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Surface reconstruction and relaxation of A(110)-c(2X2)-Na
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The surface structure of the Al(11@)(2 X 2)-Na phase, formed by adsorption of 0.5 ML Na orfJAl0) at
room temperature, is shown by analysis of extensive low-energy electron diffraction measurements to contain
Na atoms in twofold substitutional sites formed by displacement of 0.5 ML Al atoms from the first layer of the
substrate. The reconstructive adsorption leads to strong perturbations of the substrate extending to the fifth Al
layer. A large rumpling0.15 A) of the third Al layer is found, together with a smaller rumplit@06 A) of
the fifth layer. Al atoms in the third Al layer, which are directly below Na atoms, exhibit enhanced vibrations
as compared to the remaining atoms of the layer.

[. INTRODUCTION c(4x2) andc(2x2) phases with increasing coverage, al-
though neither phase is well ordered in the case of K, and
The adsorption of alkali metals on @I10) is of particular ~ only thec(4xX2) phases are well ordered in the case of Rb
interest in that extrapolation of the results of previous studiegnd Cs. Adsorption of Li leads to a single, well-ordered,
of alkali metal adsorption on Al surfaces, and previous studc(2Xx2) phase.
ies of alkali metal adsorption on f(x10) metal surfaces, In this study we describe the results ofqaantitative
lead to quite different expectations of the adsorption behavstructure determination for an alkali metal adsorbed on
ior on Al(110. Thus, on the one hand, recent studies ofAl(110, namely, for thec(2x2)-Na phase formed by ad-
alkali metal adsorptioh®on Al(111) and(100) at room tem-  sorption of 0.5 ML Na. For this phase, the adsorption follows
perature have shown that the adsorption leads to a reco#f?e pattern of adsorption on @11) and (100 to the extent
struction of the substrate, with alkali atoms located in subthat Na is found to adsorb in substitutional sites, with dis-
stitutional sites. On the other hand, smal-@.1 ML) placement of 0.5 ML Al atoms from the first layer of the
coverages of alkali metals on Ni, Cu, Ag, and(PLD) in- substrate. The reconstructive adsorption causes strong pertur-
duce (1x2), “missing-row” reconstruction§;® similar to  bations of the surface relaxations and vibrations of the clean
the intrinsic(1x2), missing-row reconstructiofis?of clean ~ Al(110 surface.
Pt, Ir, and AY110. It has been suggested* that the ad- In the following, the experimental procedures used here
sorption of alkali metals on f¢t10) metal surfaces is in are described in Sec. Il. The procedures used in calculating
general likely to induce missing-row structures, because ofkEED intensities, and the use of the intensities in analyzing
the small energy difference between thex(1) and the experimental data, are described in Sec. lIl. The results
(1x 2) structures for the clean surfaces, and because of tHf the analysis are presented in Sec. IV and discussed in
larger binding energy of the alkali atoms in sites of highseC- V.
coordination in the missing rows. The latter suggestion has

bgen c_onfirmed i5n the case of @d0/K by a photoelectron Il EXPERIMENT
diffraction study*
In work described elsewhet&!’ core-level photoemis- The measurements were carried out in a new Vacuum

