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Surface reconstruction and relaxation of Al„110…-c„2Ã2…-Na
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The surface structure of the Al(110)-c(232)-Na phase, formed by adsorption of 0.5 ML Na on Al~110! 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 rumpling~0.15 Å! of the third Al layer is found, together with a smaller rumpling~0.06 Å! 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.
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I. INTRODUCTION

The adsorption of alkali metals on Al~110! is of particular
interest in that extrapolation of the results of previous stud
of alkali metal adsorption on Al surfaces, and previous st
ies of alkali metal adsorption on fcc~110! metal surfaces,
lead to quite different expectations of the adsorption beh
ior on Al~110!. Thus, on the one hand, recent studies
alkali metal adsorption1–5 on Al~111! and~100! at room tem-
perature have shown that the adsorption leads to a re
struction of the substrate, with alkali atoms located in s
stitutional sites. On the other hand, small (;0.1 ML)
coverages of alkali metals on Ni, Cu, Ag, and Pd~110! in-
duce (132), ‘‘missing-row’’ reconstructions,6–8 similar to
the intrinsic~132!, missing-row reconstructions9–12 of clean
Pt, Ir, and Au~110!. It has been suggested13,14 that the ad-
sorption of alkali metals on fcc~110! metal surfaces is in
general likely to induce missing-row structures, because
the small energy difference between the (131) and
(132) structures for the clean surfaces, and because o
larger binding energy of the alkali atoms in sites of hi
coordination in the missing rows. The latter suggestion
been confirmed in the case of Cu~110!/K by a photoelectron
diffraction study.15

In work described elsewhere,16,17 core-level photoemis-
sion and qualitative low-energy electron diffraction~LEED!
measurements of the adsorption of Li, Na, K, Rb, and Cs
Al ~110! indicate that Al~110! does not follow the pattern o
other fcc~110! metals in forming (132) missing-row struc-
tures. However, the adsorption behavior also differs in m
respects from that found for Al~111! and ~100!. Adsorption
of Na on Al~110! leads to the formation ofc(232),
(331), and (431) phases with increasing coverage. A
sorption of K, Rb, and Cs leads to the formation
PRB 610163-1829/2000/61~20!/13988~7!/$15.00
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c(432) andc(232) phases with increasing coverage, a
though neither phase is well ordered in the case of K, a
only thec(432) phases are well ordered in the case of
and Cs. Adsorption of Li leads to a single, well-ordere
c(232) phase.

In this study we describe the results of aquantitative
structure determination for an alkali metal adsorbed
Al ~110!, namely, for thec(232)-Na phase formed by ad
sorption of 0.5 ML Na. For this phase, the adsorption follo
the pattern of adsorption on Al~111! and ~100! to the extent
that Na is found to adsorb in substitutional sites, with d
placement of 0.5 ML Al atoms from the first layer of th
substrate. The reconstructive adsorption causes strong pe
bations of the surface relaxations and vibrations of the cl
Al ~110! surface.

In the following, the experimental procedures used h
are described in Sec. II. The procedures used in calcula
LEED intensities, and the use of the intensities in analyz
the experimental data, are described in Sec. III. The res
of the analysis are presented in Sec. IV and discusse
Sec. V.

