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Density-functional study of the adsorption of K on the Ag111) surface
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Full-potential gradient corrected density-functional calculations of the adsorption of potassium on the
Ag(111) surface have been performed. The considered structures are Ag(BXL)B)R30°K and
Ag(111)(2%x 2)-K. For the lower coverage, fcc, hcp, and bridge site, and for the higher coverage all consid-
ered sites are practically degenerate. Substrate rumpling is most important for the top adsorption site. The bond
length is found to be nearly identical for the two coverages, in agreement with recent experiments. Results
from Mulliken populations, bond lengths, core-level shifts and work functions consistently indicate a small
charge transfer from the potassium atom to the substrate, which is slightly larger for the lower coverage.
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I. INTRODUCTION set and with a gradient corrected functional were performed,
for two coveragegone-third or one-fourth of a monolayer,
The study of adsorbates on metal surfaces has becomefar a (V3% \/3)R30° or (2x2) patterd. The addressed
center of interest in surface science because of the enormogqsestions are the preferred adsorption sites, the magnitude of
importance of catalysis for industrial applications. These exthe energy splitting of different highly symmetric adsorption
perimental studies can be complemented with simulationsites, the geometry and the importance of surface rumpling,
which are nowadays a powerful tool for the theoretical dethe charge of the adsorbate, the work function, and the posi-
scription of surface structures and chemical reactions at sutions of the K core levels.
faces, because of the growth in computational power and the
success of dens:ity—functipnall caIcuIations.. . Il. COMPUTATIONAL PARAMETERS
One prototypical reaction is the adsorption of alkali met-
als on metallic surfaces. Although this is a relatively simple A local basis set formalism was used where the basis
reaction, there have been several surprises in the study ifinctions are Gaussian-type orbitals centered at the atoms as
these systems. Initially, it was assumed that the adatomigplemented in the coderysTAL™® For Ag, a relativistic
would occupy hollow sites, until a first system was discov-small-core pseudopotentiékith 28 electrons in the coyén
ered where top site adsorption was prefefrédeanwhile, combination with § 4s3p2d] basis set was employed as in
further systems of alkali metals with top site adsorption havea previous study of Cl on Ad11).!® The[5s4p1d] K all-
been found—typically heavier alkali atonffom K on) on  electron basis from Ref. 14 was chosen. The exchange-
close-packed surfacéfor reviews, see, e.g., Refs. 2=-Dne  correlation potential was fitted with auxiliary basis sets as in
important finding was that top site adsorption was accompaprevious work:**®The gradient corrected exchange and cor-
nied by substrate rumpling and thus it was assumed thaelation functional of Perdew, Burke, and Ernzefi¢PBE)
substrates with a low bulk modulus would be prominent forwas used.
top site adsorption. It was therefore a bit of a surprise when The adsorption was modeled by using slabs of four or five
in a low-energy electron-diffractiofLEED) study of K on  silver layers, at the PBE-optimized bulk Ag lattice constant
Ag(111) it was discovered that hollow sites were occupléd. of a;=4.10 A. Potassium was adsorbed on one side of this
The type of hollow site occupied in the system K(Af1) slab. A supercell approach with a/8x 3)R30° or (2
depends on the coverage: in the low coverage structureg2) structure as in the experiment was implemented. This
[(2X2) and (3x3)], the adatoms occupy face-centered- slab was truly two dimensional and thumt periodically
cubic (fce) hollow sites, and in the\(3x 3)R30° structure  repeated in the third dimension. The vertical relaxation of the
the hexagonal-close-packéutp) hollow sites®® In addition,  silver atoms was simulated in three different ways: simula-
the phase diagram of K, Rb, and Cs adsorbed ofl&fy tions were performed where only a uniform relaxation of the
was investigated experimentalf. top silver layer was possible, and simulations where a differ-
There have been several simulations of alkali metals omnt vertical relaxation of the silver atoms in the top layer was
close-packed metallic surfaces: for example, systems such aessible(i.e., substrate rumplingFinally, an additional lat-
Na and K on the All1l) surface!’ Na on the C(l1l) eral displacement of the atoms in the top silver layer, as
surfacet? K on the Pt111) surface!® and K on C§111) (Ref.  observed experimentally for K/Ki11),*® was simulated.
14) have been studied. The system K(A§)) is therefore a Four adsorption sites were considefede Figs. 1 and)2
very interesting system due to the experimental findings anthe top adsorption site with K sitting vertically above a silver
as an extension of the employed technol@8gc. 1)) to sub-  atom in the top layer, the bridge site with K sitting above the
strates of the second row of the transition metals. middle of two silver atoms in the top layer, and two different
It is therefore the aim of this paper to summarize resultghreefold hollow sites where the potassium atoms are placed
from simulations on the system K/AHl1). Full-potential  vertically above a silver atom in the secoftthird) silver
density-functional calculations with a local Gaussian basidayer(hcp and fcc hollow, respectivelyin addition, the pos-
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FIG. 3. Definition of the geometrical parameters. All distances
are interlayer distance$or definition, see text Note that in all the
figures, the atoms are drawn purely schematically and the size of
the atoms does not scale with the atomic radii.

