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Chemical effects in rare gas adsorption: FLAPW calculations for Ag001)c(2X2)-Xe
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In order to investigate postulated chemical effects in adsorption of heavy rare gas atoms, we investigate the
Ag(001)c(2% 2)-Xe system using the full-potential linearized augmented plane-wave method. Adsorption in
the on-top site is found to be favored by 8.6 meV—adsorption in this site suggests that there is a chemical
contribution to the bonding. The topology of the charge density associated with the 3tatgs clearly shows
that these states are involved in a bonding interaction with the substrate states. We also show that the extra
splitting of the 53, orbitals arises from adsorbate-adsorbate interactions. It is observed that the spin-orbit
interaction drastically alters the electronic, but not geometric, properties of the system.
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[. INTRODUCTION positive effective charge on the Ag atom sitting below it.
They also attributed this to charge transfer due to broadened,
The adsorption of inert gas atoms on metal surfaces is aanoccupied Xe orbitals overlapping the Fermi energy. In this
area that has seen a great deal of both experimental ag@per, we attempt to discover whether the ground-state ad-
theoretical attention, it is usually considered to be an archesorption site for Xe on A@0Y) is the on-top or hollow site,
typal example of the van der Waals interacti@m assertion thus allowing us to comment on the likelihood of the inter-
that this paper will to some extent call into questi@emd so  action having a chemical contribution.
is often used to investigate this interaction. Even though Another question that has seen great interest in the litera-
these systems have been extensively investigated, they aft@re is the origin of the extra splitting of the XepSevels.
still not fully understood and so the aim of this paper is toThe spin-orbit effect splits theblevel of the Xe atom into
attempt to answer at least some of those remaining questions- 3/2 andj =1/2 components. There is another splitting that
in a systematic way using the example of Xe adsorption. occurs when Xe is adsorbed upon a substrate. Thg Evel
There is work in the literature that calls the assertion thasplits intom;= *+1/2 andm; = *=3/2 components due to the
the interaction of inert gas atoms with metal surfaces is a vaneduction in symmetry on adsorption. Various schemes have
der Waals interaction into question. In a van der Waals picbeen proposed that try to ascertain the mechanism that
ture of adsorption, one would expect the adsorbate to sit icauses this splitting. Waclawski and Herhsbserved this as
high coordination sites. However, calculations performed bya broadening of the [, level for Xe on WO001l)—they
Muller! for Xe on Pt111) and diffraction experiments by attributed the broadening to an unresolved doublet that arose
Gottliel? predicted adsorption in the on-top site. Zeppenfeldfrom the interaction of the Xe adatom with the(801) sur-
et al3 also reported that in scanning tunneling microscopyface crystal field. Antoniewic¢Z then called this into ques-
(STM) experiments for Xe on P111) they observed Xe ada- tion, pointing out that for the Waclawski-Herbst model to
toms forming chain®n topof step edges. Low-energy elec- give the correct results, there would have to be an unrealis-
tron diffraction(LEED) studies by Narloch and MenZeind tically large positive charge sitting on the surface ions. He
Seyller et al® also found the Xe adsorption site to be thethen went on to propose an alternative mechanism for the
on-top one for R(D00Y) and Cy11l), respectively. These splitting seen in photoemission experiments. This mecha-
findings do not tie in with a van der Waals picture of inert nism was the interaction of the final state ion with its induced
gas adsorption—the edge of a step is certainly not a higimage field, an idea that Matthew and Detfeglso put for-
coordination site. These anomalies are explained by assumwvard. Horn et al'? performed photoemission experiments
ing that the bonding has some chemical contribution. Eiglestudying Xe adsorbed on FiD1). They also observed a
et al® found that it was possible to image Xe using the STM,broadening of the Xe |85, level that they found to be cov-
a discovery that they attributed to a charge being transferredrage dependent, this led them to suggest that the splitting is
from the substrate to the unoccupied Xe 6rbital that is due to a direct lateral interaction. They also made tight-
broadened on adsorption and, therefore, overlaps with theinding calculations of a free-standing Xe monolayer, the
Fermi energy thus becoming partially populated. This haglectronic structure of this monolayer was in good agreement
been discussed in the literature as a possible bondingith the Xe states seen in photoemission experiments.
mechanisn?:’ Mller! suggested an alternative mechanism Henk and Fedé? also found evidence to support the idea
where the charge transfer is from the adsorbate to some uthat lateral interactions make the dominant contribution to
occupied metat orbitals that sit just above the Fermi en- the splitting. In calculations based on a fully relativistic
ergy. Clarkeet al® also found evidence of a chemical con- Green’s-function formalism, they found that the splitting in-
tribution to the bonding: they calculated the effective chargecreased as the Xe-Xe separation was decreased and that they
which gives a measure of how far the charge state of an atorould reproduce the experimental photoemission spectrum
differs from that of the free atom. They found a negativefor Xe/P{111) using just a free-standing Xe monolayer. Both
effective charge on the Xe adsorbate and a correspondingf these findings provide strong evidence to support theories
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(001) (100) I1l. DETERMINATION OF ADSORPTION SITE
QQOOOO O O Initially we relaxed a clean A@O01) surface to get a feel
0 Q0 OO0 0 00 for what (if any) changes the adsorption of Xe made to the
-EN6E)-6 5y 0 00000 surface geometry. These calculations were made without the
‘ == @O@OOQOOOO@ inclusion of the spin-orbit interaction, as this interaction is
) =Re @eMee)e) only important for the Xe atom. We calculatext,,, the
OOQOOOOOOOO change in separation between the first and second layer given
On-top site OO0 0000 as a percentage of the bulk interlayer distance, ta\de,
O A OO0 000 =—1.86% (—0.039 A and between the second and third
layer Ad,3=0.68% (0.014 A). So, there was very little re-