sion and qualitative low-energy electron diffractirtEED) Generatorsu-metal ultrahigh vacuum chamber with base
measurements of the adsorption of Li, Na, K, Rb, and Cs ompressure of<1x 10 9 torr. LEED intensity measurements
Al(110 indicate that A(110 does not follow the pattern of were carried out using an Omicron reverse-view LEED op-
other fc¢110 metals in forming (XX 2) missing-row struc- tics and a newly developed digital-LEED system in which
tures. However, the adsorption behavior also differs in manyhe LEED pattern on the fluorescent screen of the reverse-
respects from that found for Al11) and (100). Adsorption  view LEED optics is recorded using a 16-bit Princeton slow-
of Na on Al110 leads to the formation ofc(2X2), scan, Peltier-cooled, charge-coupled de\i€&£D) camera
(3X1), and (4x1) phases with increasing coverage. Ad-with Nikkor 28 mmf/2.0 lens. The digital images are stored
sorption of K, Rb, and Cs leads to the formation ofon disk and analyzed off line to obtain the intensities of the
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diffracted beams, as described elsewH&rauger electron corded for all excited beams having a energy range greater
spectrocopy(AES) measurements of surface chemical com-than about 30 eV, except for a few beams whose trajectories
position were made using a Vacuum Generators AX100 elegntersected the shadow on the fluorescent screen of the con-
tron spectrometer. The M10 crystal could be cooled to nections to the electron gun. This led to a total of 25
100 K using liquid nitrogen and heated by electron bombardsymmetry-inequivalent beams @=0° (15 integral order
ment. The crystal was cleaned by cycles of" Avtombard- and 10 fractional orde¢rand 32 symmetry-inequivalent
ment and annealing to 670 K. It should be noted that thdeams a®=10° (18 integral order and 14 fractional orgler
annealing temperature used for the(J4l0) face is 50 K
lower than used on the more close-packed Al faces. This lIl. LEED INTENSITY CALCULATIONS AND
resulted in a more well-ordered surface, as judged by the STRUCTURAL ANALYSIS
quality of the LEED patterns, than obtained in our earlier
studies of this surfacE. Sodium was deposited onto the LEED intensities were calculated using the dynamical
crystal by evaporation from a thoroughly degassed SAEgheory of LEED, with computer prograrifs™ derived from
source”® The deposition was carried out in a few minutesthe layer-doubling and combined-space programs of
and the residual-gas pressure during evaporation rose leBendry* and of Van Hove and Tong. Atomic scattering
than 5< 10 ** torr. AES measurements taken after deposi-matrices for Al and Na were calculated using phase shifts
tion and after completion of a set of LEED measurement$alculated from the muffin-tin band-structure potentials of
indicated that surface contamination of S, C, and O was alMoruzzi et al,?® and were renormalized for the effects of
ways less than 0.03 ML. thermal vibrations using rms isotropic vibrational amplitudes
Adsorption of Na on Al110) at room temperature leads to U; for atoms in thejth layer. The vibrational amplitudes are
the formation of ac(2x2) LEED pattern with split defined here by the time-average displacement given’by
fractional-order spots at a coverage of about 0.4 ML. A sharp= uZ+u3+uj (=3uf for isotropic vibrationy whereus ; 5
c(2x2) LEED pattern with good contrast is obtained afterare the time-average values of the projectioruadn three
deposition of 0.5 ML Na. As noted above, ¥3) and orthogonal axe$’ The complex electron self-ener@y=V,
(4% 1) phases are formed at higher Na coverd§é§An  +iV;, was taken to be independent of energy. At the highest
optimally developed: (2% 2) structure can also be obtained energy, 324 partial waved8 phase shiftd,,,=17) and 321
by adsorption of>0.8 ML followed by anealing to 410 K. plane wavesgreduced by symmetry to 88 and 171 symmetry-
Desorption of Na occurs at temperatures greater than 475 Kdapted plane waves at0° andé= 10, respectivelywere
with restoration of the original (¥1) LEED pattern. The used in theL-space anck-space treatments, respectively, of
method of annealing was used to preparedf@x 2) phase multiple scattering within and between layers parallel to the
for which LEED intensity-energy spectra were measured irsurface. The surface potential barrier was taken to be a re-
this study. fracting but nonreflecting step of height, positioned at a
Intensity-energy spectra were measured for thelistance equal to one-half the bulk interlayer spacing above
c(2x2)-Na phase at 100 K, in the energy range 40—440 e\the first layer of atoms. The calculations are a numerically
with a step size of 1 eV, at normal incidengap, §=0°, and accuraté® reflection of the model assumptions to about
at off-normal incidencey,=0°, 6=10°, wherey andd  0.2%. All calculations used in the structure determination
are rotational angles about perpendicular axes lying in thavere carried out with full accuracy.
plane of the crystal, ang is the azimuthal angle, consisting ~ Refinement of the surface structure of Al(110)-
of a rotation about the surface normal. The condition C€(2X2)-Na was carried out using a semiautomatic imple-

