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Adsorbate-atom-induced relaxation of thin Li(001) films

K. Kokko*
Department of Physics, University of Turku, FIN-20014 Turku, Finland
(Received 23 January 1996; revised manuscript received 6 Augus} 1996

First-principles calculations are used to study the effects that adsorbate (&ipida, Mg, Al) have on the
(001) surface of thin body-centered-cubic Li films. The Li, Na, and Mg adsorbates induce a shallow hole on the
surface of the substrate at the adsorption site. The Al adsorbate, however, creates a low bump at the adsorption
site. For the isolated Li adsorbate the induced surface relaxation of the substrate extends up to second neigh-
bors from the adsorption site. The adsorbed Li atom is able to push its way closer to the surface if the number
of atomic layers of the substrate film is increased from 3 to 5. If the distance between the two Li adsorbates is
3a (a=lattice parameter of the substrgtboth adsorbate atoms lie in their own, completely separate, adsorp-
tion holes. When the distance between the adsorbates is decreaszediihe@ 2dsorption holes are merged to
form a common adsorption vallefS0163-18286)05747-5

Due to the recent development in crystal-growth tech- The first-principles density-functional technique is a pow-
niques and nanotechnology the manufacturing of good quakrful tool for studying surface. The electronic structure
ity ultrathin films has become possibie® The properties of calculations in our work are based on the density-functional
low-dimensional systems differ from those of bulk systemsmethod including the local-density approximatidrt? with
The reduced dimensionality usually leads to so-called quarWigner’s interpolation formuf& for the exchange and cor-
tum size effects, which means that the change in the size dg€lation. The wave functions of the valence electrons are
the system leads to phenomena which are direct cons@xpanded using the plane-wave basis, and the effects of the
guences of quantum mechanics. ionic cores are introduced using pseudopotentials. Norm-
Another class of systems with many interesting propertiesonserving pseudopotentials are obtained by following the
is the surfaces of bulk objects. Due to the difference in theprescription of Bachelet, Hamann, and Seai}* except for
coordination number of atoms in the bulk and surface envithe pseudopotentials corresponding to the unoccupied states
ronment, relaxations and reconstructions occur in the surfacef the neutral atoms, which are obtained by Hamann’s
atomic layers. The geometric arrangement of the atoms caschemée?® The d part is treated as a local potential and the
significantly affect the physical properties of the surface,pseudopotentials are transformed into a separable form as
thus making the structural determination important for un-suggested by Kleinman and Byland&iThe partial core cor-
derstanding the surface properties. The investigation of théection is included in the pseudopotentials of Li, Na, and
reactions between atoms adsorbed on metal surfaces and aMg.'” The optimization of the electronic and ionic part is
of the adatom-induced surface relaxations has a special inperformed using the first-principles structural optimization
portance since there are numerous applications of surfadechniquée'? where the steepest-descent type of algoriftis
processes in science and technology. used to optimize the electronic part. The ionic motions are
First-principles total-energy calculations provide accurateobtained from ordinary molecular dynamics with Hellmann-
information of various surface propertiésee, e.g., Ref.)4  Feynman force&’
In this paper, we report a study of the adatom-induced sur- We use the repeated slab method in the calculations. The
face relaxations of body-centered-culficd Li(001) films.  slabs consist of three or five layers of Li atoms, and adjacent
In addition to the surface relaxation, the interactions betweeslabs are separated by vacuum regions. The thickness of the
the adatoms are important and will be discussed as well. Theacuum regior(= the distance between the adatoms belong-
present calculations are based on #ie initio molecular- ing to the adjacent slapsvas taken to be about 20 a.u.,
dynamics method.We studied the effects that the adatomswhich corresponds to five empty layers between the slabs.
(Li, Na, Mg, Al) have on the structural properties of thin Li The surface orientation of the slabs(@1). Since our com-
films with (001) surfaces. These systems were selected sincputer code assumes inversion symmetry of the unit cell, the
the adatoms in question differ from each other in many readsorbate atom is placed on both sides of the slab. Unit cells
spects, thus giving a good general idea of the response of With surface areas ranging froma¥ 3a to 5aXx 5a are used
surfaces to the adsorption of various kinds of atoms. (a=6.43 a.u. is the calculated lattice parameter for bulk bcc
There have been several investigations on Li films, condii).
centrating, however, on pure Li only. Alldredge and We refer to our earlier woR~?*for the determination of
Kleinmar?P studied a 13-layef001) film of bce Li. Boettger  suitable computational parameters for these kinds of simula-
and Trickey studied hexagonal ultrathin Li films. Quas- tions. In the present work we used 9.0 Ry as a cutoff energy
sowski and Hermarinstudied Li monolayers of hexagonal and the number ok points was 4 for the %5 surface unit
and square symmetry. We also refer to the systematic invesells and 16 for smaller unit cells. The widthalf width at
tigations into the properties of hexagonal metallic monolay-half maximum for the Gaussian-type broadening scheme at
ers of Li, Be, Na, Mg, K, Ca, Rb, and &r. the Fermi level was 20 mRy.
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TABLE 1. Adsorption on frozen and relaxing three-layer
Li(009) films using a 3<3 surface unit cell. The first two rows
show the results of calculations where the substrate atoms are fixed
[either at the bulk Li positions or at the optimized pure three-layer
Li(001) slab positionsand only the position of the adsorbate atom
is optimized. The third row shows the results of a calculation where
the positions of both the substrate and adsorbate atoms are opti-
mized. The fourth row is the same as the third, but for a55
surface cell. The fifth row is the same as the third, but for a five-
layer film.d, andd, are the atomic surface layer spacing of the film (b)
and the distance between the adsorbed atom and the s(fidatee
relaxing surface the average position of surface atoms is used in
evaluatingd, andd,). E is the total energy of the system.

