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The alkali-metal adsorption system Na on(CLl) has been investigated theoretically in order to clarify the
possible presence of quantum-well states observed in photoemission experiments. We analyze the site prefer-
ence, bonding character, the coverage dependence of the work function, and the electron structure of the
system. The study is based €irst-principles calculations of free-standing Na layers in vacuum, the clean
Cu(111) surface, and the Na/Clll) adsorption system at two different adsorbate structures:22and
(3/2x3/2). We are able to identify Na-induced bands, which are essentially localized in the local band gap of
the Cu111) surface. The local density of states at thpoint for the lowest of these bands has maxima within
the Na adlayer and decays rapidly into the substrate. The dispersion of the Na-induced bands is in good

agreement with photoemission data andlthgoint energy of the lowest Na-induced band shifts from 0.45 eV
above the Fermi level for the ¢(22) structure to 0.06 eV below the Fermi level for the saturated monolayer.

We conclude that the Na-induced states have the characteristics of quantum-well states, which supports pre-
vious interpretations based on photoemission experiments.

[. INTRODUCTION For instance, potassium has been observed to form a (2
X 2) structure on Cu and NiL11) surfaces. For alkali-metal
The properties of alkali metals adsorbed on close-packedtoms the adsorption site preference turns out to be size
metal surfaces have been studied for a long time since the%bpenden’(.Alkali-metal atoms with a larger radius of the
systems have been considered as prototype systems of mej@alence orbital than sodium prefer to sit in an on-top site,
on metal adsorption. The investigations have involved theyhjle lithium prefers hollow sites at low temperatures and
whole coverage range from the low-coverage regime of isogyen disrupts the substrate surface at higher temperdtures.
lated alkali-metal atom adsorption to the many-layer regime. The adsorption structure of the Na atoms on th¢1@0)
An extensive review of experimental and theoretical stud,iface has been investigated by low-energy electron-
ies_ on alkali_metals on metal surfaces can be found in th%iffraction (LEED) experiments and there is general
articles by Diehl and McGrathand Stampfl and Scheffiér. agreemeritthat the monolayer saturation occurs at the cov-

From an application point of view, the question of how theerage6=4/9%0.44, where the coverage is defined as the

adsorption of alkali metals changes the properties of the sub-_ .
strate is interesting. In this context many studies concen!iatlo of Na adatoms to the number of Cu surface atoms. The

alkali-metal promoted catalysis on noble metal and semil\Ia atoms in the saturated monolayer have a hexagonal (3/2

metal surface$* Some of the alkali-metal adsorption sys- < 3/2) structure and the Na atom-atom distance is close to
tems provide the possibility of constructing metallic quantumtn€ nearest-neighbor distance in bulk sodium. At coverages
wells with a quasi-two-dimensional electron gas effectivelyPelow the saturated monolayer, opinions about the adsorp-
confined between the substrate and the vacuum bérftier. tion structure differ. Early LEED experiments by Lindgren
The formation of metallic quantum-well states opens up nevnd Wallde® and Duddeet al* suggested that the Na atoms
possibilities in construction of metal-based electronic deform an ordered hexagonal ¥2) structure already a#@
vices. ~1/4 coverage. Later LEED experiments by Tasigall!

In the present study we focused on the model system Nahowed a ring pattern in the coverage ramge0.1—0.35,
on Cu11l). There is a large amount of experimental datawhich indicated a less ordered adsorbate liquid behavior de-
which indicate the existence of quantum-well states withinscribed by an effective nearest-neighbor distance. They ob-
the Na adlayer, but there are ficst-principlescalculations served an ordered hexagonal adsorbate structure aBove
available for this system to confirm the conclusions from=~0.38 and confirmed that the monolayer saturation occurs at
experiments. Before giving the details of the calculations, wed=4/9.
will review some relevant experimental studies of alkali- The LEED experiments show a hexagonal adsorbate
metal adsorption on metal surfaces, in particular Na orstructure at saturated monolayer coverages, but the actual
Cu(11D). adsorption site preference is not known. A theoretical at-

Alkali-metal atoms adsorbed on close-packédl) sur- tempt to determine the adsorption site preference by cluster
faces of metals have been observed to form hexagonal strucalculations of a single adsorbed alkali-metal atom on the
tures at saturated monolayer coverages following the undeu(111) surface by Padilla-Campaat al? was not able to
lying substrate structure.However, the nearest-neighbor give a clear answer. Their density-functional thedBFT)
distance in the saturated alkali-metal monolayer is most ofealculation favored the on-top site while their Hartree-Fock
ten larger than in the underlying substrate, because of thealculation favored the hollow site for Na on @d1) indi-
large radius of the valence orbital of the alkali-metal atomscating that Na, which lies between Li and K in the alkali-
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metal series, has a less pronounced site preference. cell method imposed periodicity on the possible adsorbate
The adsorption of alkali-metal atoms on a metal surfacegeometries that could be modeled. Therefore, we restricted
induces a charge redistribution at the interface between theur study to two ordered adsorption configurations, the (2
alkali-metal adlayer and the substrate. According to the Gurx2) structure corresponding to a submonolayer coverage of
ney modelt the redistribution at low coverages has the char-0=1/4 and the (3/23/2) structure which is the saturated
acter of a charge transfer to the substrate that is so large th&tonolayer coverage of=4/9. To our knowledge, there is
the alkali-metal atoms have been considered to be ionized© experimental evidence that substitutional intermixing of
Jellium calculations by Ishid& for Na on AK111), on the the sodium adatoms and the copper atoms in the substrate
other hand, show that the adsorbate-induced charge is locaiurface layer occurs as ZhGas been observed for the related
ized in the intermediate region between the substrate and tfyStem Na on AlL11).™% Consequently, only the on-
adsorbate layer, indicating a more covalent character of thgurface adsorption was considered while the substitution pro-

adsorbate-substrate bond. cess was omitt(_ad. .