laxation with the first layer moving a small amount inwards
and the second layer moving outwards by an even smaller
amount. This is in qualitative agreement with the
based on lateral interactions. Clarkeal® also found evi- experimert’?*and the theory?*The fact that these results
dence that suggests that the splitting occurs mostly frontl0 not agree quantitatively with the majority of the work in
Xe-Xe interactions. They performed calculations forthe literature is not a cause for concern, the experimental
Ag(001)c(2x 2)-Xe and reported that the splitting in the results have large error bars and our results are reasonable
density of states was unchanged when the adsorbate lay&en compared to these error bars. Our work is far more

FIG. 1. A schematic view of the two geometries that we used
when making our calculations.

was displaced into the vacuum. sophisticated than the majority of the theoretical work that
exists in the literature. The most sophisticated theoretical
. . 24
Il. COMPUTATIONAL DETAILS works previously carried out were those of Bohretral.

(who foundAd;,=—1.3% andAd,;=1.0%) and Methfes-

Our calculations were performed within the density-selet al?® who foundAd;,= —1.9%. It is not so surprising
functional theory using the full-potential linearized aug- that these calculations, which were both carried out within
mented plane-wave (FLAPW) method in the film the local-density approximatioLDA), agree so well with
geometry:***This method is both accurate and efficient giv- our GGA calculations. If calculations dfd;; are made using
ing excellent results with as few as 100 basis functions pea lateral lattice constant that is obtained from a bulk calcu-
atom. The exchange-correlation functional used was the geitation using the same exchange-correlation functional then
eralized gradient approximatiofGGA) as formulated by the results forAd;; would be expected to be rather insensi-
Perdewet al® We used this because gradient correctiongtive to the choice of exchange-correlation functional.
become important for the calculation of the properties of We then proceeded to perform a geometry optimization of
adsorbates due to large charge-density inhomogeneities. Thige Ag(001k(2X2)-Xe system with the adsorbate atoms
code used to perform these calculations wasrtiR code,  sitting in both the hollow and on-top positiofisin these
which includes the ability to perform geometry optimizations geometries, successive layers alternate between having one
by calculation of the forces and the total energy and includeand two inequivalent atoms in the surface laythis is im-
spin-orbit effects, both of which were necessary for thisportant as we can, in principle, expect different relaxations
work. for each of the inequivalent atomdn the on-top geometry,

One of the aims of this paper is to determine which of thethere are two inequivalent atoms in the top layer while in the
adsorbate geometries is the ground state. The energy diffehollow geometry both atoms are equivaléthiis situation is
ences between the different geometries are very small, soraversed in the second layer
full exploration of convergence with respect to cutoff param- Initially, the adsorbates were placed at a distance roughly
eters was necessary, and the calculations were found to legual to the experimental values for the equilibrium
totally converged when using 78 spediapoints in the irre-  distancé® from the surface. However, this initial choice did
ducible part of the two-dimensional Brillouin zoHewith a  not need to be especially accurate, as the Xe layer and the
charge-density cutoff parameter of 12.0 (a.¢.and a plane-  topmost two layers of Ag were allowed to relax and the
wave cutoff parameter of 3.6 (a.ud, yielding a basis of geometry optimized. The results of the calculations are
127 linearized augmented plane waveaPW's).18 shown in Table |I. We see that in the on-top geometry, the