(@)

Adsorbate Substrate d, (au) d,(au) E (Ry) (c)
Li bulk, frozen 3.22 3.38 —15.128
relaxed, frozen 3.41 3.42 —15.132

FIG. 1. Surface of a three-layer (001 film with two Li atoms
adsorbed on it. Figurerom top to bottom show the situation
when the adsorbed atoms ara, 2a, and 1a apart from each other
(a = the lattice parametgrin this and the following figures the

relaxing 341 3.27 —-15.132
relaxing (5x5) 3.42 3.27 —40.200
relaxing five-layers 3.39 3.08 —24.867

Na relaxed, frozen 3.41 4.13 —15.093  gyrface relaxations perpendicular to the surface are scaled by a fac-
relaxing 3.43 4.05 —15.093  tor of 10 in order to make the smaller patterns discernible too.

Mg relaxed, frozen 3.41 2.92 —-17.670
relaxing 3.37 238 —17.686 the decrease in the adatom-surface distance is due to the

Al relaxed, frozen 3.41 1.77 -—22.307 formation of the adsorption hole, and another half comes
relaxing 3.49 1.38 -22.330 from the decrease in the distance between the adsorbate atom

and the surface atoms near to the adsorption site.
To find out how far from the adsorption site the adatom-
induced surface relaxation extends, a calculation for the fully
To study the adsorption of an isolated atom on a surfac@ptimized system was also done by usingxa®Bsurface unit
one has to use large surface unit cells in the calculations. Weell. It was found that there are no drastic changes in the
started our investigation using a<® surface unit cell with  shape of the adsorption hole when the distance between the
an atom adsorbed on the bcc lattice point on the surface. THdatoms is increased from 19.29 to 32.15 érig. 2). Using
adsorption of a Li atom on th@01) surface of a three-layer the 5x5 surface unit cell the depth of the hole under the
bce Li film was studied in three different cases. In the firstadsorbed atom is 0.15 a.u. and the distance of the adsorbed
case the three-layer substrate film was constructed by cuttingiom from the bottom of the hole is 3.36 a.u. This suggests
it from bulk bcc Li without any relaxation in the atomic that the 33 surface unit cell is large enough to treat the
positions, i.e., the atoms of the substrate were frozen in the@dsorbed Li atoms as isolated adatoms on the surface. This
ideal bulk bcc positions. Then the adsorption process wasan also be seen by comparing Figéa)Jand 2. Hence we
simulated by keeping the substrate fixed and letting the adsonclude that the surface relaxation due to the adsorbed Li
sorbate atom find its optimum distance from the surface. Thatoms extends practically up to the second neighboring at-
second case was similar to the first one, except that instead ofns from the adsorption site.
the frozen slice of bulk Li a frozen optimized three-layer Li ~ To get more insight into the adatom-induced surface re-
film was used as the substrate. The optimization of the sudaxations it is interesting to study also the surface effects due
strate film in this context means that the atoms are allowed tto other adsorbates. In the following, we study Na, Mg, and
move perpendicular to the surface to minimize the total enAl adsorption on the (D01 surface. In comparing the effect
ergy of the film. In the third case the structure of the wholedue to different adsorbates we restricted our investigation on
substrate-adatom system was optimized simultaneously. The
atoms of the central layer of the three-layer substrate film
were fixed at their ideal bulk bcc positions, but all the other
atoms of the system were moved to find the optimum atomic
positions, which minimize the total energy of the system.
The distance of the adsorbate atom from the surface was
found to depend crucially on the relaxation state of the sub-
strate(Table ). Because in the fully optimized system the
surface is not flat anymorg-ig. 1), the position of the sur-
face is not a well-defined quantity. In this work we define the
position of the surface to be the average position of the sur-
face layer atoms. The depth of the surface depression under
the adsorbed atom is 0.16 a.u. and the distance of the adatom FIG. 2. Li adatom-induced surface relaxations of a three-layer
from the bottom of the depression is 3.36 a.u. About half ofii(001) film calculated using the 85 surface unit cell.
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FIG. 4. Relaxations of the surfa¢appe) and the nextlower)
atomic layers of a five-layer 001 film with a Li atom adsorbed
on it.