. have moved towards the potassium lay@f,; g, is the

FIG. 1. The structures considered for K, adsorbed on thejisiance between the plane made of the atoms in the first
Ag(11]) surface, at a coverage of one-third of a monolayer, with gjayer which have moved towards the second Ag layer, and
(3% \/3)R30° un_|t cell. The S|Iver. atoms in the.top layer are dls_- the second Ag |ayedA92_Agg, the distance between second
played by open circles. The considered potassium adsorption siteg, third layer silver atoms, was kept fixed at the value of
?r:: ttg‘:;g%i;tiiﬁgv\cestﬂzss';ngvztogsjn:"s'thlzfgcntf:m:f Clr:gll(laos\)/(/ 4.10A/3 A corresponding to the distance of two layers in the
possibly with stacking fault, circles with horizontal Iigem thé bulk (aO/\/§). Finally, 81 is the rumpling, €., the dl_stanqe
bridge site above atoms 2 ahc(d’.rcles with horizontal and vertical between. the plane made of those atoms in the first silver
lines). Note that the threefold hollow sites cannot be distinguishe(Jna:yer which have moveq toward.s the. K atoms and .the plane
in this figure. ade of those atoms in the first silver layer which have

moved towards the second silver layer. Additionally, the pos-
sibility of a lateral displacement of the atoms in the top Ag
sibility of a stacking fault was investigated. In this structure,layer was taken into accouffor a more detailed description
the outermost Ag layer and the K layer would occupy hcpof the lateral displacement, see Sec).lll
sites. Such a stacking fault was observ&thr example, for A net with 16x16 sampling points in the surface Bril-
the system AgL11) (13 /3)R30°-Sh. louin zone was use®. During the optimization process, the

The optimized geometrical parameters are defined as irérmi function was smeared with a temperature of B,03
Fig. 3. The variables are chosen in such a way so that thelE,=27.2114 eV) and the total energy extrapolated to zero
notation is consistent with those from the experimentatemperaturé! To ensure the stability of the results with re-
reference§:® The bond length is defined as the distance fromspect to this parameter, additional single-point calculations
a potassium adatom to the nearest silver atoi. ag1, with a smearing temperature of 0.@pwere perfqrmecﬂsee
dag-ag2» daga—aga, @andsl are various interlayer distances: also_ the AppendQ( Also, the resu_lts for properties such as
dy_ag1 is the vertical distance from the potassium layer toMulliken population, work function, etc. were computed
the plane made of the atoms in the first silver layer whichwith a smearing of 0.0@5,. For an extensive test of the
various computational parameters for metallic systems with
the CRYSTAL code, see also Ref. 22.

The unit cells which are used in the simulations for this
paper are at the limit of what is presently feasible with this
method. This local basis set approach is thus for metals prob-
ably more expensive than alternative approaches relying on
plane-wave technologies. However, it is interesting to have
the possibility of comparing various strategies which
complement each other. One advantage of the method em-
ployed here is that concepts such as computing Mulliken
charges are easily implemented in a code relying on Gauss-
ian basis sets. Also, all-electron calculations do not pose a
problem, and although in the present work a small-core
pseudopotential was used for Ag, an all-electron description

FIG. 2. The structures considered for K, adsorbed on thévould also have been possible. The usage of a pseudopoten-
Ag(111) surface, at a coverage of one-fourth of a monolayer, with aial has the advantage that scalar-relativistic corrections can
(2% 2) unit cell. The silver atoms in the top layer are displayed bybe included.
open circles. The considered potassium adsorption sites are the top
site above the silver atoms with numbeffilled circles, the three- ll. RESULTS AND DISCUSSION
fold hollow sites above atoms 2-(ftc or hcp hollow, possibly with o
stacking fault, circles with horizontal lingsor the bridge site above Ag(11) (3X3)R30°K
atoms 3 and 4circles with horizontal and vertical lingsNote that In this section, the results of the calculations on the sys-
the threefold hollow sites cannot be distinguished in this figure. tem Ag(111) (\/§>< \/§)R30°—K are presented and discussed.

X
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TABLE I. Adsorption of K on the Agl11) surface, with the {3x \3)R30° pattern. The adsorption eneryys is the difference
Exiagi111y~ Eag(111~ Ex - For the most complex geometry, this energy was computed with two different parameters of the smearing
temperature, 0.@3, and 0.00&,,, for comparison.