II. EXPERIMENT

The measurements were carried out in a new Vacu
Generatorsm-metal ultrahigh vacuum chamber with ba
pressure of<1310210 torr. LEED intensity measurement
were carried out using an Omicron reverse-view LEED o
tics and a newly developed digital-LEED system in whi
the LEED pattern on the fluorescent screen of the reve
view LEED optics is recorded using a 16-bit Princeton slo
scan, Peltier-cooled, charge-coupled device~CCD! camera
with Nikkor 28 mm f /2.0 lens. The digital images are store
on disk and analyzed off line to obtain the intensities of t
13 988 ©2000 The American Physical Society
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diffracted beams, as described elsewhere.18 Auger electron
spectrocopy~AES! measurements of surface chemical co
position were made using a Vacuum Generators AX100 e
tron spectrometer. The Al~110! crystal could be cooled to
100 K using liquid nitrogen and heated by electron bomba
ment. The crystal was cleaned by cycles of Ar1 bombard-
ment and annealing to 670 K. It should be noted that
annealing temperature used for the Al~110! face is 50 K
lower than used on the more close-packed Al faces. T
resulted in a more well-ordered surface, as judged by
quality of the LEED patterns, than obtained in our earl
studies of this surface.19 Sodium was deposited onto th
crystal by evaporation from a thoroughly degassed SA
source.20 The deposition was carried out in a few minut
and the residual-gas pressure during evaporation rose
than 5310211 torr. AES measurements taken after depo
tion and after completion of a set of LEED measureme
indicated that surface contamination of S, C, and O was
ways less than 0.03 ML.

Adsorption of Na on Al~110! at room temperature leads t
the formation of a c(232) LEED pattern with split
fractional-order spots at a coverage of about 0.4 ML. A sh
c(232) LEED pattern with good contrast is obtained af
deposition of 0.5 ML Na. As noted above, (331) and
(431) phases are formed at higher Na coverages.16,17 An
optimally developedc(232) structure can also be obtaine
by adsorption of.0.8 ML followed by anealing to 410 K
Desorption of Na occurs at temperatures greater than 47
with restoration of the original (131) LEED pattern. The
method of annealing was used to prepare thec(232) phase
for which LEED intensity-energy spectra were measured
this study.

Intensity-energy spectra were measured for
c(232)-Na phase at 100 K, in the energy range 40–440
with a step size of 1 eV, at normal incidenceg,f,u50°, and
at off-normal incidenceg,f50°, u510°, whereg and u
are rotational angles about perpendicular axes lying in
plane of the crystal, andf is the azimuthal angle, consistin
of a rotation about the surface normal. The conditionf
50° was chosen to preserve mirror-plane symmetry
measurements atu510°. Normal incidence was set to withi
u560.1° andg560.1° by minimizing theR factor defined
below for the comparison of intensity-energy spectra
symmetry-equivalent beams as a function of these
angles. The precision of the geometry at off-normal in
dence, which involved settingf50° by aligning the@001#
direction in the LEED pattern with the horizontal, is le
certain due to possible errors in the mutual alignment of
crystal goniometer and the LEED optics. However, sub
quent comparisons of experimental andcalculatedintensity-
energy spectra as a function ofu indicated that the precision
of the incidence geometry was also of the order of60.1° for
u510°. As in previous studies using our old video-LEE
system,21 it was found that the discrepancies between spe
for symmetry-equivalent beams were larger than the v
small random errors between repetitive measurements fo
same beam. The spectra shown later are the result of ave
ing the intensities of symmetry-equivalent beams of just o
set of measurements, which is sufficient to obtain very h
quality spectra due to the 16-bit dynamic range and l
noise of the CCD camera. Intensity-energy spectra were
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corded for all excited beams having a energy range gre
than about 30 eV, except for a few beams whose trajecto
intersected the shadow on the fluorescent screen of the
nections to the electron gun. This led to a total of
symmetry-inequivalent beams atu50° ~15 integral order
and 10 fractional order! and 32 symmetry-inequivalen
beams atu510° ~18 integral order and 14 fractional order!.