to get more reliable predictions for the physical properties of
surfaces of bulk objects we also made calculations for the Li
adsorption on a five-layer Li film.
FIG. 3. Surface of a three-layer(001) film with Na, Mg, or Al Table | shows that the adsorbed Li atom is able to push its
atoms adsorbed on ifrom top to bottom. way closer to the surface if the number of the atomic layers
in the substrate film is increased from three to five. The
the § coverage case. The substrate used in the calculationiscreasing of the number of the atomic layers of the substrate
was the three-layer Li film. The adsorption for each atomfilm by 2 decreases the adsorbate-surface distance by 6%.
was investigated both in the case of the frozen optimized LiThis decrease in the adsorbate-surface distance is due to the
film as the substrate and in the case of the fully optimizedsoftening of the surface. In the five-layer film there are two
adatom-substrate system. relaxing surface atomic layers under the adsorbed atom com-
In the case of the frozen substrate, the adsorption distanggared with only one in the three-layer film. The relaxations
(dp) is 4.13, 3.42, 2.92, and 1.77 a.u. for the Na, Li, Mg, andof the two surface atomic layers have opposite shdpis
Al adsorbates, respectively. For the fully optimized adatom-4). In the first surface layer there is an adsorption hole, but in
substrate systerd, is decreased from the above values bythe second surface layer there is an adsorption bump. It is
1.9%, 4.4%, 18%, and 22%, correspondingly. The obtainedomewhat surprising that the relaxations of the second sur-
trend ind, is consistent with the solubilities of these ele- face layer of the five-layer film are larger than the relaxations
ments in Li and also with the interaction of these atoms withof the first surface layer of the three-layer film. This may be
bulk Li crystal?? It is also interesting to note that the calcu- due to the interactions between the relaxing first and second
lated trend ind, of these adsorbates correlates with the trendsurface layers in the five-layer film and also to the transla-
in the number of valence electrons and the electronegativitfional symmetry of the system. For theoverage case in the
of the adatom. The results above show that taking into acsurface layer the second-neighbor atom from the absorption
count the relaxation of the whole substrate-adsorbate systesite is on the surface of the unit cell, which means that its
in investigating of the adsorption processes is important, esnovements are restricted by the symmetry of the system.
pecially in the case of Mg and Al adsorption. The second-layer atoms are all inside the unit cell and so
Figure 3 shows the surface relaxation patterns due to ththeir relaxations are not restricted by the translational sym-
adsorption of Na, Mg, and Al on the (d01) surface. The metry of the repeated unit-cell method.
relaxation induced by the Na adsorbate is similar to that Because the relaxations of the second surface layer of the
found for the Li adsorbate. The adsorption hole for the Mgfive-layer film are quite large, one should use much thicker
adsorbate is larger than that for the Li and Na adsorbategully relaxing films as substrates when investigating adatom-
The Al adsorbate induces a different kind of surface relaxinduced surface relaxations of bulk systems. However, as the
ation, it creates a bump not a hole on the surface. This isesults obtained for the three- and five-layer films suggest,
consistent with the results in the bulk environment where wehe qualitative features of the adsorption-induced surface re-
found that the interaction of both Na and Mg with Li is laxations of bulk systems can be obtained by using three-
repulsive, whereas the interaction between Al and Li islayer films.
attractive?® Using the energies of the free atothsnd the To investigate growth processes on surfaces it is impor-
pure three-layer Li film the desorption energies of the adsortant to consider interactions between adsorbed atoms. In our
bates can be obtained. The desorption energies for Li, Najalculations the distance between the adatoms is three lattice
Mg, and Al adsorbates are 120, 104, 79, and 220 mRy, reparameters (&) for the atom adsorbed on thex3® surface.
spectively. Using the frozen substrate in the calculations dei the following we consider the adsorption of a pair of Li
creases the desorption energies of Mg and Al adsorbates byalatoms whose mutual distance was taken to be either 1
and 12 mRy from the above fully relaxed substrate-adsorbat2a. To keep the interaction between the pairs small, the dis-
values. tance between adjacent pairs was taken to dénall cases
In addition to the obtaining of information for ultrathin investigated. This means that we have to use43or 3xX5
unsupported Li films, the present results can also be used isurface unit cells to investigate adatonasdr 2a apart from
estimating the adsorption-induced effects in bulk Li surfaceseach other.
To better understand the size effects in slab calculations and The induced surface relaxations are shown in Figb) 1