The charge transfer creates a surface dipole which signifi- The adsorpﬂqn geometries of these' twohNa _ad§orbate
cantly decreases the work function of the system down to gtructures were mveshgated by comparing the blndlng en-
. Na/Cu(111) _ ergy of the Na layer at different high-symmetry sites on the

minimum qu)@l“u 5 —2.2-2.6 eVinthe coverage range 1119y surface. The energetically most favorable configu-

¢=0.12-0.22">"For higher coverages the work function \a4isns of the two adlayer structures, including substrate re-

INCreases, an'\clja/fgur(ltgt)a_saturated mongollé':lyer the work functiopy ation, were later used to investigate the adsorbate-induced

approachesb =2.77-2.8 eV" The work func-  cparge density and the electron structure at the correspond-

tion oL the saturated monolayer is close to the bulk value Ofng coverages. The band structure of Na on(X1d) was

Na @y =2.75 eVv:’ _ compared with the band structure of the clear(id) sur-
Referring to the free-standing ordered Na monolayer angace and free-standing Na layers to characterize the Na-

the clean C(L11) surface, the adsorbate-substrate interactionygyced quantum-well states observed in photoemission
will influence the band structure of both systems as thesyperiment$:1%18:19

alkali-metal layer is  adsorbed. Photoemission
experiments*° reveal that as the Na coverage is increased,
the Shockley surface state decreases in energy from its zero Il. CALCULATIONS
coverage value 0.4 eV below the Fermi level at the center of . . .
The total energy calculations in this work were based on

the Brillouin zone,I'. Above 6~0.11, the surface state has the density-functional theor§DFT).2728 The wave functions

moved down below the band edge of the local band gap gfere expanded in a plane-wave basis set and the effective
the C_L(lll) surface anlcg is no longer visible in the photo- potential of the ions was described by ultrasoft
emission experiments: o _ o pseudopotential®’ The use of ultrasoft pseudopotentials en-
Two-photon photoemission expenmeﬁtsndmate that  abled good convergence for copper, already at a plane-wave
there are unoccupied Na-mduced states in thg local band.g@?,ergy cutoff of 350 eV, which was used in all slab calcula-
at the Cy111) surface, which also decrease in energy Withtjons The non-spin polarized version of the generalized gra-
Na coverage. At higher coverage the Na-induced state afjent approximatiofPW-91 GGA (Ref. 30 was employed
lowest energy becomes visible in ordinary photoemissiofor the exchange-correlation functional. For a discussion of
experiment’ and crosses the Fermi level@0.35. Atsatu-  the accuracy of different versions of GGA functionals for the
rated monolayer coverage this state has reached the value Qidtermination of chemisorption energies, see Hammer

eV below the Fermi level at thE point. Thel” point energy et al!
of this state is located within the local band gap of the The adsorbate-substrate system Na o(lCl) was mod-
Cu(111) surface, which indicates that it is localized to the Naeled by means of supercells with six layers of fdd-1)-
monolayer. Therefore this Na-induced state has been calledsiacked copper atoms. We used single-sided adsorption for
quantum-well stat&!® the adsorption structure determination and double-sided ad-
There have been several attempts to model the quantunserption for the band-structure calculations. The atom posi-
well state by a phase-shift model based on experimental pdions on both sides of the slab in the band-structure calcula-
rameter valuet®=2! The results of the calculations were that tions were determined by the results from the adsorption
the main amplitude of the wave function of the quantum-wellstructure calculation. The single-sided supercell included
state was located in the adlayer and decayed exponentialseven layers of vacuum while the double-sided cell con-
into the copper substrate. Bufféhas calculated the density tained six layers of vacuum. To prevent the dipole field from
of states of a C(111) surface covered by sodium, but there the adsorbate side from interacting with the clear(1Q@a)
are noab initio calculations of the electron structure for Na surface through the vacuum region in the single-sided calcu-
on CUY111) which could verify the existence of the quantum- lations, we used the dipole correctithThe dipole correc-
well states fronfirst-principles There is, however, a recent tion compensated for the difference in work function be-
DFT calculation for the similar system Na on the(@01) tween the sodium-covered side and the cleaflLCi) side of
surface by Stampfét al?® where they achieve good agree- the slab, which also gave a direct estimation of the decrease
ment between the calculated band-structure and photoemig work function due to the sodium adsorption.
sion data. We considered two hexagonal adsorbate monolayer struc-
We have performeab initio density-functional calcula- tures, the (X2) structure corresponding to the coverade
tions in the supercell framework using the massively paral=1/4 and the saturated monolayer (8/2/2) structure
lelized version of the computer codecaPo.?* The super-  equivalent tod=4/9 coverage. The supercell of theX2)
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TABLE I. Convergence test of the number of layers and thewhich yielded a comparablk-point sampling for the two
k-point sampling in the direction.Ad is the work-function change  supercells.
andy is the dipole momen€, is the binding energy calculated for  |n order to take surface reconstruction effects into ac-
the Na atom in the fcc site at ¢22)-adsorbate structure using a count, the atomic positions of the adsorbate atoms and the
different number of substrate layers. two uppermost substrate layers were relaxed. The atomic po-
- sitions were optimized by a preconditioned Broyden-
Layers ~ MPgrid A® (eV) u (eA) By (eV) Fletcher-Goldfarb-ShannBFGS algorithnt? which mini-