We modeled the surface by a film consisting of nine lay-Xe-Ag distance is 3.72 A, which shows reasonable agree-
ers of Ag with Xe atoms adsorbed on each side. The calcument with the experimental value of 3:9.1 A (Ref. 26, in
lations were performed with the Xe adsorbates in ¢i2  the hollow geometry the agreement is equally as good with
X 2) structure with the adsorbate atom in both the on-top an@n equilibrium Xe-Ag distance of 3.74 A. It is maybe some-
hollow sites to investigate which site is the ground statewhat surprising that we get such good agreement with the
(both of these geometries are shown in Fig. The lateral experiment as we do not include any special corrections to
lattice constant of Ag was obtained from a bulk calculationrepresent the van der Waals interaction, we use only the
with the same exchange-correlation functional, cutoffs and &GA of Wang and Perde®. The reason that we get such
comparablek-point density. The lateral lattice constant ob- good agreement was explained by L&hdie explained that
tained from this calculation was 4.15 A, a value within 1.4%the essential difference between the LD@#x GGA) and the
of the experimental value of 4.09 &. van der Waals descriptions is the degree of attachment be-
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TABLE I. Results of the geometry optimizatiody, is the per- TABLE Il. AE=E .15~ Enolilow (PEr adsorbate atonas a func-
pendicular distance between the Xe atom and the surface layer ¢&ibn of the number ok points as a test of thle point convergence.
silver atoms. In the other rowa,d;; is defined as the distance from NegativeAE signifies that on-top site adsorption is favored.
the lowest atom in layeirto the highest atom in laygémeasured as

a percentage of its difference from the bulk interlayer spachmy.  No. of AE (meV)
is the corrugation in layet, which is defined as being positive if the k points No spin orbit With spin orbit
Ag atom in the unit cell of layek that sits under the Xe atom is
higher than the uncovered Ag atom and otherwise negative. This i36 -8.15 —8.89
measured as a percentage of the bulk interlayer spacing. The calcd8 —8.11 —8.63
lations were carried out with and without the inclusion of the spin-91 —8.12 —8.62
orbit interaction, the same ground-state geometry was observed 05 -8.11 —8.61
both cases.

On top Hollow Clean Ag This could possibly also be a result of bonding between the

adsorbate and top layer of substrate atoms hindering the in-

dxe 3.72A 3.74A wards contraction. This is presumably a weaker interaction,
Ady, —2.53% —2.38% —1.86% as there is a smaller energetic benefit gained from it, as can
Ady; —0.09% —0.22% 0.68% be seen from our results for the total energy.
Az, 0.47% It makes sense that we see this suggestion of directional
Az, —0.11% bonding for on-top adsorption but not for adsorption in the

hollow site—one of the conditions for bonding in the on-top
site occurring is that there must be some kind of chemical
tween the electron and its exchange-correlation hole—in thbond, whereas a hollow site equilibrium position is expected
LDA they are in contact, in the van der Waals treatmentfor a bare van der Waals interaction. From our calculations
they are completely detached. However, for typical equilib-we can only really speculate as to the origin of these inter-
rium adsorption distances of rare gas atoms, in the most imactions and so this remains a subject for further investiga-
portant part of the electron orbitwhen it is nearest the tion.
meta) it lies sufficiently within the electron gas of the sub-  What is really interesting, at least in the case of bonding
strate for it to be correct to be considered attached to thé the on-top position, is that we see a suggestion of a direc-
exchange-correlation hole, and so LDA or GGA functionalstional interaction reminiscent of covalent bonding. This is
are sufficient to give good results. not what one would expect if the bonding in the system were

We see that in the Ag(00&j2x2)-Xe systemAd,, is  purely physisorptive and lends credence to the idea that there
larger than for clean Ag. When the Xe is adsorbed in thds a chemical contribution to the bonding in the system. We
on-top position, we see that the surface Ag atom that sitsvill return to a discussion of the chemical nature of the
underneath the Xe atom does not move as far inwards as thmnding later in this paper.
uncovered Ag atom, this is indicative of an attractive chemi- From the results in Table | we also see that,; is very
cal interaction between the Xe adatom and the atom below ismall, which means that the principle relaxations take place
reducing the inwards relaxation. What is interesting is thatvithin the Xe and first two Ag layers, these relaxations do
Seylleret al® also see this movement of the substrate atormot change the adsorption site, but provide enough energetic
sitting below the Xe atom in their LEED experiments for Xe benefit to stabilize the system by themselves.
on CUu111), but they see the Cu atom moving in the opposite  Further calculations were made with the spin-orbit inter-
direction to that which we observed. The effect that theyaction included. In these calculations, the equilibrium posi-
observe is much smaller than that which we observe (0.0fions of the atoms were not altered by the inclusion of the
+0.02 A) with an error bar that is large enough to put themspin-orbit interaction, and no further relaxations were seen.
in agreement with us for the direction. The important thing isLater in this paper we will discuss the important changes that
that they see a difference in the geometry of the covered anithe spin-orbit effect produces in the electronic structure of
uncovered substrate atoms, thus indicating that the adsorghis system, here it is clear from our geometry optimizations
tion of inert gas atoms affects the surface geometry. that the spin-orbit interaction does not induce similar

