimated in comparison with real metal sur-
faces. Again looking at the jellium results, the better the
screening the smaller the relaxation rate [cf. r, =2 and 4
(bohr)]. Thus one should expect smaller relaxation rates
for real metal surfaces as in the corresponding jellium
model. The main deficiency in the jellium model is of
course the absence of any structure. There is no depen-
dence of the relaxation rate resulting from different ad-
sorption sites due to difFerent surface geometries. In
comparison, the experimental data clearly show such a
geometric inhuence of the substrate surface. Therefore
the work function is only one substrate parameter
relevant to the relaxation rate. Nevertheless, it may be
stressed that essential features determining the relaxation
rate for the nuclear-spin polarization of atoms chem-
isorbed on metal surfaces are included in the jellium
model.

IV. SUMMARY AND CONCLUSION

In this paper we gave a theoretical description of the
nuclear-spin relaxation of atoms chemisorbed on metal
surfaces. The interaction considered is the Fermi contact
interaction. Considering the nuclear-spin relaxation as a
dissipative process, a rate equation is derived through
methods of statistical physics. As a result the rate of re-
laxation depends on the local density of states at the posi-
tion of the nucleus of the Li atom at the Fermi energy.

We discussed the chemisorption of Li atoms on a jelli-
um model surface. Results for the induced density of
states, the spatial electron density, and the relaxation
rates are presented and discussed. From the induced
density of states and the spatial distribution of the elec-
tron density, one finds that the Li atom is more polarized
the higher the work function of the metal surface. The re-
laxation rate of the chemisorbed Li atom at 1000-K tem-
perature varies from 1.0 to 2.0 s '. It decreases with in-
creasing work function of the bare metal surface. Since
the relaxation rate is connected to the s part of the wave
function, this behavior is consistent with the stronger po-
larization of the Li atom on metals with high work func-
tions.

The theoretical prediction of the magnitude and the
work-function dependence of the relaxation rate of chem-
isorbed Li atoms is consistent with the experimental re-
sults. Thus one can conclude that the Fermi contact in-
teraction is the dominant process responsible for the
nuclear-spin relaxation on metal surfaces. Furthermore,
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it may be concluded that the jellium model for the sub-
strate also gives a good picture in the present context.
Further refinements concerning the description of the
substrate are necessary in order to cover d electrons
within the Inetals and the dependence of the relaxation
rate on the crystallographic specification of the surface
and the geometric site of the chemisorbed atom.
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