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Abstract

We have investigated the Jocal structures of the room-temperature Na adsorption phases on AN(001) and (111) surfaces
with X-ray photoeleciron diffraction. Angular distributions of X-ray excited Nals photoelectrons and Na KVV Auger
electrons emitted from o2 X 2)-Na/AN001), (43 x v3)R30°-Na/AN111) and p(2 ¥ 2)-Na/AN111) have been measured
over the full solid angle above the Al surfaces. We show thal angle-scanned photoelectron diffraction, in contrast to other
structural technigues, gives very direct information on the degree of intermixing at the surface. Many structural models can
be ruled out directly from the experimental results, and for the case of intermizing the interface structure can be determined

by simple geometrical considerations.
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1. Introduction

Due to the chemical selectivity and the sensitivity
to local order X-ray photoelectron diffraction is a
powerful technique for surface structural investiga-
tions [1]. The dominant effects determining the pho-
toelectron angular distribution from a given structure
are different depending on the kinetic energy regime
of the electrons (Fig. 1a). At energies above 500 eV
the strong anisotropy in the individual electron—atom
scattering leads to a forward focusing of electron
flux along directions pointing from the photoemitter
to the scatterer. The analysis of the symmetry and
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positions of forward-focusing maxima thus permits a
very straightforward identification of bond direc-
tions and structural symmetry. Below about 200 eV
the scaitering becomes more isotropic, and interfer-
ences between different scattering paths prevail, Due
to the axial symmetry of each emitter—scatterer pair,
constructive interferences of an unscattered and a
singly scattered wave can be recognized in the
diffraction pattern as concentric circular fringes cen-
tered at the corresponding forward-focusing direc-
tions. As the phase condition for constructive inter-
ference depends on the emitter—scatterer distance d,
the opening balf angle # of an interference fringe
contains the bond length information:

kd(1—cos @) + (@) =2mn. {1)
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Fig. 1. {a) Polar-angle photoelectron intensity distribution for a
dimer of two Na atoms, calculated for kinetic encrgies of 1682 and
995 eV, respectively, within the single scattering approximation,
The inset shows the coresponding full hemispherc inteasity
distributions in sizreographic projection, At 182 eV, the first-order

inlerference [ringe can clearly be recognized. {b) Cormespondence
berween first-order interference cone opening half angle ¢ and
emitter-scatterer distance o for a Ma scatterer calculated using

Bg. (1.

Here k is the wave number, (@) is the scattering
phase shift, and n is the order of interference. The
correspondence between the angle 6 and the emit-
ter—scatterer distance d is shown in Fig. 1b for the
case of scattering from a Na atom for the energies
corresponding to Nals (MgK a) and Na KVV elec-
trons.

The combination of high and low energy XPD
patterns should thus allow the determination of bond
directions and bond lengths in a very direct way
through identification of forward focusing directions
and determination of the interference coneé opening
angles, In the following we apply this approach to
three different Na on Al systems.

2. Na adsorption on Al surfaces

In contradiction to the *‘traditional’’ expectation
that the alkali atoms adsorb in the most highly
coordinated position on a practically undisturbed sur-
face, it has been shown by high-resolution core-level
spectroscopy that the room temperature (RT) adsorp-
tion of Na, K, Rb and Cs on Al(111), as well as the
adsorption of Na on AN(001), lead to a disruption of
the Al surface and to the formation of a surface alloy
[2). For o2 % 2)-Na/Al001), a recent surface ex-
tended X-ray absorption fine structure (SEXAFS)
study proposed Na adsorption beneath a recon-
structed surface Al layer [3], whereas wery recent
investigations using density functional theory con-
clude that for the RT (2 X 2)-Na/Al(0D01) system
the adsorption energy of the hollow site is the lowest
for very low coverages and that at a coverage of
about 0.15 ML a transition from hollow to substitu-
tional site occupation should occur [4].

For (V3 x y3)R30°-Na/AK111) it has been
shown by SEXAFS [5] and normal incidence stand-
ing X-ray wavefield absorption (NISXW) [6] that the
Na atoms adsorb in substitutional sites, thus kicking
out every third surface Al atom. From a NISXW
study of the p(2x2)-Na/AK111) phase a model
involving two reconstructed layers each of stoi-
chiometry NaAl, was proposed [7]. Other structures
suggested for this phase are a distorted double layer
of bee Na(111) lattice planes [8], and a three domain
model with a p(2 X 1) periodicity [9]. Theze is thus a
high degree of controversy as to the structure of
these three phases.