It is also interesting to note that for the case of adsorptiorchanges in the geometry of the system.
in the hollow site, in contrast with adsorption in the on-top We now consider the results for the total energy obtained
site, it is the Ag atom in the second Ag layer that is notfrom our calculations of Ag(00L)2x 2)-Xe. Table Il gives
situated underneath the Xe atom that shows the smallest ixE = E .10~ Enoiiow @S @ function of the number &fpoints.
wards contraction. This supports the idea that hindering oFrom these results, we see that for calculations performed
the inwards contraction for the Ag atom situated beneath thaith and without the spin-orbit interaction included, on-top
Xe adsorbate in the case of adsorption in the on-top site iadsorption is favored. When no spin-orbit interaction was
caused by a some kind of directional bonding that becomemcluded, on-top adsorption was favored by 8.1 nm@Wich
unimportant when we move a layer deeper into the crystal.corresponds to a temperature of about 100THe inclusion

For adsorption in the hollow site, we also see that the tof the spin-orbit interaction increased the energetic benefit of
Ag layer does not move as far inwards as the uncovered Agn-top adsorption by about 0.5 meV. The calculations were
atom is seen to do in the case of adsorption in the on-top sitgerformed with several specill point sets to ensure suffi-
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j=3/2 _ m=s2 |12 22 ={(=py+ipy) X FPx " HA3.
(2 x degenerate) -
R . - This means that in the free atom, for tHg2,+ 1/2) state
8 x degenerate AE Lo mEV2 we expect a mixture of, p,, andp, character, with each
o % m;=1/2 contribution having equal weight. This leads to states that
JT=1/2 . appear to be almost spherically symmetric. For {BE,
(non-degenerate) *+3/2) state we expect a mixture gf, and p, characters

leading to states with the characterigtic, topology that is

Free Xe (Adsorbed) Xe well known from atomic physicéa state that is also seen in
with no Free Xe monolayer lculations where we do not include the spin orbit effect
spin-orbit with spin-orbit with spin-orbit caicuiations eré we do not include the spin o efiects

Finally, the|3/2,+1/2) state is a mixture opy, py, andp,

FIG. 2. The splittings that occur in the energy levels of an Xecharacters dominated by thg contribution, so we would
atom adsorbed on a surface, due to the breaking of symmetry argkpect this state to resemble a slightly “fattenegg,’ orbital.
the spin-orbit interaction. We approach the problem of discovering the origin of the

splitting by making self-consistent calculations for both a

cient convergence of the total energy becat&eis such a monolayer of Xe adsorbed upon the (@91) substrate and a
small quantity. It is clear thaAE is converged with 7& hypothetical unsupported Xe monolayer. By comparing the
points, but that 3& points is a sufficiently large set to use band structures and topology of the statieormation that
for our force calculations as it still predicts the essential feawe get via the charge densjtin these systems we can in-
ture that adsorption in the on-top site is favored to the hollowestigate the origin of the splitting. We also perform the
site. calculations with and without the spin-orbit interaction so we

The fact that adsorption in the on-top site is observed igan at least, to some extent, separate the contributions from
further evidence of some chemical interaction in the systerrthe two different mechanisms, and in so doing, simplifying
If the interaction were purely van der Waals in nature, therour task.
adsorption in the more highly coordinated hollow site would ~We begin by considering the band structure of an unsup-
be expected. ported Xe monolayer, the geometry of this monolayer is ex-
actly the same as that of the supported monolayer—we sim-
ply remove the substrate. Figure 3 shows the band structure
for the unsupported Xe monolayer when no spin-orbit inter-
action is included along with the single state charge-density

In a free atom, the Xe |5 orbitals split into a nondegen- corresponding to each of the banddat
eratej =1/2 level and a doubly degenergte 3/2 level due We see that the band structure exhibits rather strong dis-
to the spin-orbit interaction. If a monolayer of these atomspersion, which suggests that there are strong lateral interac-
were now adsorbed onto a substrate, thenjth@/2 level  tions between the Xe atoms, a fact that we will return to
would split into two, an effect caused by the reduction injater. We see three bands coming from thesfates’® which
symmetry on adsorption as shown in Fig. 2; what is not cleagt the high-symmetry points are from tig, p,, andp,
is if the effect is caused by interactions between the adatorgrpitals. At these pointp, and p, are degenerate, then as we
and the substrate, or by interactions within the adlayermove away from the high-symmetry points, we get linear
which is one of the issues that we aim to clear up in thiSCombinations obx and py and so we see three nondegener-
paper. ate bands. From this we can assume that the states highest in

A useful tool in this discussion is a knowledge of the g
topology of the charge density associated with each of thesg €'Y at’ are the doubly degenerapg,, states and that the

states. For a calculation with no spin-orbit effectd dhis is state sitting below the;e IS theg state.(.at M, this energetic
straightforward. If thez direction is perpendicular to the or_derlng is reversgdThis can be clgnfled further by con§|d—
monolayer plane then there is a doubly degenepatestate ering the plots of the charge density of these states lying at
and a nondegenerapg state, with thep, state beingysplit off I', which are given in the insets in Fig. 3. We see that the
from the other two due to the reduction in symmetry intI’O-Charge density of the band that is lowest in energyl’at
duced by going from a free atom to a monolayer—this split-clearly hasp, character(this means that it is the band with

ting is analogous to the splitting that we also see in experim;=1/2) and the charge density of the band that is doubly
ments (and calculations where the spin-orbit interaction 'Sdegenerate a hasp,, character.

included. o .