Site Bond length  dyx_pq dagi-Ag2 51 Lateral  E,4s(0.03) E.q4s (0.005)
R R (A) (A) A (Ep/K atom)  (E,/K atom)
Four layers, without substrate rumpling, without lateral relaxation
fcc hollow 3.26 2.80 2.37 0 0 —0.0442
hcp hollow 3.26 2.80 2.37 0 0 —0.0440
Bridge 3.16 2.81 2.37 0 0 —0.0437
Top 2.94 2.94 2.37 0 0 —0.0413
Stacking fault 3.27 2.81 2.38 0 0 —0.0435
Four layers, with substrate rumpling, without lateral relaxation
fcc hollow 3.26 2.80 2.37 0 0 —0.0442
hcp hollow 3.26 2.80 2.37 0 0 —0.0440
Bridge 3.18 2.73 2.34 0.10 0 —0.0442
Top 2.96 2.73 2.24 0.23 0 —0.0438
Stacking fault 3.27 2.81 2.38 0 0 —0.0435
Five Ag layers, with substrate rumpling, without lateral relaxation
fcc hollow 3.27 2.81 2.37 0 0 —0.0443
hcp hollow 3.27 2.81 2.37 0 0 —0.0441
Bridge 3.18 2.74 2.34 0.10 0 —0.0443
Top 2.95 2.73 2.25 0.22 0 —0.0441
Stacking fault 3.27 2.81 2.38 0 0 —0.0437
Five Ag layers, with substrate rumpling, with lateral relaxation
fcc hollow 3.27 2.79 2.37 0 0.04 —0.0444 —0.0422
hcp hollow 3.27 2.79 2.37 0 0.04 —0.0442 -0.0421
Bridge 3.19 2.74 2.33 0.10 0.01 —0.0444 —0.0422
Top 2.95 2.73 2.25 0.22 0 —0.0441 —0.0422
Stacking fault 3.27 2.79 2.38 0 0.03 —0.0441 —0.0422

Experimentghcp) (Refs. 8 and 9 3.29+0.02 2.84-0.03 2.35-0.02 0

In Table I, the adsorption geometries and energies are dissium layer and the top silver layed _ pq; Was found to be
played. It turns out that all considered adsorption sites are 79 A versus 2.840.03 A in the experimefitand the dis-
virtually degenerate — the best calculations indicate that thg;nce petween first and second silver layegs, - gz Was
binding energies for the various sites are within nog, obtained to be 2.37 Aexperiments: 2.350.02 A). This
which is at the limit of the numerical noise. These ﬁ”di”gscomputed distance is identical to the distance in Ag bulk

are thus no contradiction to the experiment where the hc . . . ,
hollow site was identified as the preferential site. The degen@4'10/\/§ A, with the PBE functiona), i.e., no relaxation of

: : - : he top layer was found. The distance between potassium and
eracy is certainly within the range of the errors assouate(?h il i found to be 3.27Aperi s
within the calculation(lack of basis functions with higher '€ Nearest silver atom was found to be 3.2feRperiments:
angular momentum thain=2, number of Ag layers consid- 3.29t 0.02 A). We can thus deduc_e an effective p_otassmm
ered in the slab model, uncertainties in the functional, anisof@dius of 3.27-4.10A/8A=1.82 A, in agreement with the
tropic vibrations observed in the experimefthe total com- €xperimental valifeof 1.82+0.03 A.
puted binding energy per K atom is 0.(&2, i.e., 1.1 eV. The most complex structure included the possibility of
The structure with a stacking fault is also degenerate, angurface rumpling and of lateral relaxation of the top Ag layer.
thus cannot be ruled out by the simulations. In agreemerfRumpling is allowed by symmetry for the bridge and top
with a recent calculatiof® the clean Agl11) surface with a adsorption sites, and in both cases a large vatuidor the
stacking fault was found to be slightly higher in enefgy ~ rumpling is obtained0.10 A for the bridge site and 0.22 A
about 0.000 1B,, per atom than the unfaulted surface. for the top site. The effect of the rumpling is to push the Ag
When considering the optimal geometry for the hcp siteatom under the adatom deeper into the bulk, whereas the
we note that the computed distances are in excellent agreeton(s) not under the K atom move out of the bulk towards
ment with the experiment: the distance between the potaghe K layer.
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TABLE II. Adsorption of K on the Ag11l) surface, with a (X2) pattern. The adsorption ener@y,qs is the differenceEyag(111

—Eag(11~ Ex - For the most complex geometry, this energy was computed with two different parameters of the smearing temperature,
0.0F;, and 0.00E,,, for comparison.

Site Bond length  dy_pg1 dag1-Ag2 51 Lateral E_4s(0.03)  E.qs(0.005)
R) R) R) R) R) (Ep/Katom)  (E,/K atom)
Four Ag layers, without substrate rumpling, without lateral relaxation

fce hollow 3.20 2.73 2.37 0 0 -0.0418

hcp hollow 3.20 2.73 2.37 0 0 -0.0416

Bridge 3.11 2.75 2.37 0 0 -0.0412

Top 2.87 2.87 2.36 0 0 -0.0378

Stacking fault 3.21 2.74 2.39 0 0 -0.0409

Four Ag layers, with substrate rumpling, without lateral relaxation

fce hollow 3.21 2.61 2.34 0.13 0 -0.0424

hcp hollow 3.21 2.61 2.34 0.13 0 -0.0422

Bridge 3.12 2.64 2.31 0.12 0 -0.0422

Top 2.90 2.67 2.22 0.23 0 -0.0407

Stacking fault 3.21 2.61 2.35 0.13 0 -0.0415

Five Ag layers, with substrate rumpling, without lateral relaxation

fce hollow 3.20 2.61 2.34 0.12 0 -0.0423

hcp hollow 3.21 2.61 2.34 0.13 0 -0.0423

Bridge 3.12 2.66 2.32 0.11 0 -0.0422

Top 2.89 2.66 2.22 0.23 0 -0.0408

Stacking fault 3.21 2.62 2.35 0.12 0 -0.0415

Five Ag layers, with substrate rumpling, with lateral relaxation

fcc hollow 3.20 2.60 2.35 0.11 0.04 -0.0424 -0.0411
hcp hollow 3.21 2.60 2.35 0.12 0.03 -0.0425 -0.0413
Bridge 3.13 2.65 2.32 0.11 0.04 -0.0425 -0.0411
Top 2.89 2.66 2.22 0.23 0.005 -0.0408 -0.0395
Stacking fault 3.20 2.59 2.35 0.13 0.02 -0.0417 -0.0405