4 (6X6X1) —2.794 0.358 1.9275 mizes the total energy as a function of the positions of the
4 (6X6x2) 2797 0.359 19275  'eleased ions. The relaxation was performed in three steps.
6 (6x6x1) 2846 0.365 1.9317 First the atom_s m_the clean C_UL])-surface slab were re- _

6 (6X6x2) 5852 0.366 19317 Ia>_<ed in 'Fhe dlrectlo_n perpendicular to fche surface to opti-
8 (6x6%1) 2830 0363 1.9447 mize the interlayer distances to remove internal forces in the
8 (6x6X2) _2834 0.364 19278 substrate. Then the adsorbate atoms were relaxed vertically

above arigid substrate. Finally, both the adsorbate atoms and
the two uppermost substrate layers were relaxed by a full,

structure consisted of four copper atoms in each layer anthree-dimensional relaxation until the average force on each
one sodium atom in the adsorbate layer. Four different highatom was less than 16 eV/A . -
symmetry adsorption sites were considered, namely fcc and TO determine the most favorable adsorption site after re-
hcp hollow site, and bridge and on-top site. laxation, the Na atom binding energy to the(C1d) syrface
The (3/2<3/2) structure is more complicated to realize, E,, was calculated for each adsorption sig.was defined as
because there is no possibility to form a hexagonal adlayer
structure with a nearest-neighbor spacing of 3/2 times the Ep=[(ECUM1D+ NEN ) — EN&/CUlily/N, (1)
underlying structure using only one type of adatom site. If
either a top or a bridge site is chosen for the first adsorbatg/here EC¥(111) Eg{’;m, and ENYCU(11D) gre the total energies
atom, a hexagonal lattice with 3/2 times nearest-neighbopf the clean C(111) slab, the free Na atom, and the Na on
spacing is obtained by one top site surrounded by six bridgeuy(111) adsorption system slab, respectivalyis the num-
sites. Similarly, a hexagonal (3#23/2) layer can be estab- per of adsorbed sodium atoms in the supercell.
lished by a hollow site surrounded by six distorted hollow The interaction between the Na adsorbate atoms and the
sites. Consequently, the (3/3/2) structures were modeled copper substrate can be analyzed by dividing the adsorption
by a supercell consisting of nine copper atoms in each sulprocess into two steps, forming the Na layer in vacuum and
strate layer, ordered in a hexagonal(3) pattern, and four adsorbing the Na layer on the (ii11) surface. The cohesive
sodium atoms placed in either of the two adlayer configuraenergy of forming a free-standing Na layer in vacuEnﬁ'ﬁe
tions described above. was defined as
To minimize the numerical error, all reference calcula-
tions of the clean Gd11) surface and the free-standing Na
monolayer were performed in the same supercell as the cor-
responding adsorbate system, except for the isolated Na ato Na .
calculation, which was performed in a cubic cell with 12 A v%ereEML is the total energy o_f the free—stgndmg Na mono-
side length. To calculate the spin-polarization energy of théayer. N is the number of sodium atoms in the monolayer
Na atom, the Na atom calculation was performed both Withce"' . . L
and without the spin-polarized version of GGA. Analyzm_g the adsorbatel—lnduced charge density gives an
To estimate the precision of the calculations, the variationunderst"’lndlng of the bonding character and the surface di-

in binding energy for the Na atom adsorbed in the fcc site oPOIe responsible for the change in work function on a micro-

the (2% 2) structure was calculated as a function of the num->COPIC level. The induced charge-density plots are con-

ber of substrate layers ariépoint sampling in thez direc- structed by taking the difference between the charge density

tion. The binding energy for single-sided adsorption show of the Na/Cy111) slab and the sum of the charge density of

in Table | has converged already for four substrate Iayerghe clean C(L1]) slab and the free-standing Na monolayer

but to be able to use the same supercell for double—side(aorreSpondmg to the adsorbed structure,
band-structure calculations we chose six substrate layers.