If spin-orbit coupling is included, however, then the situ- The spllttmg be_tween they y and pz_states is of the order
ation becomes more complicated. Following Widétaal,?® of 0.7 eV,.wh|ch IS !arger than splittings reported by other
for a free atom, the eigenfunctions can be written workers 1'2n30 3t1he . literature (for Xe adsorb_e(_j on a

substratg™~~>>"This can be understood by realizing that the
N N ) N splitting increases when the Xe-Xe separation is reduced and
3122312 = (£ p,+ipy)x 112, the orbital overlap increas&s(which is also evidence that
the majority of the splitting is a result of interactions within
|32 1/2) ={(£ p+ipy)x™ +2px M6, (1)  the overlayer The Xe-Xe separation that we have used in

IV. ORIGIN OF THE ADDITIONAL SPLITTING
OF THE 5p ORBITALS
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] a=5.20 A

E=-1.21 e\ ==0.00e V

a=4.15 A

E=-1.63 eV

(E-E, )ineV

)

E=-0.47 eV E=-0.02 sV

a=3.09 ju

-2.01

X M [

FIG. 3. (Color The band structure for an unsupported Xe mono-
layer calculated without spin-orbit effects included at a lattice con-
stant of 4.5 A . The insets show partial charge densiiies single
stateg calculated in small energy windows around the bands E=-5.41 eV

marked by arrows af . (The plane perpendicular to the surface on S
which the charge density was evaluated is indicated in the figure. X

our calculations is smaller than any so far reported in the FIG. 4. (Colon Single state charge densitieslafor the unsup-
literature as dictated by the lattice constant and overlayeported Xe monolayer with spin orbit included for the lattice con-
geometry, so it is logical for us to see a larger splittieg- stant that is consistent with adsorption on Ag=(4.15 A), a

pecially if we assume that the splitting is dominated by |at_stretched lattice constana€5.20 A), and a squeezed lattice con-
eral interaction)s stant @=3.09 A). For each value of the lattice constant, the states

. re ordered with increasing energy from left to right in the figur
We now move on to consider the results of a more real® . ° dered creasing energy from feft o g € higure,

- . . with the energies being measured relative to the Fermi energy. The
|st!c calc;u!atlon f(?r the same SVSte“.“ where .We include th%harge densities were evaluated on the same plane as shown in
spin-orbit interaction. If we look at Fig. 4, which shows the Fig. 3.

single state charge-densities of the Xg &rbitals at different

lattice constants, then, for a lattice constant of 5.20 A, which

approximates the free atom limit, we see orbitals that agree

with the picture that was previously described. The state that

is lowest in energy at-1.21 eV resembles asorbital and

corresponds to thgl/2,+1/2) state, the state at0.11 eV

shows considerablp, character and is thg8/2,=1/2) state 00 0.0
while the state highest in energy sitting at the Fermi energy ﬁ\, 2 — ]
hasp,, character and so is tH8/2,+3/2) state. We do not E_m A, f\/ % 0 k >/
present the band structure for the system at this lattice con- = | 1= | /\ ]
stant, because as one would expect in the free atom limit, it 4.0 %~ | " us 6.0 /\//\
is rather featureless with virtually no dispersion. D ] T80} ]
If we now consider the system with a lattice constant of 3.0 & 1| 100t — 1 1 2
4.15 A, which is the lattice constant that corresponds to the Y- r X amn r

Xe overlayer structure in the Ag(004(2x 2)-Xe system,
we see a somewhat different picture. In the charge density FiG. 5. Band structures for the unsupported Xe monolayer with
plots in Fig. 4 we see that the state highest in energy stillattice constants of 4.15 A and @@ . The bands for the stretched
resembles &, , orbital, but the orbitals below this have lattice constant of 5.20 A are not shown as they are almost com-
altered quite drastically—the orbital that had largplychar-  pietely flat. Between that andI high symmetry points it appears
acter now resembles aorbital while the orbital that previ- that the upper two bands cross each other. This is not the case; there
ously resembled as orbital now seems to have sonpg is actually a very small gap between the two bands.
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[E-E]__ J ineV

FIG. 6. (Colon The band structure of the Ag(003(R < 2)-Xe FIG. 8. (Color) The band structure of the Ag(0Qd(2 X 2)-Xe
system(with Xe adsorbed in the on-top positjowith no spin-orbit  system(with Xe adsorbed in the on-top positiomith spin-orbit
interaction included. The orange bands are those with charge degoupling included. The orange bands are those with charge density
sity that is localized by more than 30% in the Xe muffin tins. that is localized by more than 30% in the Xe muffin tins.