Experimentdfcc) (Refs. 8 and 9 3.27£0.03 2.7:0.03 2.34-0.02 0.10:0.03

The importance of rumpling in the second Ag layer under2.5mE,, and 0.5.nE, for the bridge site. This is in line with
the K layer was investigated for the hcp hollow site, whereprevious calculations for K/Qa11).**
this is allowed by symmetry. An optimal displacement of
0.01 A of the Ag atom vertically under the K atom, away
from the K atom, was found, with an energy gain of B. Ag(11)) (2X2)-K
0.ImE,. In the experiment, a displacement of 0.02 |n Table Il, results for the Ag(111)(22)-K structure are
+0.02 A towards the K adsorbate layer was found for the Agdisplayed. Fcc hollow, hcp hollow, and bridge sites are
atom in the second layer under the K atom. Although thewithin 0.2mE,, i.e., practically degenerate. The structure
computed result deviates thus slightly from experiment, it iswith a stacking fault is~0.8mE, higher in energy, the top
important that the energy gain is fairly small so that secondite by ~1.8mE,. Similar for the higher coverage, it can
layer rumpling does not appear to have a huge influence oanly be stated that these findings are compatible with the
the resultgthis was suggested in Ref. 8 as a possible reaso@xperiment, but a statement about the preferred site is not
for the switch in adsorption site possible.

Lateral displacement in the top Ag layer plays only a mi- The geometry is in good agreement with experiment: a
nor role, and lowers the energy at most byr&,. The value for the interlayer distanaty a4 Of 2.60 A (experi-
atoms nearest the K adsorbate were allowed to move and theents: 2.76:0.03 A) was obtained and an interlayer dis-
lateral movement of the atoms was in all cases away frontancedag; - ag2 between the first and second silver layers of
the adsorbate, by a maximum of 0.04 A. 2.35 A (experiments: 2.3#0.02 A). Surface rumpling is

We also note by comparing the results for four layers withimportant and a value af1=0.11 A was compute¢experi-
and without surface rumpling that the rumpling is most im-ments: 0.16:0.03 A). The effect of the surface rumpling
portant for the top site: the energy gain by rumpling iswas again to push those at@nunder the potassium adsor-
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TABLE lIl. Orbital-projected potassium charge for different adsorption sifiee Ag layers, with sub-
strate rumpling and lateral relaxatjon

Site Charge |E€])
S oV py o Total
(V3% \/3)R30°
fcc hollow 6.513 4.135 4.135 4.052 18.843
hcp hollow 6.515 4.134 4.134 4.052 18.843
Bridge 6.513 4.127 4.144 4.052 18.845
Top 6.502 4.146 4.148 4.051 18.856
Stacking fault 6.515 4.134 4.134 4.051 18.843
(2%2)
fce hollow 6.494 4.115 4.114 4.025 18.757
hcp hollow 6.496 4.114 4.114 4.025 18.757
Bridge 6.496 4.106 4,122 4.027 18.760
Top 6.487 4.123 4.123 4.028 18.772
Stacking fault 6.496 4.114 4.114 4.025 18.757

bate deeper into the substrate, whereas the other(gtom the optimization has been performed with four and five Ag
(three atoms in the case of the top site, two atoms in the cadayers, and both geometry and adsorption energies are stable.
of the bridge site, and one atom in the case of the threefold
hollow sites move outwards towards the potassium layer.
Lateral relaxation plays a minor role for the binding en- _ _
ergy_ In a” cases except for the top Site Where th|s is not ) In Tablel”, MU”|ken Charges for the pOtaSSIum atom are
possible the atoms nearest to K move away from the K aton@iven, projected on the different basis functions. These
in the case of the top site, the three atoms not under the kharges are defined as
atom move slightly towards each other, away from the K
atom. However, the ener ain is at the limit of numerical
accuracy. Vo Na= > > P,.,S,,
For comparison, calculations without surface rumpling

were performed, i.e$1 was kept fixed at 0 A. We note that with density matrixP, overlap matrixS, and A the set of
the interlayer distancedy g, between the K layer and top basis functions for which the population is computed. It
Ag layer increase when rumpling is not possible, and arghould be mentioned that a relatively large number of digits
2.73 A for fcc and hcp sites. The interlayer distance betweemas been given; although the absolute values will not be
first and second Ag layers hardly changes. The adsorptiomore accurate than to one or two decimal points, for the
energy differs by< 1mE, for fcc, hcp, and bridge sites, and relative values more digits are still meaningful.
for the structure with a stacking fault, but by eh&, for the In the case of A¢L11) (13X \/3)R30°-K, the total charge
top site. Thus we find again that surface rumpling is mos{s ~0.16e|, and in the case of Adll) (2x2)-K
important for the top site, however, it is not large enough to~g.24e|. Obviously, if the charges were the same, the elec-
make the top site the pref_erred adsorption S|te.. trostatic repulsion at higher coveragbAg(11) (43
The computed adsorption energy per potassium atom fog, J3)R30°-K] would be larger because of the shorter K-K
this structure is 0.04,,, i.e., nearly identical to the higher distances. Therefore, the charge in the case ¢ (13