=0° was chosen to preserve mirror-plane symmetry foimentation of an iterative procedure described previotisiy,
measurements @@= 10°. Normal incidence was set to within Which the disagreement between experimental and calculated

6= +0.1° andy= +0.1° by minimizing therR factor defined intensities, as measured by &nfactor, is minimized as a
below for the Comparison of intensity_energy spectra forfunction of one variable at a time. The procedure contains an
symmetry-equivalent beams as a function of these twdnner loop in which the structural variables are optimized
ang|es_ The precision of the geometry at off-normal inci-iteratively, and an outer loop in which the nonstructural vari-
dence, which involved settingg=0° by aligning the[001]  ables are optimized iteratively. The inner loop is executed
direction in the LEED pattern with the horizontal, is less automatically in a single computer run, but the outer loop is
certain due to possible errors in the mutual alignment of th&urrently executed manually. The procedure is very efficient
crystal goniometer and the LEED optics. However, subseby virtue of maximum reuse of intermediate calculations.
quent comparisons of experimental azalculatedintensity- The R factor used here is a normalizeg® function
energy spectra as a function éfindicated that the precision defined***as
of the incidence geometry was also of the order=df.1° for ox cal |12 ox 12 cal 2
#=10°. As in previous studies using our old video-LEED Rzl—{ ( hk,i hk,i” / ( hk,i) (ﬂ)

Ak Ak AKi \ Ohk

systen’ it was found that the discrepancies between spectra Thk Thk

for symmetry-equivalent beams were larger than the very )
small random errors between repetitive measurements for the

same beam. The spectra shown later are the result of averai§-terms of the experimentafy; and calculated intensities
ing the intensities of symmetry-equivalent beams of just onéﬁ",’(‘"i, where the index runs over the electron energy, and
set of measurements, which is sufficient to obtain very highry,,, the root-mean-square experimental uncertainty of the
quality spectra due to the 16-bit dynamic range and lowbeam hk, obtained via comparison of measurements for

noise of the CCD camera. Intensity-energy spectra were resymmetry-equivalent beams. Implicit in this definition Rf
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is the use of asingle scaling constant between the experi-
mental and calculated intensities.

IV. RESULTS

In the initial stage of the structure determination, a pre-
liminary survey was carried out of structural models involv-
ing Na atoms adsorbed in on-top, twofold hollow, twofold
short and long-bridge, and twofold substitutional sites, com:
patible with the symmetry of the measured LEED intensities
Although no optimization of the nonstructural parameters
was carried out in this survey, the results indicated unequiva
cally that only the twofold substitutional site warranted fur-
ther refinement. The possibility that the 0.5 ML of Al atoms
displaced by Na atoms are readsorbed in high-symmetr
sites was also investigated, but found to be incompatible
with the measured intensities. We assume, therefore, that tt

do1

factors for the discarded models were in the range 0.25-0.3 y 2
as compared to the value of 0.045 found for the optima = d;

model in the analysis of the normal-incidence data, as de { 3 ====3Ar
scribed below. *_‘?j‘_

A full optimization of the fit between experimental inten- " 4,5
sities and intensities calculated for Na adsorbed in the two ¥------> ‘ : e Ars