Efree=[NEdam— Eni /N, )

Table | also shows that the use of one or tkpoints in the Ap(r)={p(r)NICUII [ p(r) UL p(r)ER T} (3)
z direction yielded the same binding energy with reasonable
precision. In addition, the local density of stat¢sDOS) py (r) was

A finite temperature smearing was used to diminish theused to monitor the spatial distribution of specific states in
number ofk points necessary for convergenceA Fermi  the Brillouin zone. The LDOS was obtained by extracting
distribution broadening okgT=0.1 eV seemed to be the the ultrasoft wave functiom (r) with the desired energy
optimal choice, which gave a reasonable numbek pbints  eigenvalue in the specifiddpoint from the total wave func-
while the energy offset from th&=0 K ground state re- tion. The pseudopotential augmentation charge at each atom
mained very small. The Brillouin zone of the X2) super- len was added to the ultrasoft wave function in order to
cell was sampled by a Monkhorst-Pack dficbf (6xX6  retain the physical weight of the one-particle Kohn-Sham
X 1) while the Brillouin zone of the (3/23/2) supercell wave function. The ultrasoft expression for the local density
was divided into a Monkhorst-Pack grid of ¥#4x1), of state$’ is defined as
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TABLE Il. Properties of the adsorption system Na on(CLL).
PN =D (D2 D Qi (N BB dic (1)) PNa/Cul1l)js the work function of the systemd® is the the work-
mn,| function changeyu is the dipole moment per adsorbate atom, and
(4) Ey, is the Na binding energy per atom for Na adsorbed ofilC1).
Finally, the band structure of the system was determined byhe upper part of the table refers to the Nax(2)-adsorbate struc-
calculating the Kohn-Sham eigenvalues along the irreduciblé&re and the lower part to the Na (3/3/2)-adsorbate structure.

wedge'~M—K—T of the surface Brillouin zone. The Adsorption PNACHID) A

band structure of the (22) structure was calculated in 232 ;i (eV) (eV) (el)i) (E\t})
k points, while the band structure of the (3/3/2) structure
was calculated in 118 points. (2x2)

The difference in periodicity of the Na adsorbate structurefcc 1.94 —2.86 0.37 1.944
and the underlying structure of the copper substrate was enfcp 1.95 —2.86 0.37 1.944
ployed in the analysis of the band structure. The superceBridge 1.95 —2.86 0.37 1.939
was determined by the unit cell of the adsorbate structureTop 1.98 -2.82 0.36 1.897
which was larger than the unit cell of the copper substrate(3/2x 3/2)

This means that the substrate bands were not convenientiyollow centered 2.73 —2.06 0.15 1.836
represented in the first Brillouin zone of the supercell. Therop/Bridge 2.75 —205 0.15 1.833

different length scales of the adsorbate and substrate strue
tures gave a method to discriminate between the substrate
bands, which “bounced” at the zone boundaries and theabove a rigid substrate and then the two uppermost substrate
center of the Brillouin zone, and the adsorbate-inducedayers were relaxed together with the adsorbate atoms. The
bands, which were properly described in the Brillouin zone.Na adsorption above a rigid substrate gave a rough indication
In addition to this analysis, we compared the band strucef the site preference. The general trend was that hollow sites
ture of Na on C@l1l) with band structure of the clean were the most favorable sites for the Na adsorption in con-
Cu(111) surface, which enabled the identification of a num-trast to the alkali-metal atoms heavier than Na, which prefer
ber of Na-induced bands for the adsorption system. To estitop sitest
mate the dispersion of these bands, the energy eigenvalues of The substrate relaxation enabled rearrangement of the sur-
the Na-induced bands along the high-symmetry directionsace atoms to more favorable positions. The general result of
K—=T—=M in the Brillouin zone were extracted and fitted to the full relaxation of the adsorbate system was that the sub-

a free-electron parabola, strate showed a small tendency for substrate rumpling. Sub-
strate atoms below sodium atoms were repelled into the sub-

72K2 strate while substrate atoms with no sodium atom in the

e(k)=er+ P (5)  vicinity moved outward. The displacement was more pro-

nounced the less the number of nearest neighbors for the

adsorbate atom. Hence, adsorption on the top site generated

.
wherem" Is the band mass of the electron. The valge of thethe largest rumpling effect, where the substrate atom just
band mass was then compared to the band mass in the cqr-

. i ) Oelow the on-top adatom was pushed inward a distahce
responding free-standing Na monolayer. The extracted Na-'y")" 1 "T1a substrate rumpling obviously diminished the

induced bands were finally compared to the irNers’e'difference between the adsorption sites because the least fa-
photoemission data for the &2) structuré® and to P

photoemission data for the saturated monold§é? vorable site gained the most energy by buckling the sub-
' strate.
For the (2<2) structure, absorption at the fcc and hcp
IIl. RESULTS sites gave very similar results and corresponded to the largest

This section is divided into three parts. The first part dealfinding energy after full relaxation, as can be seen in Table
with the adsorption structure of the two structures. The most- The difference in binding energy between the hollow site
favorable adsorption structure of each coverage is used in tHa"d the bridge site was, however, only 5 meV, which was of
second part to investigate the adsorbate-induced changes f} Same magnitude as the precision of the calculation. The
the electronic charge distribution at the interface between thBinding-energy difference is obviously not decisive, but we
adsorbate layer and the substrate. In the third part, the nef/2ced the Na atom in the fcc-hollow site for the electron
features in the band structure of the adsorbate system apducture investigation of the (22) structure. The relaxed
analyzed using the information from the band structure of thd0Sition of the (2<2)-sodium layer in the fcc site is shown
clean Cu111) surface and the free-standing Na layer. Thel Fig. 1(a) and the optimized coordinates of the adsorbate