III. LEED INTENSITY CALCULATIONS AND
STRUCTURAL ANALYSIS

LEED intensities were calculated using the dynami
theory of LEED, with computer programs22,23 derived from
the layer-doubling and combined-space programs
Pendry24 and of Van Hove and Tong.25 Atomic scattering
matrices for Al and Na were calculated using phase sh
calculated from the muffin-tin band-structure potentials
Moruzzi et al.,26 and were renormalized for the effects
thermal vibrations using rms isotropic vibrational amplitud
uj for atoms in thej th layer. The vibrational amplitudes ar
defined here by the time-average displacement given byu2

5u1
21u2

21u3
2 (53u1

2 for isotropic vibrations! whereu1,2,3

are the time-average values of the projection ofu on three
orthogonal axes.27 The complex electron self-energyS5V0
1 iVim was taken to be independent of energy. At the high
energy, 324 partial waves~18 phase shifts,l max517) and 321
plane waves~reduced by symmetry to 88 and 171 symmet
adapted plane waves atu50° andu510, respectively! were
used in theL-space andk-space treatments, respectively,
multiple scattering within and between layers parallel to
surface. The surface potential barrier was taken to be a
fracting but nonreflecting step of heightV0, positioned at a
distance equal to one-half the bulk interlayer spacing ab
the first layer of atoms. The calculations are a numerica
accurate28 reflection of the model assumptions to abo
0.2 %. All calculations used in the structure determinat
were carried out with full accuracy.

Refinement of the surface structure of Al(110
c(232)-Na was carried out using a semiautomatic imp
mentation of an iterative procedure described previously,23 in
which the disagreement between experimental and calcul
intensities, as measured by anR factor, is minimized as a
function of one variable at a time. The procedure contains
inner loop in which the structural variables are optimiz
iteratively, and an outer loop in which the nonstructural va
ables are optimized iteratively. The inner loop is execu
automatically in a single computer run, but the outer loop
currently executed manually. The procedure is very effici
by virtue of maximum reuse of intermediate calculation
The R factor used here is a normalizedx2 function
defined4,29,30as

R512F(
hk,i

S I hk,i
ex I hk,i

cal

shk
D G2Y (

hk,i
S I hk,i

ex

shk
D 2

(
hk,i

S I hk,i
cal

shk
D 2

~1!

in terms of the experimentalI hk,i
ex and calculated intensitie

I hk,i
cal , where the indexi runs over the electron energy, an

shk , the root-mean-square experimental uncertainty of
beam hk, obtained4 via comparison of measurements f
symmetry-equivalent beams. Implicit in this definition ofR
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13 990 PRB 61MIKKELSEN, HOFFMANN, JIRUSE, AND ADAMS
is the use of asingle scaling constant between the expe
mental and calculated intensities.

IV. RESULTS

In the initial stage of the structure determination, a p
liminary survey was carried out of structural models invo
ing Na atoms adsorbed in on-top, twofold hollow, twofo
short and long-bridge, and twofold substitutional sites, co
patible with the symmetry of the measured LEED intensiti
Although no optimization of the nonstructural paramet
was carried out in this survey, the results indicated unequ
cally that only the twofold substitutional site warranted fu
ther refinement. The possibility that the 0.5 ML of Al atom
displaced by Na atoms are readsorbed in high-symm
sites was also investigated, but found to be incompat
with the measured intensities. We assume, therefore, tha
displaced Al atoms are readsorbed at surface steps. TR
factors for the discarded models were in the range 0.25–
as compared to the value of 0.045 found for the optim
model in the analysis of the normal-incidence data, as
scribed below.

A full optimization of the fit between experimental inten
sities and intensities calculated for Na adsorbed in the t
fold substitutional site was carried out using the proced
described above. The structural variables consisted of
first seven interlayer spacingsdi j and a rumplingDr 3 and
Dr 5 of the third and the fifth Al layers. The spacing betwe
the c(232)-Na layer and thec(232)-Al layer is denoted
d01. For each of the two rumpled layers, the sense of
rumpling is that Al atoms lying on the rotation axis throug
adsorbed Na atoms move towards the surface and Al at
in the secondc(232) sublattice move towards the bulk, a
shown in Fig. 1~b!. The interlayer spacingsd23, d34, d45,
andd56, involving the two rumpled layers, are defined wi
respect to the positions of the two sublattices of ea
rumpled layer, rather than with respect to the midpoints
the layers. The nonstructural variables were the rms vib
tional amplitudesu0 of adsorbed Na atoms,ui of Al atoms in
the first five Al layers, andubulk of Al atoms in the bulk,
together withV0 and Vim . Separate vibrational amplitude
u3a andu3b were assigned to Al atoms in the two sublattic
of the third, rumpled Al layer, whereu3a are the amplitudes
for Al atoms directly beneath Na atoms.

