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Al(112)-(y/3% \/3)R30: On-top versus substitutional adsorption for Rb and K

P. ScharocH, J. Neugebauer, and M. Scheffler
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany
(Received 4 February 2003; published 1 July 2003

The atomic structure and energetics of the on-top and substitutional phase ofth®£k3x \3)R30:Rb
adsorbate system have been studied employing density-functional-theory total-energy calculations. Since the
energy difference between the two phases is extremely sm&0(meV) extensive checks with respect to the
choice of the exchange-correlation functiofakal density and generalized gradient approximadiamsl the
construction of the Rb pseudopotential have been performed. All tests clearly show the substitutional adsorp-
tion site to be energetically favorable. Equivalent calculations performed for K revealed a clear chemical trend
in the adsorption energetics for Na, K, and Rb: The energy gain between the substitutional and the on-top
configuration decreases with increasing atomic radius of an alkali atom. The calculated equilibrium geometries
are in good agreement with previously reported experimental data.
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[. INTRODUCTION ing. For Rb on A{111) first-principles calculations have not
been reported so far.

Over the past 15 years extensive experimental and theo- In order to gain a better understanding of chemical trends
retical investigations of alkali adsorbates on metal surfacefor alkali adsorption on metal surfaces we have therefore
have revealed a great variety of ordered adsorbate structuréidied the equilibrium geometry and energetics of the re-
and surface alloy’:X2 Among these structures the ordered constructed AlL11)-(y3x {3)R30:Rb surface employing
Al(11D)-(\/3x \3)R30:X surface(with 1/3 monolayer ofx  density-functional-theory calculations. Like in previous stud-

=Na, K, Rb, C$ probably has one of the simplest structures./€S on K on Al111) we find that the energy differences be-

Nevertheless, the system exhibits interesting structural phad@€en substitutional and on-surface adsorption are almost de-

transitions'~1%1113Rubidium and potassium, e.g., occupy generate. We have therefore performed extensive checks
on-top sites on the rumpled @11 surface if adsorbed at with respect to the choice of the pseudopotential, exchange-

correlation functional, size of the supercell, etc. An interest-
low temperaturesT~100 K). However, when the structure . : . :
: . ing conclusion based on these tests is that, in contrast to the
is formed at room temperature the alkali atoms occup

Yearly alkali adsorption models by Taylor and Langriiémd
sixfold-coordinated substitutional sites formed by kicking Gur%eyls semicoFr)e states signi>f/icar)1/tly affect th% chemical

out every third surface Al atom. The same structure iSyongs. polarization of the semicore states significantly re-
achieved by adsorbing the alkali adsorbates at low tempergy,ces the energy difference between substitutional and on-
tures and a subsequent anneal: An irreversible but ordefyy sjtes for both K and Rb. It also significantly affects the

preserVing transformation from the On—top structure to th%ond |ength and cohesive energy of the e|ementary alkali
substitutional phase occurs. This transition can be followegylk phases.

in temperature-dependent low-energy electron diffraction
(LEED) studies'® These studies allowed one to directly mea-
sure the transition temperatufle which was found to be Il. METHOD
250 K for Rb(Ref. 11) and 210-220 K for K:0In the case
of Na on Al(111) a slightly different behavior is observed.
There is no experimental evidence that at low temperature In order to calculate the equilibrium geometry and the
the discussed on-top structure is formed and, as calculatiorsisorption energy of alkali adsorbates we have employed
show? in this case Na prefers the threefold-coordinateddensity functional theory using theHiosmp plane-wave
fcc site rather than the on-top configuration. However, atcode® and therHiPP code® to generate Troullier-Martifd
room temperature also the substitutional (14l)-(y3  pseudopotentials. The surface has been described by a re-
x \/3)R30:Na phase occurs. peated slab geometry with the slab consisting of 4 layers of
First-principles calculations have had a major impact inAl, 1/3 layer of alkali atoms, and a vacuum thickness of
identifying and understanding these phenomeni&:®14-*¢ ~15 A. The surface unit cell has a/8x 3)R30 symme-
For example, these calculations clearly showed that 1/&y; i.e., each layer consists of three Al atoms. To obtain the
monolayer of Na on Afl11) prefers the substitutional site: At equilibrium geometry the alkali adsorbates and the Al atoms
zero temperature the energy difference between substitiin the first layer have been allowed to relax. The Brillouin
tional and on-surface adsorption is 300 meV. For K the calzone has been sampled by a (10,10,{0j the elementary
culated adsorption energies for the substitutional and onbulk phases of Al, K, Rpand by a (6,6,1)for the surfaces
surface phase are almost degenefitadicating that the Monkhorst-Pack mesh. The single-atom total energies,
chemical nature of the adsorbate strongly affects the bondieeded in the adsorbtion energy and cohesive energy calcu-

A. Ab initio calculations
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TABLE |. Results ofab initio calculations for bulk crystals of Al, Rb, and K. Heeg, is the lattice
constantB, the bulk modulusk,,, the cohesive energy(x) the deviation from the experimental value, and
E..t the cutoff energy of the plane-wave basis set.