fold substitutional site was carried out using the procedure d5_6
described above. The structural variables consisted of th
first seven interlayer spacingk; and a rumplingAr; and (b)
Ar 5 of the third and the fifth Al layers. The spacing between
the c(2X2)-Na layer and the(2Xx2)-Al layer is denoted FIG. 1. Hard-sphere model of the geometry of the
do;. For each of the two rumpled layers, the sense of they(110)-c(2x 2)-Na structure(a) Top view, shown as a projection
rumpling is that Al atoms lying on the rotation axis through on the (110 plane; (b) side view, shown as a projection on the
adsorbed Na atoms move towards the surface and Al atoms 1) plane. The shading indicates atoms lying in the same planes
in the second:(2x2) sublattice move towards the bulk, as perpendicular to the plane of the drawings. Black circles indicate
shown in Fig. 1b). The interlayer spacingd,s, dss, dgs, the position of Na atoms. Arrows ifb) indicate the sense of the
anddsg, involving the two rumpled layers, are defined with rumpling of the third and fifth Al layers. See text.
respect to the positions of the two sublattices of each
rumpled layer, rather than with respect to the midpoints ofgiven in Table | are shown in Figs. 2 and 3. We note that the
the layers. The nonstructural variables were the rms vibraplots have been constructed using a single, beam-
tional amplitudesi, of adsorbed Na atoms; of Al atoms in  independent, scaling factor between the experimental and
the first five Al layers, andi,, of Al atoms in the bulk, calculated spectra. Thus the good agreement between experi-
together withV, andV;,,. Separate vibrational amplitudes ment and theory also includes agreement between the rela-
Uz, andus, were assigned to Al atoms in the two sublatticestive intensities of the different beams.
of the third, rumpled Al layer, where;, are the amplitudes
for Al atoms directly beneath Na atoms. V. DISCUSSION

The results of the independent refinements for measure-
ments atd=0° and #=10° are listed in Table I, together
with the results of our recent LEED analy&isor the clean The results presented here show that the stable binding
Al(110 surface. As can be seen from the table, good agreegeometry for 0.5 ML Na adsorbed on (AlLO) involves Na
ment exists between the results of the analysegf00° and atoms adsorbed in substitutional sites formed by displace-
#=10°. A model of the substitution&l(2x 2)-Na structure, ment of 0.5 ML Al atoms from the first layer of the substrate.
constructed using the average values of the structural pararithus at first glance, the adsorption of Na or{J40) appears
eters from the two independent analyses, is shown in Fig. 1o fit the pattern of previous results for the adsorption of
The main feature of the structure is that Na atoms occupylkali metals on Al, rather than the pattern of formation of
substitutional sites in a reconstructed Al layer. The Na-Al(1X2) missing-row structures as found for adsorption of
interlayer spacing is 1.06 A, corresponding to a hard-spherlow coverages of alkali metals on other (&&0) metal sur-
radius of 1.62 A for the adsorbed Na atoms, as compared tftaces. However, LEED pattern and core-level
the bulk bcc radius of 1.86 A. A second notable feature ofmeasurement&'’indicate that the substitutional structure is
the structure is the large rumpling of the third and fifth Al formed in a rather narrow coverage window around 0.5 ML,
layers of 0.14 A and 0.06 A, respectively. which differs from the adsorption behavior for (AlL1) and

Plots of some of the experimental intensity-energy spectré\l (100, where island formation of substitutional structures
and spectra calculated for the optimum parameter valueis the rule at lower coverages.

A. Substitutional adsorption
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TABLE |. Best-fit parameter values for Na adsorbed in the twofold substitutional site in the
Al(110)-c(2x 2)-Na structure. The interlayer spacings are dendtgdind the rms vibrational amplitudes
are denoteds; , where the subscripts indicate the layers in question. See text.