character. If we look at the band structure given in Fig. 5, we

B di see that there is quite strong dispersion and that aldihg
on mg there appears to be some hybridization between the bands

— — with j=3/2. If we now “squeeze” the system to make the
lattice constant 3.09 A, we see extremely strong dispersion.
- R In fact, this dispersion is so strong that at points away from

e it the high-symmetry points in the Brillouin zone, it is more
important than the spin-orbit splitting and so the band struc-

r ol ture resembles that obtained for the system with no spin-orbit
included with the normala=4.15 A) lattice constant. What

e becomes clear from this is that the symmetry of the orbitals
} p L has changed due to the spin-orbit interaction so that bands
é . that were crossing in the band structure with no spin-orbit
e t . included avoid crossing when the spin-orbit interaction is
E included. This occurs as a result of hybridizations that

:
®
O

O

change the topology of the charge density. This can be seen
in the plots in Fig. 4 where the topology of the charge den-

=
=
&
o
=1
a
2.
@
C
=)

sities is almost completely altered. Now the state lowest in
— energy has a clear, character and both the other states have
! Px,y Character.
m Let us consider the origin of the hybridizations that occur
altering the topology of the charge density. If we ignore spin-
<D orbit coupling, then af' we have a nondegenerate band with
o 1 A, symmetry(the p, orbital) and a doubly degenerate band
with As symmetry. If we introduce spin-orbit coupling then
Ty we have to form the double group, which we do by operating
- . with D2
e
Es3.86eV A XDY?=Aq,

FIG. 7. (Color) Single state charge densities in the (B@1)
c(2x2)-Xe systemwith Xe adsorbed in the on-top positipwith

the spin-orbit interaction not included calculatedIatthe plane So, the band that hatl, symmetry, which is the lowest in
upon which the charge density was evaluated is shown in the figure. [— ! '

Here we show the pairs of symmetric and antisymmetric states th&@nergy atl’, hasAg symmetry and the doubly degenerate
occur due to Xe atoms on each side of our slab; they do not lie aband withAs symmetry splits into two bands withg and

the same energy due to interactions arising from the finite thicknesd; symmetry. Let us now consider what consequences this
of the slab. will have. First, as we move the atoms closer together, with

AsXDY2=Ag+A;. 2
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Bonding in Fig. 4 becomes clear upon considering EL). These two
states, which arg3/2,+1/2) and|1/2,+1/2) are made up of

a combination ofp,, p,, andp,; the hybridizations that
occur alter the weight of each of these states in the final state,
thus altering the topology of the charge density.

We now consider the Ag(00&f2x2)-Xe system with
the Xe atom adsorbed in the on-top site with no spin-orbit
interaction. Figure 6 shows the band structure. In this figure
we see a typical Ag band structurfer ac(2x2) unit cell],

| R
t : 1 k J the orange bands in Fig. 6 are those bands with charge den-

sity localized in the surface Xe atoms and we see that these

' - ' bands closely resemble those of the unsupported Xe mono-
£ 2 9 P N !aye_r as seen in Fig. 3. The single state charge—densny plots
¥ in Fig. 7, however, are somewhat different in the Xe region
s - ; to those for the unsupported monolayer.
First of all, we see two states that seem to be associated
E=-33teV with Xe p, states, situated at 4.74 eV and—4.73 eV. The

charge density for these two states displays classic signs of
bonding behavior with the X@, state hybridizing with the
substrated orbitals leading to a build up of charge between
the two atoms. We see two states because of the slab geom-
etry that we use to perform the calculations. We have a slab
with a Xe atom on each side of the slab, therefore, we get the
same states on each of the Xe atoms, but they are not doubly
degenerate because our slab is not infinitely thick, and so,

" E Y ' there is some interaction between the two Xe atoms that
B 2 - =~ - leads to the formation of linear combinations of their states
] i i . : and a resulting reduction in degeneracy. The slab that we use
b p— e - is basically a quantum well, and so, the Xe states combine to

form even and odd states that adhere to the boundary condi-

L | - L - (3} - Bl L
- i a tions enforced by this well. The splitting is not physical, it is
gt | 3 - _ Y : merely an artifact of our chosen computational geometry.
l The effect, however, does not affect the results, it is a very
E=-3.33 eV E=0F8eV .. small effect and just means that one has to be careful when

attempting to interpret the eigenvalue spectrum. If we wish
Ann-bgndmg to reduce this effect, then we should use a thicker slab with
the corresponding computational overheads.