Element Data Valence E At E Bo S8(By) Econ S(Econ
from shell  (Ry) (&) (%) (kbap (%) (eV) (%)
Al Experiment - - 4.049 - 760 - —-3.38 -
LDA @ 3s?3p! 20 3971 -1.9 850 12 4.04 19
LDA @ 3s?3p! 45 3971 -—1.9 840 11 4.04 19
GGAP 3s?3p! 30  4.022 -07 756 -1 3.67 8.5
GGAP 3s?3p! 50 4.024 -0.6 761 0 3.58 6
K Experiment - - 5.328 - 31 - 0.92 -
LDA @ 4st 20 5.057 -5.1 44 42 1.00 9
LDA 2 3pf4s! 45 5302 -05 37 19 0.85 -8
LDA @ 3pb4st 75 5300 -05 38 22 0.9 -2
GGAP 3p4s! 50 5529 3.7 30 -3 0.77 —-16
GGAP 3pf4st 75 5511 3.4 32 3 080 —13
Rb Experiment - - 5.585 - 25 - 0.84 -
LDA @ 5st 20 5355 -—4.1 36 44 0.94 12
LDA 2 4pb5st 25 5571 -0.2 31 24 0.80 -5
LDA 2 4pb5st 60 5571 -0.2 30 20 0.82 -2
GGAP 4pb5st 30  5.849 4.7 24 -4 0.69 —-18
GGAP 4pb5st 60  5.847 4.7 26 4 070 -17

aCeperley-Alder—Perdew-ZungéRefs. 23 and 24
bperdew-Burke-ErnzerhdRef. 25.

lations, have been corrected for the spin polarization energgby placing a self-consistently calculated dipole layer in the
(152, 148, and 132 meV for Al, K, and Rb, respectiyely vacuum regioh Using this approach a slab thickness of four
This correction has to be applied because we use a non-spid layers was found to be sufficient. Details of the method
polarized code. Since both the Al substrate and the alkaland the computer programs are described in Refs. 19 and 20.
metal on Al substrate systems are spin compensated, thdditional convergence checks have been reported in Ref. 3.
code can be directly applied to them. An isolated alkali atom, The calculations have been performed using both the local
however, is spin polarized: According to Hund’s rule thedensity approximaticii?* (LDA) and the Perdew-Burke-
spin-compensated staterst the ground state but electrons Ernzerhof generalized gradient approximatfon(PBE-

in a single and not fully occupied atomic orbital try to maxi- GGA). For both exchanggXC)- energy functionals the ap-
mize their spin state. A well-established technique to takepropriate pseudopotentials have been generated. Moreover,
this effect into account is to calculate the energy differenceo test and analyze the effect of the alkali semicore states on
between an atom in spin-polarized and spin-compensateitie bonding geometry and energetics we have generated two
states. This energy difference has been calculated for all ebets of pseudopotentials for the alkalis: one in which the
ements and is listed in Ref. 22. For all total-energy calculasemicorep states have been explicitly included into the va-
tions zero-point vibrations have not been included. The enlence shell, the other where they have been kept frozen and
ergy cutoff has been chosen to give errors in the adsorptiotreated only in the nonlinear core-valence exchange-
energy of less than 2 meV. In order to achieve these erratorrelation(NLCC) approximation.

bars in the surface energies total energies have been con-
verged up to an accuracy of 1®hartree. The equilibrium
structures have been obtained by enforcing that the ) ) )
Hellmann-Feynman forces on all surface atoms be less than Here and in the following we will focus on the on-top
10* hartree/bohr. In order to minimize the slab thicknessP0Stion when considering pn-sgrfacg adsorption: The on-top
we use asymmetric slabs where the alkali atoms are adsorb@§Sition_has been clearly identified in a LEED analysis for
only on one side of the slab. A consequence of this geometrng V3)R30 K and Rb on Al(111). The on-top and sub-

is that two inequivalent surfaces exist: one with alkali adsorStitutional adsorption energies have been calculated follow-
bates and a bare one on the other side of the slab. Since {9 Ref. 3:

general the two surfaces have different work functions, the

B. Definitions

e - A S Eon-top: o (Eon-top_ Eclean_ Efre (1)
periodic boundary conditions cause an artificial electric field ad tot tot tot
in the vacuum regioA As has been shown in Ref. 3 this field subst_ subst clean  bulk e
can be efficiently eliminated by applying a dipole correction Ead = — (Bt~ (Egt +Eig ) —Eggt)- @
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TABLE II. The calculated surface geometries and adsorption energies(bfI(/3% +/3)R30:K and
Rb structures in comparison with experimental data reported by AdRefs 13. Here, E is the cutoff
energy of the plane-wave basis }.i.a the vertical spacing between the adsorbed alkali layer and the first
substrate layerl,., the vertical spacing between the first and the second layer of the subat¢ajethe
vertical splitting of the first Al layer, ané 4 the adsorption energisee Fig. 1