The results of the independent refinements for meas
ments atu50° and u510° are listed in Table I, togethe
with the results of our recent LEED analysis31 for the clean
Al ~110! surface. As can be seen from the table, good ag
ment exists between the results of the analyses foru50° and
u510°. A model of the substitutionalc(232)-Na structure,
constructed using the average values of the structural pa
eters from the two independent analyses, is shown in Fig
The main feature of the structure is that Na atoms occ
substitutional sites in a reconstructed Al layer. The Na
interlayer spacing is 1.06 Å, corresponding to a hard-sph
radius of 1.62 Å for the adsorbed Na atoms, as compare
the bulk bcc radius of 1.86 Å. A second notable feature
the structure is the large rumpling of the third and fifth
layers of 0.14 Å and 0.06 Å, respectively.

Plots of some of the experimental intensity-energy spe
and spectra calculated for the optimum parameter va
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given in Table I are shown in Figs. 2 and 3. We note that t
plots have been constructed using a single, bea
independent, scaling factor between the experimental
calculated spectra. Thus the good agreement between ex
ment and theory also includes agreement between the r
tive intensities of the different beams.

V. DISCUSSION

A. Substitutional adsorption

The results presented here show that the stable bind
geometry for 0.5 ML Na adsorbed on Al~110! involves Na
atoms adsorbed in substitutional sites formed by displa
ment of 0.5 ML Al atoms from the first layer of the substrat
Thus at first glance, the adsorption of Na on Al~110! appears
to fit the pattern of previous results for the adsorption
alkali metals on Al, rather than the pattern of formation
(132) missing-row structures as found for adsorption
low coverages of alkali metals on other fcc~110! metal sur-
faces. However, LEED pattern and core-lev
measurements16,17 indicate that the substitutional structure
formed in a rather narrow coverage window around 0.5 M
which differs from the adsorption behavior for Al~111! and
Al ~100!, where island formation of substitutional structure
is the rule at lower coverages.

FIG. 1. Hard-sphere model of the geometry of th
Al(110)-c(232)-Na structure.~a! Top view, shown as a projection
on the ~110! plane; ~b! side view, shown as a projection on th

(11̄0) plane. The shading indicates atoms lying in the same pla
perpendicular to the plane of the drawings. Black circles indica
the position of Na atoms. Arrows in~b! indicate the sense of the
rumpling of the third and fifth Al layers. See text.
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TABLE I. Best-fit parameter values for Na adsorbed in the twofold substitutional site in
Al(110)-c(232)-Na structure. The interlayer spacings are denoteddi j and the rms vibrational amplitude
are denoteduj , where the subscripts indicate the layers in question. See text.