FIG. 9. (Colon Single state charge densities in the The states at-3.85 eV and—3.56 eV are clearly anti-
Ag(001)c(2% 2)-Xe systemwith Xe adsorbed in the on-top posi- bonding states W|_th a node m_bgtween the adatgm and the
tion) with the spin-orbit interaction included calculatedlat The S,UbStrate’ We a_gam see the Spl!ttln_g that was previously me_n'
states are plotted on the same plane as shown in Fig. 7. Here we di@ned but in this case the splitting is larger than before. This
not show the pair ofsymmetric and antisymmetjistates arising S due to the splitting belng proportlo_nal to the ove_rlap of the
from the Xe atoms on each side of the slab, but obviously these stifven and odd wave functions resulting from the linear com-

exist. The plane on which the charge density was evaluated is orPinations that we previously mentioned—if we consider the
ented the same as that shown in Fig. 7. wave functions associated with bonding and antibonding

states, we realize that the bonding states are localized in
ever increasing dispersion, eventually thg band lowest in  between the adatom and the substrate whereas the antibond-
energy will want to cross with the lowest of the other two ing states are more delocalized and extend further into the
bands(this is clear from Fig. b But symmetry prevents two slab. This means that the antibonding states have larger
Ag bands crossing each other so the two bands hybridize andleight within the slab, and so, the overlap is larger thus
this is the origin of the change in topology of the chargeleading to a larger splitting.
density that is observed. The only thing stopping the band If we investigate thep, , states that are around3.9 eV,
structure of the system with the “squashed” lattice constanwe see the same behavior. We see the formation of bonding-
in Fig. 5 from looking exactly the samut with increased antibonding pairs and these further linear combinations that
dispersion as the band structure with no spin orbit included, occur as a result of our geometry. The behavior here is, how-
are the modifications to the symmetry arising from the spin-ever, far more complex as here there are not just linear com-
orbit interaction that leads to hybridizations rather thanbinations ofp, and metal states but linear combinations of
bands crossing. The reason why it is possible for the charge,, py, and the metal states. We also note that we cannot see
densities of the two states lowest in energy to change as seéime formation of the bonding-antibonding pairs so clearly
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and 'Fhe en_erg_etic distance betv_vegn the bonding an(_j ar_1ti- p-resolved DOS !

bonding pairs is not so large. This is due to the reduction in 51 inthe Xe layer -

overlap between the substrate and adsorbate wave functions -

due to the topology of the orbitals involved. As a result of £ MN

this added complexity, it is not straightforward to assign ; ,// d \

pairs of states to one another, and so, this will not be at- £ 0—— ) >
. . o

tempted here; the physics is, however, exactly the same. § T - T -

What we see from the formation of bonding-antibonding ¢ | dresolvedDOSinthe 1

. . . . - O topmost Ag layer
pairs is possible evidence of some chemical contribution to &

the bonding in this system and that the fact that the formation I n ;,
of bonding-antibonding pairs is much stronger for the W aiahd
orbital tells us that if this is indeed evidence of bonding then 0 6» ausil : i P >
the bond!ng ork_)|t_al on_the Xe atom is primarily thegorbital Energy (measured relative o the Fermi energy in eV)
and that it is mixing with metall states. We must be careful,

however, from the plots of the charge density of single FiG. 10. The density of states in the Xe lay@op) and the
states, we cannot determine exactly which metal states atgpmost layer of the Ag substratbottom calculated using 7&
mixing with the adsorbate states, we can only say that theyoints in the irreducible part of the two-dimensional Brillouin zone.
ared-like states and so consequently we cannot be sure that
this effect is the origin of the bonding. action, that the postulated interaction between the Xe 6
What we have seen so far seems to support the ideas gfate and metallic states is probably not responsible for the
Miiller,* the bonding interaction that occurs causes the Xechemical nature of the bond. From the single state charge-
5p states charge density as seen in Fig. 7 to become mouensity plots, it is again clear that the interactions are prima-
delocalized due to the interactions with the metal statesily between the Xe p states and substratkelectrons, as
What we then see is that the topology of the ¥e §ates as  suggested by Mier.! We can see from Figs. 9 and 7 that the
they penetrate into the metal resembles the topologd of metallic d,2 orbital seems to play a prominent role in the
electrons, which supports Mar's proposed mechanism that bonding mechanism.
the bonding interaction is between Xg States and the sub- If we consider the density of statéBOS) in Fig. 10, we
strated electrons. see that in the-resolved DOS in the Xe layer there is a lot
We now include the spin-orbit interaction in our calcula- of detail in addition to the Xe p peaks. This state density is
tions of Ag(001g(2x2)-Xe. In the band structure given in however not near the Fermi energy where there are hardly
Fig. 8, we see that the Xe stateésarked by orange crosges any states at all and is concentrated lower in energy and
are essentially the same as for the unsupported monolayeeems to come from interactions with the meatdlands, as
(Fig. 5. The spin-orbit effect also makes some limited alter-can be seen from the plot for thieelectrons in the top most
ations to the Ag band structure that are most visible for theAg layer. This is also in agreement with the ideas ofllgiu
states closest to the Fermi level. Figure 9 shows selected

single state charge densities for the system calculatdd at V. THE MAGNITUDE OF THE SPLITTING

These states were chosen to show states that Corresponq to OF THE 5p ORBITALS

the xenon states in the unsupported monolayer shown in Fig.