Structure Data Valence E, dakaiial daral A(r) Ead

from shell  (Ry) A) (&) A) (ev)

Clean Al111) Experiment - - - 2.360.01 - -
LDA @ 3s?3pt 45 - 2.31 -
GGAP 3s?3p! 50 2.37

K:on-top Experiment - - 3.080.03 2.33-0.02 0.28-0.02 -
LDA @ 4st 20 2.93 2.41 0.25 1.460
LDA 2 3pb4ast 45 3.13 2.37 0.19 1.298
GGAP 3pbast 50 3.13 2.31 0.19 1.122

K:subst. Experiment - - 2.160.02  2.270.02 - -
LDA @ 4st 20 2.15 2.23 - 1.574
LDA 2 3pfast 45 2.37 2.22 - 1.339
GGAP 3pf4st 50 2.59 2.26 - 1.173

Rb:on-top Experiment - - 3.220.03 2.330.02 0.270.02 -
LDA @ 5st 20 2.99 2.41 0.25 1.478
LDA 2 4pb5st 25 3.22 2.38 0.20 1.305
GGAP 4pb5st 30 3.37 2.39 0.17 1.085

Rb:subst. Experiment - - 2.410.02 2.270.02 - -
LDA @ 5st 20 2.28 2.22 - 1.562
LDA @ 4pb5st 25 2.56 2.22 - 1.322
GGAP 4p5st 30 2.70 2.25 - 1.103

&Ceperley-Alder—Perdew-ZungéRefs. 23 and 24
bperdew-Burke-ErnzerhdRef. 25.

Here, the quantities appearing on the right sidesaaritio  and Rb(bcc structurg Based on the results listed in Table |
total energiesE2} ™ and ESY*S!'those of the adsorbate sys- we can draw the following conclusions. For Al, going from
tems (on-top and substitutional geometries, respectively the LDA to the GGA significantly improves all calculated
EZ® that of the clean Al(111) slab, andERYX that of a  quantities: as expected the GGA corrects for the LDA
substrate bulk atonE[® is the total energy of the isolated overbinding, thus reducing the cohesive energy and the bulk
spin-polarized adsorbate atom. In the above equation theodulus and increasing the lattice constant. In fact, in the
substitutional adsorption energy has been defined by assurnase of Al the PBE-GGA performs very well. For the alkalis
ing that the substituted substrate atom becomes a bulk atora.slightly different picture emerges. Let us first focus on the
Physically this may mean, e.g., that the kicked-out substrateDA results. Here we find that the inclusion of the semicore
atom forms first a mobile adatom on the surface which evenstates(the 3p and 4p electrons for K and Rb, respectively
tually gets trapped at a kink site at a surface step. Sincgjgnificantly improves all calculated properties. The lattice
adsorptipn at this _site reproduces the surfdtee only  constant and cohesive energy get very cléseor <0.5%
change is that the kink moved along the step ¢dg ad- o the lattice constant and 2% for the cohesive eneryo
sorption energy of it is exactly the bulk cohesive enérgy. e corresponding experimental values. Using the PBE-GGA
for exchange correlation again the expected behavior is
found: the cohesive energy and bulk modulus decrease and
the lattice constant increases. However, in contrast to what
has been found for Al these corrections overcorrect the LDA
(with the exception of the bulk modulis-for bulk alkalis

We have first tested the various sets of pseudopotential§ie PBE-GGA performs worse than the LDA with respect to
(LDA and GGA, with and without semicore staldsy cal- the lattice constant and cohesive energy. These systems
culating the cohesive energy, equilibrium lattice constantmight be therefore a good benchmark system for new and
and bulk modulus of the elementary bulk phases of Al, K,improved exchange-correlation functionals.

IIl. RESULTS AND DISCUSSION

A. Elementary bulk phases
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TABLE IIl. Comparison of the energy differences between al-
kali adsorption on on-top and substitutional sites.