Phase Clean Al~110! Al(110)-c(232)-Na
incidence angle u50° u50° u510° Average

d01 1.0660.03 Å 1.0560.03 Å 1.0660.02 Å
d12 1.3160.03 Å 1.2860.02 Å 1.2560.02 Å 1.2760.01 Å
d23 1.5160.03 Å 1.3560.03 Å 1.3760.03 Å 1.3660.02 Å
d34 1.3760.03 Å 1.3660.03 Å 1.3560.03 Å 1.3660.02 Å
d45 1.4460.02 Å 1.3860.03 Å 1.3860.03 Å 1.3860.02 Å
d56 1.4060.03 Å 1.4060.05 Å 1.4060.03 Å
d67 1.4260.04 Å 1.4160.06 Å 1.4260.03 Å
Dr 3 0.1560.03 Å 0.1460.02 Å 0.1460.02 Å
Dr 5 0.0660.04 Å 0.0560.05 Å 0.0660.03 Å
u0 0.2760.04 Å 0.2760.03 Å 0.2760.02 Å
u1 0.1760.04 Å 0.1760.04 Å 0.1760.03 Å 0.1760.02 Å
u2 0.1760.08 Å 0.1360.04 Å 0.1360.03 Å 0.1360.02 Å
u3A 0.1360.04 Å 0.1760.04 Å 0.1460.04 Å 0.1660.03 Å
u3B 0.1360.04 Å 0.1160.04 Å 0.0960.04 Å 0.1060.03 Å
u4 0.1060.04 Å 0.1060.04 Å 0.1060.03 Å
u5 0.1160.04 Å 0.1060.04 Å 0.1060.03 Å
ubulk 0.0660.02 Å 0.1060.04 Å 0.1560.10 Å 0.1160.04 Å
Vim 5.160.7 eV 4.160.6 eV 3.260.5 eV 3.760.4 eV
Rexp-theory 0.039 0.045 0.042
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In discussing possible reasons for the formation of
substitutionalc(232)-Na structure, rather than a missin
row structure, it can be noted that the former process ca
thought of as occuring in two steps, in which an Al atom
removed from the surface and rebonded at a surface s
followed by adsorption of a Na atom in the vacancy. Sim
larly, the latter process can be thought of as a reconstruc
of the (131) surface to a (132) missing-row structure
followed by adsorption of Na atoms in sites in the troughs
the missing rows.Ab initio32 calculations of vacancy forma
tion, and effective-medium calculations14 of the reconstruc-
tion energy of the Al~110! surface, indicate that these ene
gies are roughly equal with a value of;0.12 eV. This
suggests that the energy required for reconstruction of
substrate is not the deciding factor in the choice of adso
tion site. We presume therefore that the adsorption energ
the substitutional site is larger than the adsorption energ
sites in the troughs of the missing-row structure. In this
gard it is interesting to note that the Al(110)-c(232)-Na
structure determined here is almost identical to
Au(110)-c(232)-K structure proposed by Hoet al.33 on the
basis of ab initio calculations, and later confirmed by a
ion-scattering study.34 Ho et al. suggested that K atoms ad
sorb in the troughs of the intrinsic missing-row structure
low coverage, but form a structure of the kind shown in F
1 at higher coverage, in order to minimize the large elec
static energy associated with K ions sitting in adjacent s
in the missing rows. Hoet al. noted further that the fact tha
Au forms bulk alloys with Na suggests that formation of
surface alloy might be energetically feasible. In the light
the present results it is interesting to speculate that the
stitutionalc(232) structure, as formed on Au and Al~110!,
might in fact be the configuration of lowest energy for t
e
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fcc~110! metals that form missing-row structures on adso
tion of alkali metals, but that its formation is hindered by
activation energy barrier, which can be overcome at ro
temperature on Al and Au. In detail, of course, the mec
nisms of formations of the Al(110)-c(232)-Na and
Au(110)-c(232)-K structures must be different, in that th
formation of the former requires displacement and readso
tion of 0.5 ML Al atoms, whereas formation of the latte
structure requires only a place exchange of Au and K ato

B. Substrate reconstruction and relaxation induced
by superstructure formation

As can be seen from the results in Table I, the prima
reconstruction of the substrate due to the substitutional
sorption of Na is accompanied by a secondary reconstruc
involving a rumpling of the third and fifth Al layers. A con
siderable modification of the interlayer relaxations of t
clean Al~110! surface also occurs. The layer rumplings a
interlayer relaxations found for Al(110)-c(232)-Na and
Au(110)-c(232)-K are listed together with the interlaye
relaxations31 of clean Al~110! in Table II. As can be seen
from the table, the strong similarity between th
Al(110)-c(232)-Na and Au(110)-c(232)-K structures
also extends to the reconstruction and relaxation of the s
strate. It can also be seen from the table that the oscilla
nature of the multilayer relaxations for the clean Al~110!
surface is replaced by a contraction of all intralayer spacin