Na-induced bands are then compared to photoemission efnd surface atoms are given in Table III.
periments. When the nearest-neighbor distance of the adsorbate at-

oms in the (2 2)-Na adlayer was reduced to form the satu-
rated Na monolayer, it seemed probable that the Na mono-
layer had a hollow-site-centered structure. On the other hand,
The site preference for Na on (i11) is a delicate matter the binding energy/adsorbate atom resulted from an average
since the C(lL11) surface is very smooth. In order to inves- over the binding energies of adatoms in different sites and
tigate the adsorption structure, we performed a two-step calany of the atoms in the hollow-site-centered structure in
culation where the Na adatom positions were first optimizedrig. 1(b) were slightly off the high-symmetry sites. A com-

A. Absorption structure



PRB 61 FIRST-PRINCIPLES INVESTIGATION OF THE ... 13977

TABLE Ill. The final adsorption structure after relaxation of the
Na adsorbate atoms and the substrate. The coordinates are given
with respect to the ideal center of mass of the three Cu atoms
» @ @, . . . .
‘ 6 ‘ ‘ ‘ ‘ creating the hollow site before relaxation. The coordinate axes and
* /‘\ /L A )\ the numbering of the atoms can be seen in Fig. 1.
I X
) L ) k ) k Atom x (A) y (A) z (A)
@r 2Onr°

‘ ‘ ' __ ¥ (a) fcc site, (2x2) structure
A.JKNY LA Cuy -131 ~0.75 0.00

&Y,
1O OCIEE S B
4 Cus —0.00 1.51 0.00
-e‘/‘-e‘ cu, 2.59 1.49 0.08
Nay —0.00 —0.00 2.40

(b) fcc site, (3/2<3/2) structure

Cuy —-131 —0.76 0.04
Cu, 1.31 —0.76 0.04
Cuy, —0.00 151 0.04
Nay —0.00 —0.00 251

(c) Distorted hollow site, (3/X 3/2) structure

Cuy 0.00 -0.77 -0.10
Cus 1.29 1.49 0.05
Cus 1.30 1.49 0.05
Nay, 0.00 0.08 2.47

To obtain a qualitative understanding of the relative im-
portance of the adsorbate-adsorbate and the adsorbate-
substrate interaction, we have divided the adsorption process
into two steps. The Na layer was atrtificially formed in
vacuum and in the next step placed on the substrate. The
cohesive energy of the Na layer in vacuum is indicated as the
dark gray regions in Fig. 2, while the light gray regions
correspond to the energy gain when the Na layer is adsorbed

) on the Cu111) surface.
FIG. 1. The relaxed adsorption structure of fap(2x 2) struc-

ture and(b) (3/2x3/2) structure. The supercell is indicated by a 2
rhombus. The copper substrate atoms are gray and the sodium ada-
toms are white. The copper atoms are numbered from 1 to 4 for the 18
(2% 2) structure and 1 to 9 for the (3£3/2) structure. The sodium 16
atom in the (22) structure is numbered 1 and the two sodium
atoms in the (3/X 3/2) structure are numbered 1 and 2. The coor- 141
dinates of the atoms in the supercell are shown in Table IlI.

(b)

-
N
T

ay [eV]

parison of the values in Table Il also reveals that the differ-
ence in binding energy/atom between the hollow-site-
centered and the top/bridge adsorption structure was very
small. The difference was as small as 3 meV/atom, which o}
was below the precision of the calculations. In the end, the
hollow-site-center adsorption structure was used for the
electronic-structure calculation of the saturated monolayer. 0.2f
The final adsorption structure of the (33/2) structure is
shown in Fig. 1b). The corresponding coordinates of the 1 2
adsorbate ar?d closest substratg atomg are given in Table Il Na(2x2)/Cu(111) Na(3/2x3/2)/Cu(111)

The slight preference for the hollow sites does not agree g, 2. The binding energy of Na on CiL1 for the two
with the DFT results of the cluster calculations by Padilla-agsorption  geometries, Nax2)/Cu(111) and Na(3/2
Camposet al.** However, our calculations are not directly X 3/2)/Cu(111). The binding energy is divided into two contribu-
comparable since they consider the low-coverage regime afons, the cohesive energy of forming a free-standing Na monolayer
isolated adsorbate atoms and we have studied higher covast corresponding structurédark gray regions and the energy
ages, where a significant adsorbate-adsorbate interaction gained by adsorbing the Na monolayer on the(id) surface
present. (light gray regiong

Ener
=
(o)
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The cohesive energy of the free-standing hexagonal Na
layer increases fronEja(?*2)=0.587 eV for the (X2)
structure up to (3/23/2) value Efa(3>32=1.00 eV for
the saturated monolayer indicating an attractive interaction
between the atoms in the free-standing Na layer. To be able
to compare the calculated value of the cohesive energy of the
saturated monolayer to the spin-polarized all-electron calcu-
lation by Boettger and Tricke}?, we have calculated the
spin-polarization energy of the Na atom. We achieved a
spin-polarization energy of-201 meV, which lowers the
cohesive energy tdENa(32<3/2)Spin PoL.g 799 eV in good
agreement with the all-electron value of Boettgetral,
E]l(\rla(3/2<3/2)AE 0.81 eV.

In contrast to the results for the free-standing Na mono-
layer, the binding energy of the adsorbed Na layer decreases
with  coverage, from EN®*?/C=1944 eV to
Epa(3/2<3/2)ICu= 1 844 eV. This indicates an effective repul-
sive adsorbate-adsorbate interaction.