Phase Clean AL10 Al(110)-c(2X2)-Na

incidence angle 0=0° 6=0° 0=10° Average
dos 1.06+0.03 A 1.05-0.03 A 1.06-0.02 A
dq, 1.31+0.03 A 1.28-0.02 A 1.25-0.02 A 1.270.01 A
dys 1.51+0.03 A 1.35-0.03 A 1.37-0.03 A 1.36-0.02 A
ds, 1.37£0.03 A 1.36:0.03 A 1.35-0.03 A 1.36:0.02 A
dys 1.44+0.02 A 1.38:0.03 A 1.38:0.03 A 1.38-0.02 A
dsg 1.40+0.03 A 1.40-0.05 A 1.40-0.03 A
dg7 1.42+0.04 A 1.41-0.06 A 1.42+0.03 A
Arg 0.15-0.03 A 0.14r0.02 A 0.14-0.02 A
Arg 0.06+0.04 A 0.05-0.05 A 0.06-0.03 A
Ug 0.27+0.04 A 0.27-0.03 A 0.27-0.02 A
up 0.17+0.04 A 0.17-0.04 A 0.17-0.03 A 0.17-0.02 A
U, 0.17+0.08 A 0.13-0.04 A 0.13-0.03 A 0.13-0.02 A
Usa 0.13-0.04 A 0.170.04 A 0.14£0.04 A 0.16:0.03 A
Ugg 0.13-0.04 A 0.110.04 A 0.09:0.04 A 0.10:0.03 A
Uy 0.10+0.04 A 0.10:0.04 A 0.10:0.03 A
Us 0.11+0.04 A 0.10:0.04 A 0.10:0.03 A
Upuik 0.06-0.02 A 0.10:0.04 A 0.15-0.10 A 0.110.04 A
Vim 5.1+0.7 eV 4.10.6 eV 3.2:0.5 eV 3.720.4 eV
Rexp-theory 0.039 0.045 0.042

In discussing possible reasons for the formation of thefcc(110 metals that form missing-row structures on adsorp-
substitutionalc(2x 2)-Na structure, rather than a missing- tion of alkali metals, but that its formation is hindered by an
row structure, it can be noted that the former process can bactivation energy barrier, which can be overcome at room
thought of as occuring in two steps, in which an Al atom istemperature on Al and Au. In detail, of course, the mecha-
removed from the surface and rebonded at a surface stepisms of formations of the AI(1103¢2x2)-Na and
followed by adsorption of a Na atom in the vacancy. Simi-Au(110)c(2X 2)-K structures must be different, in that the
larly, the latter process can be thought of as a reconstructioformation of the former requires displacement and readsorp-
of the (1Xx1) surface to a (X2) missing-row structure, tion of 0.5 ML Al atoms, whereas formation of the latter
followed by adsorption of Na atoms in sites in the troughs ofstructure requires only a place exchange of Au and K atoms.
the missing rowsAb initio®? calculations of vacancy forma-
tion, and effective-medium calculatiofisof the reconstruc-
tion energy of the AlL10) surface, indicate that these ener-
gies are roughly equal with a value 6f0.12 eV. This
suggests that the energy required for reconstruction of the As can be seen from the results in Table I, the primary
substrate is not the deciding factor in the choice of adsorpreconstruction of the substrate due to the substitutional ad-
tion site. We presume therefore that the adsorption energy isorption of Na is accompanied by a secondary reconstruction
the substitutional site is larger than the adsorption energy imvolving a rumpling of the third and fifth Al layers. A con-
sites in the troughs of the missing-row structure. In this re-siderable modification of the interlayer relaxations of the
gard it is interesting to note that the Al(110)2%x2)-Na  clean A(110 surface also occurs. The layer rumplings and
structure determined here is almost identical to thenterlayer relaxations found for Al(11®¢2x2)-Na and
Au(110)<(2X 2)-K structure proposed by Het al*3onthe  Au(110)c(2x2)-K are listed together with the interlayer
basis ofab initio calculations, and later confirmed by an relaxations! of clean A(110) in Table Il. As can be seen
ion-scattering study* Ho et al. suggested that K atoms ad- from the table, the strong similarity between the
sorb in the troughs of the intrinsic missing-row structure atAl(110)-c(2x2)-Na and Au(110)(2Xx2)-K structures
low coverage, but form a structure of the kind shown in Fig.also extends to the reconstruction and relaxation of the sub-
1 at higher coverage, in order to minimize the large electrostrate. It can also be seen from the table that the oscillatory
static energy associated with K ions sitting in adjacent sitegature of the multilayer relaxations for the clean(140)
in the missing rows. Het al. noted further that the fact that surface is replaced by a contraction of all intralayer spacings.
Au forms bulk alloys with Na suggests that formation of a  As discussed elsewhete2® the occurence of substrate
surface alloy might be energetically feasible. In the light ofreconstruction is an expected consequence of the loss of
the present results it is interesting to speculate that the sultranslational symmetry due to the formation of a superstruc-
stitutionalc(2x 2) structure, as formed on Au and(AlL0), ture. For a number of systems, including AI(110)-
might in fact be the configuration of lowest energy for thec(2x 2)-Na, we have shown recenththat the trends of the