4. We see that these states closely resemble the “pure” Xe We now proceed to investigate the splittings that we see

states of the unsupported monolayer but there is once agaim the Xe S orbitals for isolated monolayers and adsorbed

as in our calculations without spin-orbit coupling, a clearmonolayers both with and without the spin-orbit interaction.

hybridization effect with the formation of bonding and anti- From this we can make an estimate of the splitting that re-

bonding orbitals. This effect is weak for the state highest insults from spin-orbit coupling, lateral interactions, and from

energy that has np, character, but we see it is stronger for the reduction in symmetry when a surface is introduced. In

the two states that have sorpgcharacter. Of these two, the order to do this, we introduce two quantitia€s,,, is the

buildup of charge in the “bond” is greatest in the state thatdistance between the;=1/2 andm;=3/2 statesAEgg is

has mostp, character. This is consistent with the behaviordefined as the distance between the states jvith/2 and

that we observed when no spin-orbit interaction was appliedi=3/2, as shown in Fig. 2. Because there is the additional

We should note that due to the hybridization that occurssymmetry-induced splitting) Egg is difficult to measure and

between the Xe adsorbate and the Ag states in the substragg we approximate it by measuring the distance between a

we should not be surprised to see more than the three statpsint halfway between the two symmetry spiif= 3/2 states

that one might naively expect from looking at the Xe bandsand them;=1/2 state. We also present the result &£ sq

in the band structure. There are in fact more states involveftom an atomic calculation to justify this approximation.

in the bonding than we show here but we chose the states The results are given in Table Ill. We see that the results

that had the majority of their weight in the Xe layer for the for AEggare consistent with the atomic value of 1.24 eV, we

sake of clarity. would not expect them to be any closer than they are because
What we also see from the results presented here is, af the way that we estimate where to measure the quantity

was the case for the calculations without the spin-orbit interfrom. When no spin-orbit interaction is included, we get
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TABLE Ill. The splitting of otherwise degenerate energy levels splitting, this is then followed in importance by the splittings
arising from spin-orbit couplingAEso, and from a reduction of produced by the lateral interaction, and finally, there is a
symmetry, AEsymm, for a calculation of an unsupported Xe mono- small contribution from the adsorbate-substrate interactions.
layer, a Xe monolayer adsorbed upon (8@, and experimental
results for Xe monolayers on various substrateE.gExperimental VI. CONCLUSIONS
data estimated from decomposition of photoemission data into
Gaussians as described in the referena€so measured from half-
way between then;=3/2 andm;=1/2 (j =3/2) peaks.

From density-functional theory calculations with the film-
FLAPW method using theLEUR code, we were able to
reach a series of conclusions about the adsorption of inert gas

AEsymm (€V) AEso (eV) atoms. It was clear that the interaction, at least in the case of
a large atom such as Xe, is not purely van der Waals, a

Atomic Xe 1.24 conclusion that several other workers have previously come
Uns. Mon.(No SO 0.77 to. In addition to this, our results support the mechanism
Uns. Mon.(SO) 0.45 1.40 described by Mler, where the bonding interaction is be-
Mon. + Subst.(No SO 0.92 tween the Xe p electrons and the metdlelectrons.
Mon. + Subst.(SO) 0.63 1.55 By performing total-energy calculations and geometry op-
Exp. Xe/Pd001) (Ref. 12 0.57 1.42 timizations, we come to the conclusion that adsorption in the
Exp. Xe/Pd001) (Ref. 30 0.52 1.31 on-top site rather than the hollow site is favored. We also see
Exp. Xe/Pl§111) (Ref. 31 0.53 153 that, although the spin-orbit interaction drastically alters the

electronic structure of the system, it does not effect the ge-
ometry of the system.
Finally, we investigated the origin of the splitting of the

rather poor agreement with the experiment &dg gy, but .
this is improved when this interaction is included. This is not°P32 1€Vel on adsorption of Xe onto metal surfaces. We

surprising in view of the drastic changes that the spin-orbiC2Me 10 the conclusion that this was caused by both lateral

interaction induces in the electronic structure of the syste nteractions and substrate-adsorbate interactions with the lat-

From the results foA E gy it becomes clear that the major- eral interactions making by far the dominant contribution.
ity of the symmetry splitting occurs due to lateral interac-
tions. We see this because the splitting seen in the monolayer
is almost as large as the splitting seen in the whole system. We thank J. E. Mller and J. E. Inglesfield for useful
There is a contribution from the reduction in symmetry thatdiscussions about the content of this paper. This work was
introducing the substrate causes but the effect of the lateralupported by the European Union Training and Mobility of
interactions is of the order of three and a half times larger. Researchers prograffMR) network Contract No. FMRX-
So we see that the spin-orbit effect produces the greate€1T98-0178.
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