B. Charge distribution

In the preceding subsection it was established that there
was a slight preference for adsorption at hollow sites, but the
difference in binding energy between the high-symmetry
sites was very small. We will now turn to the character of the
bonding between the adsorbate and the substrate.

The plots of the induced charge density in Fig. 3 and Fig.
4 reveal that upon adsorption of Na on(Cll), the sodium
charge is attracted toward the substrate. The charge redistri-
bution creates a charge depletion in the Na layer and a
charge accumulation at the interface between the Na layer
and the Cu substrate. The charge accumulation is directed
along the connecting lines between the Na adatoms and the
nearest-neighbor atoms in the underlying Cu substrate. The
redistribution maximum is localized between the adsorbate
layer and the substrate. This charge redistribution indicates a
metallic bond of covalent character.

The charge redistribution to form the adsorbate-substrate
bond polarizes the adlayer. The polarization creates a surface FIG. 3. The adsorbate-induced charge dendify of the (2
dipole which is the main contribution to the notable decreasex 2) structure. The Cu atoms are dark gray and the Na atoms are
in work function from the value for the clean Ciil) sur-  light gray. The charge accumulation is shown by isodensity lines of
face. Our calculated value of the work function of(Ci11) is spacing 2.5 10 % e/A® and the contour line of lowest value cor-
®CuD=480 eV, in agreement with the experimental responds to 2.8 102 e/A3. The charge depletion is indicated by
value 4.85 eV by Gartland and SlagvdfiTang et all*  shading from black to white in the density rarige0.01,0] e/A°.
monitored the coverage dependence of the work function and
they obtained the minimum valugpa'**"=2.4 eV atd  the Na/Cii111) system at saturated monolayer coverage and
~0.22. The calculated value of the work function for the the pulk material®N2=2.75 eV'’, is not an indication of a
(2x2) structure dRXFACUID=1.94 eV consequently Na layer with bulk properties.
underestimates the Work function compared to the experi-
mental value.

An increase of the coverage beyond the work-function C. Electron structure

minimum will increase the value of the work function until Th lculated adsorbate-induced ch density in Fi
monolayer saturation occurs. The calculated value of the € calculated adsorbate-induced charge density In F1gs.

work function at the saturated monolaykga(y%3/2)/Cu(111) 3 and 4 shows that the adsorption of Na on thg1Qa)
=273 eV is in agreement with the experimental Valuesurface leads to a charge redistribution at the interface. In
(I)Na(3l2<3/2)/Cu(lll)_2 8 evil this subsection, we analyze how this is reflected in the band

E|é|tgure 4 shows that the charge redistribution for the satyStructure and characterize the new states. We also compare

rated monolayer is considerable. There is a significant surRur results t(g llgaigld structures extracted from photoemission
face dipole also for the saturated monolayer which influencegXperiments.” _

the work function of the system, as can be seen in Table II. '€ clean CW1l) surface is the reference for the
Obviously the apparent agreement in the work function folNa/Cu111) system. Experimentally, thE point energy of
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FIG. 5. The band structure of the Naf2)/Cu(111) structure
(solid lines and the corresponding band structure of the clean
Cu(11) surface(dashed ling The shaded regions show the bulk
copper bands projected onto tttElL1)-surface Brillouin zone. The
copper bands appearing in the local band gap are folded bands, and
the Na-induced bands are indicated by the thick solid lines.

lines. These are not present in the band structure of the clean
surface. The splitting of these bands into pairs was due to
interaction between the adsorbate layers on opposite sides of
the slab, as for the surface state on thé1dd) surface. This

was confirmed by artificially displacing the Na X2)-layer

1 A away from the copper substrate, which reduced the

band splitting. Checking the LDOS at tHé point for this

X 3/2) structure. The Cu atoms are dark gray and the Na atoms ar%tate thOW,Ed that there was an overlap between the states on
light gray. The cut passes through the sodium adatoms. The char§¥PPOSite sides of the slab but the decay of the states was
accumulation is shown by isodensity lines of spacing 2.5iaster than for the C(lll])-surfac_e state which diminished
%102 e/A 3 and the contour line of lowest value corresponds tothe overlap. Therefore, we consider the energies of the Na-
2.5x10°2 e/A 3. The charge depletion is indicated by shading induced state to be more reliable than the energies of the

FIG. 4. The adsorbate-induced charge dendigy of the (3/2

from black to white in the density rande-0.01,0] e/A3. copper surface state when six layers of copper are used as a
copper substrate in the supercell.
the Shockley surface state present at thélCi) surface is We used the same mean value method to extract the ap-