54 ADSORBATE-ATOM-INDUCED RELAXATION OF THIN ... 17 081

TABLE Il. Relaxation trends of the (001) surface when the

adsorbed Li atoms are approaching each otther, d,,, andb are adsorbates

the distance between the adsorption sites, the distance between the SN

adsorbed atom and the bottom of the adsorption hole, and the po- /7 daa N

sition of the bottom of the adsorption hole, respectively,, -d

dap, andb refer to the ideal bcc geometrd,,, Ad,,, andAb }\surface
are the changes in these quantities due to the structural optimization ‘;l[ - layer
process.Ad,, is given in percentage ofi,,,. Ad,, and Ab are h b central
given in percentage of the atomic layer spacing in bulk bcc Li layer

(3.215 a.u. h is the depth of the adsorption hole and is given in

percentage of the atomic layer spacing in bulk bcc Li. o ) )
FIG. 5. Schematic figure of the adsorption of two Li atoms on

daa Ad,, Adg, Ab h E/dimer (Ry) the surface of a three-layer Li film. For notations see Table II.

3a 0.0 +4.6 +3.2 5.1 —1.028 of these three adsorbate-surface systems shows that the con-
2a -0.2 +3.8 +3.3 5.9 —1.027 figuration of two adatoms closest to each other is energeti-
la -63 +0.9 —02 9.8 —1.045 cally most favorable. The energy difference between the

la and 3 case is 17 mRy.
As shown above, the interaction between the Li adsor-
bates on the D0 surface is attractive. This suggests that

and Xc). Figure 1a) shows that if the distance between the i o
adatoms is @, there is a low hill between them and they the growth of the Li001) surface is based on growing is-
both lie in their own adsorption hole. When the distancela”ds' The surface relaxation as a function of the size of the

between the adatoms is decreased o [Eig. 1(b)] their adsorbed islands has nonlinear behavior. In the present work
adsorption holes become merged formingaﬁleng com- We have considered small islands of two different sizes, is-

mon adsorption valley. However, in spite of the formation ofl"’mdS consisting of one and two atoms. The present results

the common adsorption valley the interaction between th&an be compared with the results of infinite islaridsll

adatoms is still weak. The distance between the adatorﬂ@onf)lay(:“r of 1Li on t_hiCk L{00Y) film] calculated in our
(d,.) is decreased only by 0.2% compared to the correPrevious work! The distance of the adatom from the bottom
a :

sponding distance in the ideal bce Li crystaable 11, Fig. of the adsorption hole is 3.36, 3.24, and 3.43 a.u. for one

5). The differences in the distance of the adatom from thé"‘tomlé twgt a_ltorgs,handt;h(tetlhnfmlt.e 'S"”?”f" [jes?ectw(?[ly. The
bt of the adorpon o). n e postionof e 5415 S04 1w el et 8 s o e o
bottom of the adsorption holeAp) and in the depth of the adsorbate-surface distance gets its minimun'1 value. How-
adsorption hole'f) are also small when comparing the sys- ever, besides the size of thegi]sland its shape also affécts the
tems with the adatomsa3or 2a apart from each other. De- ! : P

. ; o surface relaxation.
creasing the distance between the adatomstsidnificantly . .
. O . . In conclusion, the adsorption of atoms on a surface can
increases the attractive interaction between them. The dlsa{ffect the bondind between the substrate atoms in a complex
tance between the adatoms is decreased by 6.3% comparéd . 9 ; ; P
to the lattice parametex. As Table Il shows, the other char- way. The_ Li, Na, or Mg atoms entermg_the surface increases
acteristics of the adsor. tion site also cha,n e drasticall Irt1he bonding between the surface atomic layer and the second

" orpt g Y- 1 omic layer below the surface. The Al adsorbate decreases

addition to the reduction in the adsorbate-adsorbate dlstan%ﬁ ; .

: e bonding between the surface atomic layer and the second
the distance of the adatoms from the bottom of the adsorp: . ;
. i oo : atomic layer below the surface. The adatom-surface distance
tion valley is decreased significantly This means that the

bonding of the adatoms both parallel to the surface and pe}-s changed significantly due to the relaxation of the substrate

endicular to the surface is increased. The depth of the a&i-lm showing that the simultaneous optimization of the ad-
pendi . o ep Sorbate and substrate atom positions is necessary in these
sorption valley is almost doubled, which is mainly due to the

decrease of the bottom of the adsorption valley. The interacISIndS of simulations.

tion between the adatoms also affects the surface relaxation

around the adsorbed dimer. As Figcllshows, the surface The calculations were performed by using the computer
relaxation far from the adsorption center along the dimer axiprogram coded by the JRCAT theory group. In the present
is decreased from the Fig(l) case, but perpendicular to the work the computational facilities provided by the Center for

dimer axis it is increased. Consideration of the total energieScientific Computing Ltd., Espoo, Finland were utilized.
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