coverage. This energy is close to the one computed fog< o1 . . .
K/AI (112), also the splitting between various sites was found V3)R30°K is reduced, in agreement with the Langmuir

to be of the order of few hundredths of an eV ofythe Gurney model. The individual populations are very similar to

e . 14 Cu(11) (2X2)-K: py, py, and p, charges are slightly
binding energy 1 also _comparable to Cu(111)(2)-K. above 4, the number of electrons is~6.5; charges imy
The adsorption energy is, however, lower than the one com- . . . . L

and p, orbitals are identical except for the bridge site; and
puted for K/P¢111) where values of 2.42 eVat a coverage y . . i
. the p, orbital which has more overlap with the substrate
of one-third of a monolayerand 2.93 eV(at a coverage of layer (in our choice of geometiyis slightly less occupied
one-fourth of a monolaygmere obtained, at the level of the y 9 y gntly P

local-density approximatiof? The energy splitting between than thep, orbital. The higher occupancy of that orbital,
fec and hep sites was computed to be 15 meV in the latt which has less overlap with the substrate, indicates that the

o 13 : - . AMChond is not covalent. In addition, the overlap population
publication,” with the hcp site lower; this is compatible with ' ' k

the near degeneracy which is found here for the systerﬁeflned as
K/Ag(11]). Finally, we also see that the results are well con-
verged with respect to the number of layers, for both cover- 2 2 P S
L ; 3 e T
ages: in one casg@ubstrate rumpling, no lateral relaxatipn LEA veB

C. Population and density of states

meA v
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Ag (111) (root3 x root3)R30" - K, fcc adsorption site Ag (111) (2x2) - K, fcc adsorption site
DOS, projected on K basis functions DOS, projected on K basis functions
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] ) . FIG. 5. DOS, projected on K, fcc adsorption site, anck@)
FIG. 4. DOS, projected on K, fcc adsorption site, and 8 ( syrycture. The DOS, projected on all K basis functions, is shown,

X \/3)R30° structure. The DOS, projected on all K basis functions,ogether with the DOS projected @np, , py, andp, orbitals only.

is shown, together with the DOS projected 8y, py, andp,  The Fermi energy is indicated with a vertical line.
orbitals only. The Fermi energy is indicated with a vertical line.

with A the set of basis functions on the first atom @ithe  Very similar for both coverages. The bondllength increa;es
set of basis functions of the other atom, was computed. Thi¥ith the number of nearest neighbors to which the potassium
number is a measure for covalency, and is, similar tg@datom bonds, in agreement with Pauling’s ar_guﬁ‘i‘_ethat a
Cu(111)(2<2)-K, very small: for K and nearest-neighbor smaller number of bonds leads to a stronge_r individual bond
Ag, it is <0.06¢| for both coverages, and negligible for and a shorter bond length: the bond length is shortest for the
further neighbors. top site with 2.95 A for the (3% \/3) structureor 2.89 A

In Figs. 4 and 5, the density of statd®09), projected on  for the (2x2) structure, Ionger' for thg pridge site, and Ipng-
the potassium basis functions, is displayed for the fcc adest_for the t_hreefold hollow sites. Similarly, the effective K
sorption site. The Fermi energy is in a regime with a Signifi_radIUS, obtained from the difference of bond length and ef-
cant contribution from K 4 and 4p bands, so that the over- fective silver radius (41Q/§A), increases in this order. If
layer is clearly metallic. The projected DOS does not dependve keep the Ag radius fixed, it increases from 1.5 ok
on the adsorption site: it looks virtually identical for fcc hol- 1.44 A for the (2<2) structurg for the top site to 1.82 Aor
low, hcp hollow, bridge, and top sites, and also for the struc1.76 A for the threefold hollow sites. These values are com-
ture with a stacking fault. This is as found for Cu(111)(2 patible with effective K radii deduced from experimesee
% 2)-K, but different from the case of chlorine as an adsor-Table 10 in Ref. 2
bate, where the projected DOS clearly depended on the ad- In Table V, the most important results of the calculations
sorption site® for the two coverages and the fcc hollow are compared. The