As discussed elsewhere,35,36 the occurence of substrat
reconstruction is an expected consequence of the los
translational symmetry due to the formation of a superstr
ture. For a number of systems, including Al(110
c(232)-Na, we have shown recently35 that the trends of the
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reconstructive layer displacements and the interlayer re
ations can be predicted by consideration of the electros
forces on the layers of theunrelaxedsubstrate in a simple
point-ion/frozen background~PIFB! model.23,35 The predic-
tions of the model for clean Al(110),Al(110)-c(232)-Na,

FIG. 2. Comparison of experimental~solid lines! and calculated
~dotted lines! intensity-energy spectra for Al(110)-c(232)-Na at
u50° for five integral-order beams~a!–~e!, and five fractional or-
der beams,~f!–~j!. The beamhk indices,R factors, and scale factor
are shown in each panel. The calculated spectra were obtaine
ing the best-fit parameter values given in Table I.
x-
tic
and Au(110)-c(232)-K are also listed in Table II. In the
PIFB calculations, charges of 1 were used for Na, K, and
and a charge of 3 was used for Al. In the calculations for
c(232) structures, the adsorbed layers were placed at
experimentally-determined positions with respect to the fi

us-

FIG. 3. Comparison of experimental~solid lines! and calculated
~dotted lines! intensity-energy spectra for Al(110)-c(232)-Na at
u510° for five integral-order beams~a!–~e!, and five fractional
order beams,~f!–~j!. The beamhk indices, R factors, and scale
factors are shown in each panel. The calculated spectra were
tained using the best-fit parameter values given in Table I.
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TABLE II. Comparison of experimental@LEED and medium-energy ion scattering~MEIS!# and calcu-
lated ~DFT and PIFB! substrate reconstruction and intralayer relaxation for clean Al~110!, Al(110)-c(2
32)-Na, and Au(110)-c(232)-K. RelaxationsDd12,Dd23,Dd34, and Dd45 of the first four interlayer
spacings are expressed as percent deviations from the corresponding bulk values. The interlayer
involving rumpled layers are defined by taking the nearest distance between the two layers. The
separations between the two sublattices of the rumpled third and fifth bulk layersDr 3 and Dr 5 are also
expressed as percentages of the bulk interlayer spacing.

Phase Al(110)-(131) Al(110)-c(232)-Na Au(110)-c(232)-K
method LEED PIFB LEED PIFB DFT MEIS PIFB
Ref. 31 Present Present 35 33 34 Prese

Dd12 28.062 258.5 211.260.7 211.2 216 21363 211.4
Dd23 5.562 8.1 24.461.4 234.1 11.5 2865 29.4
Dr 3 10.261.4 22.5 17 1863 14.5
Dd34 23.762 20.7 25.261.4 27.8
Dd45 10.761 0.07 21.461.4 20.5
Dr 5 4.262.1 0.5
c
o
b
a
b
th

e

t
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-
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his

e-
c(232) layer of the substrate. Substrate atoms were pla
in their bulk positions in all layers. The numerical values
the forces on the layers have been arbitrarily multiplied
2.865 for each system to produce displacements in Å, le
ing to the values given in the columns headed PIFB in Ta
II. It can be seen that the PIFB calculations reproduce
trends of the experimental results.

C. Surface vibrations

Finally, we note that the enhanced vibrational amplitud
of the surface layers of the clean Al~110! surface are pre-
served on adsorption~see Table I!, as found previously for
ue
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other alkali/Al adsorption systems.37 It can also be noted tha
the vibrational amplitudes of Al atoms in the two sublattic
of the rumpled third Al layer differ significantly. The vibra
tional amplitudes of Al atoms directly beneath Na atoms
enhanced with respect to the remaining Al atoms of t
layer.
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