—

daikaii-Al Element  Valence XC Ecut  ESUPSLEONOP
A(r) v shell functional (Ry) (meV)
dar
| A Na@ 3st LDA 12 300
K 4st LDA 20 114
K 3pb4st LDA 45 41
K 3pb4s'  PBE-GGA 50 51
1
FIG. 1. The Al111)-(\/3% /3)R30:RKK) structure. Schematic Rb 563 ) LDA 20 84
side view. The indicated distances correspond to those in Table II. Rb 4p”Ss LDA 25 17
Rb 4pb5s!  PBE-GGA 30 19
B. Alkali adsorption on Al (111) “Neugebauer and ScheffléRef. 3.

In a next step we have used different sets of pseudopoten-

tials and exchange-correlation functionals to study the ad-. L )
sorption geometry and energy of K and Rb in the orderecdit® and core polarization effects may be more important.

(\/§>< \/§)R3O phase on A[111). Both on-top and substitu- Anothgr reason might be the (_:h(_)ice _of exchange-correlation
tional adsorption have been considered. The results are listdtptential. To unambiguously distinguish between the two ef-
in Table Il (see also Fig. )1 Let us first focus on trends for fec_ts (cgre electrons, XC_potentbaaII—electron calculations
the different functionals and pseudopotentials. Including thé!sing different XC potentials are needed.

semicore states into the valence prevents the alkali atom

from getting too close to the Al surface. Thus, in all cases

(for K and Rb and for on-top and substitutional sjtéise C. Comparison between on-top on substitutional adsorption
alkali-aluminum bond |engtﬁncr€fasesgnd the adS'Orption By |00king at the energy difference between on_top and
energy decreases. The fact that m_cludlng_ the semicore statggpstitutional site KE= Eztébst_ E1°?) we can identify the
reduces the adsorbate-substrate interaction can be also S‘:i‘?'\‘érgetically stable site—a positive value indicates that the
in the AI".A‘I spacing beMeen the first anq second layers an ubstitutional site is more stable than the on-top configura-
the ru_mpll_ngAr .Of the first s_ubstrate _Iayer. b.Oth get clo_ser to tion. The energy differences are listed in Table Ill. In all
the situation without alkali adsorption. It is interesting to cases the substitutional site is more stable than the on-top
note that previous studies performed for qualitatively differ- . . : .

ent substrate@lkali adsorbates on transition metal surfaces configuration. LO‘?k'”g. at the numbers a cl_ear chemlcal trend
observed a very similar efféét>* The semicore states were can be observed: Going down the pe”Od'C. ta@.le., frpm
found to lead, €.g., to a significant counterpolarization of thd\@ t© K to Rb the preference for the substitutional site de-
alkali adatoms and to affect the adsorbate-substrate bondg€ase€s but even for Rb it is the most stable configuration.
The PBE-GGA shows the expected behavior—it increasegh? nl_meers also clearly show that the semicore states have
the alkali-adsorbate bond length and decreases the adsorptigrsignificant affect on the alkali adsorption: By reducing the
energy. adsorbate-substrate interaction they also strongly reduce the

A comparison with the experimentally derived structural preference for the substitutional site. Finally, we note that in
parameters shows generally good agreement for all casg@ontrast to the structural parameters and the absolute adsorp-
with error bars<0.1 A except for the alkali-aluminum bond tion energies the LDA- and GGA-calculatehergy differ-
length. The latter depends sensitively on the choice of funcencesare very closdenergy difference<10 meV).
tional and the treatment of the semicore states. The LDA and
inclusion of the semicore states works well for the on-top
configuration but slightly overestimates the bond length in IV. CONCLUSIONS
the substitutional configuration.

The GGA generally overestimates the alkali-aluminum We have studied on-top and substitutional adsorption of K
bond length. While GGA functionals are well known to over- and Rb alkali adsorbates on the(Al1)-(1/3x y3)R30 sur-
estimate bond lengths the discrepancy found in the case déce. A specific focus of this work was to identify the role of
the substitutional site is unusually large: It40.3 A for Rb  the alkali semicore states on the bonding geometry and en-
and~0.4 A for K (see Table . From our results we cannot ergy and the performance of various exchange-correlation
unambiguously identify the source of the discrepancy: Ondunctionals (LDA vs PBE-GGA. Our results showed that
reason might be theéstill insufficiend representation of the independent of these choices the substitutional site is ener-
alkali atomic core by keeping the remaining core states frogetically more favorable than the on-top geometry. Also,
zen (see, e.g., Ref. 28 This would, e.g., explain why the clear quantitative changes and trends could be observed. In-
error for the substitutional site is larger than for the on-topclusion of the alkali semicore states in the valence was found
configuration: In the substitutional configuration the bondingto be crucial otherwise, the alkali substrate interaction is
is known to be more covalefin comparison with the on-top overestimated, resulting in too small alkali-substrate bond
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