The values of the K 8 and 3 levels are practically in- binding energy per K atom, with respect to free K atoms and
dependent of the adsorption sitee Table IV. This is again @ clean A¢11l) slab, is 0.04E, and 0.04E;, i.e., nearly
in contrast to chlorine: for chlorine, the core eigenvalue deidentical for both coverages. In the case of(Ah) (3
pended on the adsorption site, and it was correlated with the
charge of the chlorine atoffi. For K, the variation of the TABLE IV. Position of the K 3 and 3 core eigenvalues, and
Mulliken charges with adsorption site for fixed coverage isposition of the Fermi energy, &, (five Ag layers, with substrate
much smalleTable Ill) as for chlorine. This is thus consis- rumpling and lateral relaxation
tent with the finding that the core eigenvalues do not vary for
the different sites. Also, the position of the Fermi energy and Site (V3% \/3)R30° (2x2)

thus the value of the work function is independent of the site,f ol 253, _ e6: . 5
and changes slightly with the coverage. cc hollow ~1.253;~0.659;~0.069 ~1.256,-0.662;-0.06

hcp hollow  —1.253;-0.658;—0.069 —1.256;—0.662;—0.062
Bridge —1.253;-0.659;—0.069 —1.257;-0.662;,—0.062
Top —1.253;-0.659;—0.069 —1.258;—0.664;—0.062

When comparing the results for the two coverages, Westacking fault —1.253;—0.659;—0.069 —1.256;—0.661;—0.062
first note that the bond lengths for the individual sites are

D. Comparison of the results for the two coverages
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TABLE V. Comparison of the results for the two coveragfes
hollow site.
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ground state for K/A@L1l). The parameter most important
for the magnitude of the energy splitting of the sites, without

rumpling, appears to be the nearest-neighbor spacing of the

Structure (V3x/3)R30°-K  (2x2)-K substrate: for a fixed radius of the K adsorbate, the adsorbed
Bond length(A) 3207 320 atom will have more overlap with more substrate atoms, if
Effective K radius(A) 1.82 1.76 the substrate atoms are closer. In the case of the top site, the
Binding energy E,, /K atom) 0.042 0.041 K atom hag a nearest neighbor vertically be_low and six next-
Mulliken charge on K [e]) 0.16 0.24 nearest neighbors in the first layer. These six atoms are closer

in the case of the K/Qu11) than of K/Ag111) because of
the smaller atomic radius of copper and thus the smaller
lattice constant of Cu. Thus, the energy splitting is smaller
for K/Cu(111) compared to K/A¢l11), and substrate rum-
pling can change it in favor of the top site for K/Qd1).
This argument would also hold for the system K(B001),2°
which behaves similarly to K/A@11). The calculations thus
X \/3)R30°-K, all considered sites, and in the case ofsupport the argument given, for example, in Ref. 2 and
Ag(111) (2x2)-K, the fcc, hep, and bridge sites are virtu- which was based on a large set of experimental datgen
ally degenerate. This degeneracy was already observed in tvarying the adsorbate, the ratio of the radius of the adsorbate
early study of K/A[111),' and explained by the fact that the to the nearest-neighbor spacing of the substrate was recom-
large radius of potassium leads to a large distance of thmended as a parameter to predict the adsorptioh $itéhe
adsorbate to the substrate and therefore the K adsorbate w#limulations performed here, this argument can be verified by
experience only a small substrate electron-density corrugazomparing the results from a surface without substrate rum-
tion; similarly the potassium overlayer is metallic and its pling and a surface with rumpling.
electronic charge more diffuse than the charge of, e.g., For substrates with similar lattice constants, an additional
chlorideg®'® or oxide$® as adsorbates which also help to parameter will be the energy required for the deformation of
reduce the energy difference between the threefold hollowthe surface; this energy is found to berm5, for K/Cu(111)
sites and bridge or top sites, compared to halogenides @ind 2.8nE, for K/Ag(111), for the top site[for the (2x2)
oxides. structure, the energy difference between the unrelaxed clean
The K charge hardly depends on the adsorption site, but gurface and the optimal geometry of the adsorbate system,
depends on the coverage. The slightly higher chdige, without K adsorbate, was compuiediote that the magni-
less electronsfor the lower coverage is consistent with the tude of the rumpling is larger for K/Ad11), which may
slightly shorter bond length and smaller effective K radiusexplain the higher energy necessary for the deformation of
for this adsorbate system. the clean Ag surfac@lthough Ag has a lower bulk modulus
The values of the K 8 and 3 core eigenvalues also than Cu.
indicate that there is a little difference between the two cov- We also note that the top site is slightly better in energy
erages: For the lower coverage, the core eigenvalues are fair the higher coverage than for the lower coverage, relative
1.19%&, and 0.60&, below the Fermi level, and for the to the other sitegin line with the case of K/Al111) (Ref.
higher coverage at 1.184 and 0.59&,,. These values are 11)]. This could be due to the larger radius of the K adsor-
virtually independent of the adsorption site. Again, this isbate for the higher coverage. As explained earlier, the posi-
consistent with the finding that the K charge is larger for thetive K charge is smaller for the higher coverage and thus the
lower coverage and therefore the core eigenvalues are loweadius is larger. Therefore, the overlap with the six nearest
(i.e., there is slightly less electronic charge to screen thaeighbors will be larger and the top site will be slightly more
nuclear charge and the core levels are thus further stabilizedstabilized. However, this argument must be contrasted with
The work function decreases from 0.Elfor the clean the case of Cs/R0001),%” where the site switches from top
Ag(111) surface to 0.062, for the (2x2) structure and in- [(2x 2) structurd to hep[ (v/3x 3)R30° structurg In the
creases again slightly to 0.0B69 for the (v3X 3)R30° latter case, a better screening was suggested as the possible
structure. This finding is in line with the argument that ini- explanation. These two controversial findings for similar sys-
tially the work function will decrease linearly with increas- tems demonstrate how difficult it is to give even only quali-
ing coverage, up to a minimum, and finally increase agairtative rules for the preferred adsorption site.
because of the depolarization of the adsorlis¢e, e.g. Ref. We can thus give a reasonable argument for the question
5). of why the top site is not preferred for K/All), in contrast
Comparing the results for K/A@12) with K/Cu(111) and  to K/Cu(11l). The question of the site switch from fcc to
the (2x2) pattern, we note that the site has switched fromhcp, however, cannot yet be answered. The difficulty results
the top to the threefold hollow or bridge sites. The reasorfrom the small energy splitting, and thus the large number of
appears to be that, without rumpling, the energy splittingeffects on this energy scale that are possible, and may influ-
between hollow or bridge sites and top site is less thar]l  ence the site preferencée.g., slightly different charge,
for K/Cu(111),** but 4mE, for K/Ag(111). Substrate rum- screening, second layer rumpling, stacking fauNumeri-
pling changes this splitting in favor of the top site; however,cally, the energy splitting is at the limit of the numerical
the change is not large enough to stabilize the top site as theoise.