observed 0.4 eV below the Fermi lev&|The calculated propriate band as described for the (Cl)-surface state.
Shockley surface band was split into two bands in our referThe calculated bands with free-electron-like dispersion ap-
ence calculation where a six-layer slab was used for thgeared in the local band gap of the(CL1) surface. Further-
Cu(111) surface. The LDOS showed that there occurred anmore, these bands apparently had the periodicity of the Na
overlap between the surface states on opposite sides of timeonolayer, indicating that they are Na-induced bands. To
six-layer slab. This interaction between surface states on o@nalyze the character of these bands, we compared their dis-
posite sides of the slab caused the band splitting. We agersion to the bands in free-standing Na layers in vacuum.
sumed that the band splitting was symmetric around th&Ve calculated the two-dimensional band structure for free-
single band of an infinitely thick copper slab. The appropri-standing Na monolayers corresponding to both th&22-
ate band could then be retrieved by taking the mean value aind the (3/X3/2)-adsorbate structure, as can be seen in
the band pair in eack point. Figs. 6 and 8. In comparison to earlier all-electron calcula-
The calculated meali point energy of the Shockley sur- tions by Wimme?” and Boettger and Tricke¥, the agree-
face state for the six-layer slab was then found 0.47 eV beMent is satisfactory for the saturated Na monolayer.
low the Fermi level. In an extended ten-layer slab calcula- 10 a@nalyze the dispersion of the calculated bands along
tion, the overlap decreased and the band splitting was leshe K—T"—M line, the eigenvalues were fitted to the free-
pronounced. In this case the surface state was found at 0.4lectron parabola in E@5) by a least-square-fit method. The
eV below the Fermi level in better agreement with experi-curve fits to the calculated bands are shown as the dashed
ment. lines in Figs. 6—9. The band masses are given in Table IV to
A comparison between the calculated band structure oénable a quantitative comparison. The bands of the free-
the clean C(11) surface and the band structure of the (2 standing Na monolayer and the Na-induced bands have a
X 2)-adsorbate structure in Fig. 5 reveals that two new pairgjuasi-two-dimensional free-electron character and the corre-
of unoccupied bands have emerged, indicated by thick soligponding band masses in Table IV are close, showing that
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FIG. 6. The band structure of a free-standing Na monolayer in FIG. 8. The band structure of a free-standing Na monolayer in
vacuum corresponding to the ¥2)-adsorbate structure. The Vacuum corresponding to the (3{3/2)-adsorbate structure. The
dashed lines indicate the parabolic fit to a free-electron paraboldiashed lines indicate the parabolic fit of the energy eigenvalues to a
The parameters can be found in Table IV. The bands used foiree-electron parabola. The parameters can be found in Table V.
comparison with the Na-induced bands are numbered 1 and 2. ThEhe bands used for comparison with the Na-induced bands are
shaded regions show the bulk copper bands projected onto the sutimbered 1 and 2. The shaded regions show the bulk copper bands
face Brillouin zone with a Fermi level determined by the free- projected onto the surface Brillouin zone with a Fermi level deter-
standing monolayer. mined by the free-standing monolayer.

the Na-induced bands have a strong Na character and are reftowing an excellent agreement for the lower band, though
unduly affected by the adsorption to the substrate. the experimental values are scattered around the calculated
The two Na-induced bands in the local band gap for theband. The experimental data points of the upper band show a
(2% 2)-adsorbate structure can be interpreted as the unoccaimilar spread around the calculated band, giving a qualita-
pied states that have been observed in the inversdive agreement. On the other hand, the downshift of the work
photoemission experiment by Dudds all® The authors function for the (2<2) structure is exaggerated in compari-
characterize the lower state as a Plastate and the upper son with experiment: which makes the upper calculated
state as an image state pinned to the vacuum level. The disand less reliable. Consequently, the calculated valugs of

persion of these states is mapped along fheM andT  and theF—point energy for the (X 2)-adsorbate structure in

—K directions in the Brillouin zone. In Fig. 7 the calculated
Na-induced bands are compared to the experimental values,

ol

4
B
_ 2 b0
EZ— 6 0 0 0 0090° °0®
LE,
i
=~ 1
w
]
0
-1
-1 _2—0.5 -04 -03 -02 -041 0 0.1 0.2 0.3 0.4
K KAl T M
-2
T 0z 0% 06 FIG. 9. The band structure of the Na(3/2
K KIA™] r M X 3/2)/Cu(111)-adsorbate structure. The solid lines are the Na-

FIG. 7. The band structure of the Na¢2)/Cu(111)-adsorbate induced bands. The dashed lines show the curve fit to the free-
structure. The solid lines are the Na-induced bands. The dashe@lectron parabola. The band index in Table IV is indicated by num-
lines show the curve fit to the free-electron parabola. The band€rs. The shaded regions show the band structure of bulk copper
index in Table IV is indicated by numbers. The shaded regionspl’ojected onto the surface Brillouin zone. The LDOS of the lower
show the bulk band structure of copper projected onto the surfacband at thel’ point is shown in Fig. 10. The circles and stars
Brillouin zone. The circles are the inverse photoemission data fronindicate the photoemission data from Fiscle¢ral. (Ref. 16§ and
Duddeet al. (Ref. 10. Carlssonet al. (Ref. 19, respectively.
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TABLE IV. The calculated values of thE-point energyeper — ——o ——m—————— —
relative to the Fermi level and the band mass, of the Na-induced —‘-—q,,____F_,_—#“’_—
bands, obtained in the least-square fit to a free-electron dispersioh @ C:
parabola in Eq(5). The values are given for the Na/@d1), (2 -

x2), and (3/% 3/2)-adsorbate structuréfig. 7 and Fig. 9 and
the corresponding free-standing Na monolayers in vac(kig 6 %{ -
and Fig. 8. The band indexes are given in the figures. The calcu-
lated values are compared with the experimental values from Dudde :

et al1? for the (2x2) structure, and Fischet al® and (Carlsson
et all9) for the (3/2<3/2) structure.