B. Substrate reconstruction and relaxation induced
by superstructure formation
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FIG. 2. Comparison of experimentaolid lineg and calculated FIG. 3. Comparison of experimentg@olid lines and calculated

(dotted line$ intensity-energy spectra for Al(11@f-2x2)-Na at  (dotted line intensity-energy spectra for Al(11@2x2)-Na at
#=0° for five integral-order beam@)—(e), and five fractional or- 6=10° for five integral-order beam&)—(e), and five fractional

der beams(f)—(j). The beanhk indices,R factors, and scale factors order beams(f)—(j). The beamhk indices, R factors, and scale

are shown in each panel. The calculated spectra were obtained U&ctors are shown in each panel. The calculated spectra were ob-
ing the best-fit parameter values given in Table I. tained using the best-fit parameter values given in Table 1.

reconstructive layer displacements and the interlayer relaxand Au(110)e(2x2)-K are also listed in Table Il. In the

ations can be predicted by consideration of the electrostatiPIFB calculations, charges of 1 were used for Na, K, and Au,
forces on the layers of thenrelaxedsubstrate in a simple and a charge of 3 was used for Al. In the calculations for the
point-ion/frozen backgroun@PIFB) model?>2° The predic- c(2x2) structures, the adsorbed layers were placed at the
tions of the model for clean AI(110),Al(11®)¢2X2)-Na, experimentally-determined positions with respect to the first,
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TABLE Il. Comparison of experimentdLEED and medium-energy ion scatteriEIS)] and calcu-
lated (DFT and PIFB substrate reconstruction and intralayer relaxation for cleail1d, Al(110)-c(2
X2)-Na, and Au(110)x(2%x2)-K. RelaxationsAd,,Ad,3,Ads,, and Adyg of the first four interlayer
spacings are expressed as percent deviations from the corresponding bulk values. The interlayer spacings
involving rumpled layers are defined by taking the nearest distance between the two layers. The vertical
separations between the two sublattices of the rumpled third and fifth bulk lAygreind Ars are also
expressed as percentages of the bulk interlayer spacing.

Phase Al(110)-(k1) Al(110)<(2%2)-Na Au(110)e(2x2)-K
method LEED PIFB LEED PIFB DFT MEIS PIFB
Ref. 31 Present Present 35 33 34 Present
Ady, —8.0+2 -58.5 —-11.2+-0.7 —-11.2 —-16 —13+3 —-11.4
Adys 5.5+2 8.1 —44+1.4 —34.1 +1.5 —8+5 —-9.4

Arg 10.2-1.4 225 +7 +8+3 14.5
Ads, —3.7x2 -0.7 —52+1.4 -7.8

Adys +0.7x1 0.07 —1.4+1.4 -0.5

Arg 42+2.1 0.5

c(2x2) layer of the substrate. Substrate atoms were placedther alkali/Al adsorption systenilt can also be noted that
in their bulk positions in all layers. The numerical values ofthe vibrational amplitudes of Al atoms in the two sublattices
the forces on the layers have been arbitrarily multiplied byof the rumpled third Al layer differ significantly. The vibra-
2.865 for each system to produce displacements in A, leadional amplitudes of Al atoms directly beneath Na atoms are

ing to the values given in the columns headed PIFB in Tablenhanced with respect to the remaining Al atoms of this
Il. It can be seen that the PIFB calculations reproduce thgayer,

trends of the experimental results.
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