K 3s, 3p core eigenvalues,
relative to Fermi energyH,,)
Work function E;,)
[clean Ad111): 0.131]

—1.184; -0.590 —1.194;—-0.600

0.069 0.062
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IV. SUMMARY K/Ag(111)-Ag(111)-free K atom
0085 ' hep site, r‘ootaxroota,a‘Ag layers .

In summary, the impact of the paper is twofold: first, the o242
technology of using Gaussian-type basis functions was Eoue
shown to be capable of describing the adsorption on metallic -0 'EE_E\\S\ 1 Ftexe
surfaces. Secondly, some of the experimental findings coulc %
be confirmed(essentially the geometryand data could be ooss | \It\\\ ]
provided (energy splitting between the various adsorption z S\E‘\%\%
sites, Mulliken charges, core eigenvalues, work functions, e
and the dependence of these parameters on the coyerage o o008 | T

In more detall, it has been shown that density-functional \e\\
calculations can reproduce a part of the experimental find- 5| \
ings for the systems A@11) (1/3% \3)R30°-K and Ad111)

(2% 2)-K. The computed geometry is in excellent agreement

with the experimental results, and therefore much better thar %o 001 002 003 004 005

for the case of K/C(L11) where there was a deviation of TE

~0.2 A between the experiment and the simulat®H This FIG. 6. Binding energyEag(i11)— Eagiy—Ex, for K ad-
agreement for K/A¢L11) thus helps to support the validity of sorbed on the hcp site of tHg11) surface of a three layer Ag slab.
the approach employed in the simulations. Various smearing temperatures from 0.BQ1to 0.0%,, and

The adsorption site was found to be nearly degenerate fa-point samplings from 2 up to 1616 have been compared.
various sites considered for both coverages, and a value of
0.04E,, was obtained for the binding energy. The main dif- APPENDIX: NUMERICAL INTEGRATION
ference to the system K/Cl11), where the top site is occu-

pied, appears to be due to the different lattice constant of Cu, 1he accuracy of the numerical integration depends espe-
vs Ag. In both cases, a threefold hollow site would be fa-Cially on the number of sampling points and the smearing

vored without substrate rumpling, but only in the case oft€mperature employed. Obvio.usly, a higher number of.sam—
pling points will lead to a higher accuracy. The optimal

K/Cu(11)) is the energy gain associated with the rumpling ) .
large enough to lead to a change of the adsorption site, maR.'eanng tempera’iure \_N'” depend on the band structurg and
on the number ok points. In general, a lower smearing

ing the top site favorable. : g e
The computed energies demonstrate that various sites afgmpPerature will be better because the Fermi funotvainich
Is a step function at zero temperature and thus makes accu-

virtually degenerate, within the accuracy of the calculations. te int i ically difficulis bett imated
This appears to be due to the metallic nature of the overlay Ale integration numerically di icylis better approximated.
owever, when quantities such as susceptibilities are com-

and the large radius of the potassium adsorbate, which makes

i . . .. puted, the smearing temperature should not be too low, be-
the surface electron de_ngty corrugation havg only _I|ttle 'Mcause the function to be integrated has singulariges, e.g.,
pact on the energy splitting between the various sites. Po