- 3 — 3
Coverage eber MO L, TEe
system (eV) Me (eV) Me
Na(2x2) band 1 1.26 1.09
Na(2x2) band 2 250 1.00

Na(2x 2)/Cu(111) band 1 0.45 0.96 056  1.22
Na(2x 2)/Cu(111) band 2 236 1.04 239 170

Na(3x 3) band 1 0.80  1.06
Na(3 x 3) band 2 2.37 100
Na(3x 3)/Cu(111) band 1 —0.06 078 -011 14

(-0.10 (0.5
Na(3x $)/Cu(111) band 2 ~ 2:46  1.06 207 13

e, s

Table IV are in agreement with the experimental values for

T Py
the lower band, but there is a large difference in band mas
for the image state.

\ @ {
Experiment®1® indicate that thd point energy of the

Na-induced states is coverage-dependent. The state of lowest FIG. 10. The local density of stateg .(r) of the quantum-well
energy shifts downward in energy as the coverage increas&sate at thd” point for the saturated monolayer. The Cu atoms are
and the state becomes occupied at0.35. At saturated dark gray and the Na atoms are light gray. The isodensity lines have
monolayer coverage the measured energy of the state @&line spacing of %10 ° e/A® and the contour line of lowest
eNal3/2<3i2)/Cu(11l) . _ 51 eV with respect to the Fermi value corresponds t0>610 ° e/A3. The peak amplitude of this

Expt. . .
16,19 . . = . state is localized at the boundary between the Na layer and the
level. The two ex_per_lr_nents y'.eld the S_anﬁep_omt_ €N vacuum boundary and the amplitude decays rapidly into the Cu
ergy, but they have significantly different dispersion in terms, potrate
of the band mass for the occupied band, as can be observeé '
in Fig. 9. s
Tr?e calculated band structure for the (8/2/2) structure Iocaled within the local band gap of the @d1) surface near
showed two similar pairs of Na-induced bands as for thdhe I point. This implies that the wave function of this state

(2X2) structure. One band pair was located around théS localized in the adlayer and decays fast in the copper bulk.

Fermi level at thd" point and one pair was unoccupied. We Monitoring the LDOS at thd" point in Fig. 10 reveals a
performed a similar analysis of the dispersion of the Na.maximum located in the interfacial region between the Na

induced bands for the saturated Na monolayer as for the (§10nelayer and the vacuum barrier. Another smaller maxi-
X 2) structure. The values afi* in Table IV for the (3/2 Mum is located at the interface between the adlayer and the

X 3/2)-adsorbate structure were close to the free-standing NgHPstrate and the amplitude decays rapidly as the wave func-

monolayer, indicating that the Na-induced bands had maintion enters the substrate region, as expected. The distribution

tained the Na character also for the saturated monolayer. Thaf the LDOS in real space of this statczeoa;tlﬂh@oint agrees
calculatedr" point energy of the occupied band was 0.06 eVv'Well With previous model calculatlori‘§_; “““which supports
below the Fermi level, in fair agreement with the the conclusion from these calculations. This Na-induced
experiment§.6*19The dispérsion in Fig. 9 is intermediate be- state has the quasilocalized character of a two-dimensional

tween the two experimental curves, which is satisfactoryduanium-well state.
The calculated unoccupied band has a slightly stronger dis-

persion than the two-photon photoemis¢fdata and thd™ IV. SUMMARY
point energy is shifted 0.4 eV above the experimerital We have investigated an alkali-metal adsorption system, a
point value. monolayer of Na on GU11), in order to characterize its

It is evident that the occupied part of the Na-induced bancklectron structure. Our aim was to study the possibility of
of lowest energy for the (3/23/2) structure in Fig. 9 is forming quantum-well states in this system as suggested by
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photoemission measurements. The analysis of the Napis band is below the Fermi level at tfie point and well
induced electron structure is based fost-principlescalcu-  \ithin the local band gap. Consequently, we expect the wave

lations of free-standing Na layers in vacuum, the clea
Cu(111) surface, and tr?e adsor>t/)ate system Na oflCl) r}unctlon at thel” point to be essentially confined to the ad-
' " layer region. The calculated local density of states reveals a

for two different adsorption structures. .
large maximum at the adlayer/vacuum boundary, a smaller

The adsorption of Na on the Ci11) surface polarizes the t the interf bet the adl d th
system, giving rise to a large decrease of the work functlonmax'mum at the interface between the adlayer and the cop-
er substrate, and a fast decay into the substrate. We thus

The polarization is due to a metallic bond of covalent char?
acter between the adsorbate layer and the copper substr&%ncmde that this state has the characteristics of a quantum-

characterized by depletion of electron charge in the Na layewell state. Furthermore, the calculatEcpoint energy of the
and a charge accumulation in the interface region. lowest Na-induced band for the two coverages is in agree-
The Na atoms have a slight preference for adsorption irment with the coverage dependence observed in photoemis-
hollow sites. However, the differences in the binding energysion experiments.
between different sites is in general a few meV, which indi- Our analysis suggests that the Na-induced band is a
cates that the Qa11) surface appears very smooth to the Naquantum-well band corresponding to states localized in the
adsorbate atoms. Na adlayer.
We have calculated the band structure of the adsorption
system and ane_llyzed the Na-induced bands. These bands are ACKNOWLEDGMENTS
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