; i X . ) he discussion in Ref. 21
sible suggestions for the change in adsorption site from fcC 1 jyyestigate the dependence of the results on the smear-
to hep were testedsecond layer rumpling, stacking fault g temperature, first a simple test was performed where the
However, second layer rumpling did not have a huge impaciagice constant of bulk Ag was optimized @t=0.00,,.
and the energy of the structure with a stacking fault was stillre optimal lattice constant was 4.12 A, the cohesive energy
degenerate with the other structures, within the accuracy qj_()g(Eh’ and the bulk modulus 108 GPa. At a higher tem-
the calculations. It is therefore possible to give arguments foberature ofT =0.0F;,, the optimized values wel®4.10 A,
why the top site is not occupied, but the question of the site).08&,,, and 113 GPa. The higher smearing temperature of
change from fcc to hcp remains puzzling. The near degeng.0Z, thus does not seem to have a huge impact on the
eracy of the energies indicates that minute effects are resporesult. This is also seen in the comparison in Tables | and II,
sible for the site change. where the energy splitting between the various sites hardly
The computed potassium charge is betweeh16de| for ~ changes when the smearing temperature is reduced from
the higher and+0.24e| for the lower coverage. These 0.03%, to 0.00&,. There is a change in the total binding
charges are consistent with results for the effective K radiuenergy, which is, however, still negligible compared to its
and K-Ag bond length which increase for the higher cover-magnitude.
age, with the work function, and with the Ks3nd 3 core Finally, in Fig. 6, the binding energ¥Eyag111)~ Ex
eigenvalues which move slightly closer to the Fermi energy— Eag(111) IS computed for the hcp site, with a three-layer
for the higher coverage. This consistency indicates that Mulslab simulating the Ag.11) surface. It becomes obvious that
liken charges are a simple and useful concept for describinthe binding energy depends similarly on the numberk of
adsorption on metallic surfaces. As in the case of KIC0), points and on the smearing temperature. As a whole, it can
the small overlap population indicates that virtually nobe concluded that the employed smearing temperature should
evidence can be found for a covalent contribution to thenot lead to serious errors for the results presented in this
binding. paper.

155421-8



DENSITY-FUNCTIONAL STUDY OF THE ADSORPTION.. .. PHYSICAL REVIEW B6, 155421 (2002

18.70\. Lindgren, L. Wallda, J. Rundgren, P. Westrin, and J. Neve, 98, User’s ManualTheoretical Chemistry Group, University of

Phys. Rev. B28, 6707(1983. Torino, 1998.
2R.D. Diehl and R. McGrath, Surf. Sci. Rep3, 43 (1996. 18K. Doll and N.M. Harrison, Phys. Rev. B3, 165410(2001).
3R.D. Diehl and R. McGrath, J. Phys.: Condens. Mage©51  *'J.P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. LET.
(1997. 3865(1996.
4H. Over, Prog. Surf. ScB8, 249 (1998. 8D, Fisher, S. Chandavarkar, I.R. Collins, R.D. Diehl, P. Kauka-
SA. Zangwill, Physics at SurfaceCambridge University, Cam- soina, and M. Lindroos, Phys. Rev. Le#8, 2786(1992.
bridge, England, 1988 19E.A. Soares, C. Bittencourt, V.B. Nascimento, V.E. de Carvalho,
6C. Stampfl and M. Scheffler, Surf. Rev. Le2t. 317 (1995. C.M.C. de Castilho, C.F. McConville, A.V. de Carvalho, and

M. Scheffler and C. Stampfl, iMandbook of Surface Science, ,, D.P. Woodruff, Phys. Rev. B1, 13 983(2000.
J.D. Pack and H.J. Monkhorst, Phys. Revl®& 1748(1977.

Electronic Structure edited by K. Horn and M. Scheffler, 211 3 Gillan. J Phys. Q, 689 (1989

Béggi\g:h:rr:zirdslg ﬁiﬁ\l/OIF; zka casoina. and M L'ndrooszzK' Doll, N.M. Harrison, and V.R. Saunders, J. Phys.: Condens.
S. » R.D. Diehl, P. Kaukasoina, - H ' Matter 11, 5007 (1999.

. Phys. Rev. B63, 10 _254(1996. _ 2W.-X. Li, C. Stampfl, and M. Scheffler, Phys. Rev.68, 075407
P. Kaukasoina, M. Lindroos, G.S. Leatherman, and R.D. Diehl, (2002
0 Surf. Rev. Lett4, 1215(1997). 24, Pauling, The Nature of the Chemical Bond and the Structure of
116-3- Leatherman and R.D. Diehl, Phys. Re\5® 4939(1996. Molecules and Crystal€Cornell University Press, Ithaca, 1960
121 Neugebauer and M. Scheffler, Phys. Rew316 067(1992. 25k poll and N.M. Harrison, Chem. Phys. Le817, 282 (2000).
J.M. Carlsson and B. Hellsing, Phys. Rev. @, 13 973 26\ Gierer, H. Bludau, T. Hertel, H. Over, W. Moritz, and G. Ertl,

(2000. Surf. Sci.279, L170 (1992.

135, More W. Berndt, A.M. Bradshaw, and R. Stumpf, Phys. Rev. B2’H. Over, H. Bludau, M. Skottke-Klein, G. Ertl, W. Moritz, and
57, 9246(1998. C.T. Campbell, Phys. Rev. B5, 8638(1992.

K. Doll, Eur. Phys. J. B22, 389 (2001). 28D L. Adler, I.R. Collins, X. Liang, S.J. Murray, G.S. Leatherman,

15y R. Saunders, R. Dovesi, C. Roetti, M. CaulaVl. Harrison, R. K.-D. Tsuei, E.E. Chaban, S. Chandravarkar, R. McGrath, R.D.
Orlando, and C.M. Zicovich-Wilson, Computer CodBYSTAL Diehl, and P.H. Citrin, Phys. Rev. B8, 17 445(1993.

155421-9