3. Experimental

The experiments were performed in a modified
Vacoum Generators ESCALAB Mark II spectrome-



ter equipped with a three-channeliron detection sys-
tem and with a base pressure in the lower 107!
mbar region. Photoelectron spectra and diffraction
patterns were measured at RT using MgKa (hv=
1253.6 €V) radiation. Contarnination free surfaces as
judged by photoemission were achieved by a combi-
nation of Ar* sputtering and annealing at 500° C. Na
was evaporated from carefully outgassed SAES get-
ter sources. The purity of the deposited Na layers as

well as the coverage were checked by core-level
photoemission. The samples were then in situ trans-
ferred to a two-axis goniometer capable of sweeping
the photoclectron emission direction over the whole
hemisphere above the surface by computer con-
trolled crystal rotation. Using a fast data acquisition
mode without background subtraction [10] allowed
us to use a high sampling density (6000 angles)
while keeping the scan times reasomably short

Fig. 2. Experimental XPD paticras from the RT of2 % 2)-Na,/AKDO1) structure: (a) Na KVV at 995 ¢V kinetic coergy, and (b) Nals at 182
eV kinetic energy. The data have been stereographically projected and normalized acrording to the procedure described in the text. Forward
scatiering dirsctions and corresponding inerferance fringes are indicsted in the patlerns. Fromt and top views of Na (black) on ANDGL}
adsorption grometrics. (¢} The sobsurface alloy geometry proposed in Ref [3) (d) The substinutional geometry, where every second surface
Al stom bas boen kicked out and replaced by a Ma atom. {¢) The hollow silz geometry.



(<5h). Under these conditions the oxygen and
carbon contaminations were always maintained be-
low 1.1 ML.

4. Experimental results and discossion

4.1, Weakly intermixed systems: (2 X 2)-Na/
Alf001) and (V3 X V3 )R30° -Na s AN

The measured diffraction patterns of the Na KVV
peak at 995 ¢V and the Na1s peak at 182 eV kinetic
energy are shown in Figs. 2 and 3 for o2 % 2)-
Na/Al(001) and (¥3 X v3)RI°-Na/AK111), re-
spectively. To maximire the siatistical accuracy the

patterns have been azimuthally averaged exploiting
the 4-fold and 3-fold rotational symmetries of the
systems. To eliminate the smooth polar angle depen-
dence of the photoelectron intensity typical for ad-
sorbate emission, the patterns have been nomalized
with respect to the mean intensity for each polar
emission angle. Both effects discussed in Section 1
are clearly visible in these measured patterns. The
prominent features of the Na KVV as well as of the
Na 15 diffraction patterns are strong forward focus-
ing maxima in the surface plane and circular fringes
around these [11]. From the absence of forward
focusing peaks at non-grazing angles it follows im-
mediately that for both structures there are no atoms
gituated above the Na atoms. The subsurface model

Fig.3.Bu|pm'mmhlﬂnpmmﬁuhﬂ{ﬁxﬁmﬂ-ﬂuﬁmmm:[alemuwiﬂ'h‘mﬁnmgy.ud(h)
Nals st 182 eV kingtic snergy. The data have been stereographically projected and normalized aecording to the procedure described in the

text. Forward directions and

ing imterferonce fringes are indicated in the panerns. (<) Top and (d) front views of the

substitutional {y/3 3 JR® -Na (black) on AK111) adsorption grometry,



Table 1
Quantitative results from the geometrical analysis of the o2 X 2)-Na/AID01) and (v3 X y3IRI0°-Na/AK111) diffraction patteros

Structure Symmetry NN direclions &g, NN distance (A) NNN directions fyyy NNN distance (A)
of2 % 2:-Na /ANOO1) 4 {100} P+ 40103 {110} B5+T 56105
(V3 x ¥3 R3S -Na/ANLID 6 (21 W5+ 48404 (110) 7+F 92109

The in-plane NN and NNN distances arc calculated from the respective interference cone opening half angles 8y, and 8y, {Eq. (1)L

for the o2 X 2}-Na/AN001) structure proposed by From the positions of the forward focusing peaks
Aminpirooz et al. [3) and depicted in Fig. 2¢ can thus in the Na KVV diffraction patterns the directions of
definitely be ruled out. the in-plane neighbours of the Na emitters can be

b) Na 1s

PFOYTeew

[131)

Fig. 4. Experimental XPD patterns from the RT p(2 < 2)-Na/AK111) structure: (a) Na KVV at 995 £V kinetic encrgy, and (b} Na 1 at 182
¥ kinctic encrgy. The data have been siereographically projected and normalized according 1o the procedure described in the: text. Forward
scattering directions and comesponding imerference fringes are indicated in the patiems. {c} Top and {d) front views of the proposed suriace
structure of p(2 % 2-Na (black} om AN111). The interatomic directions accounting for the forsard scattering peaks indicated In {a) and (b}
are marked by amows.



determined. MNearest neighbours (NN) and next-
nearest neighbours (NNN) can furthermore be distin-
guished by the opening angle of the corresponding
first-order interference fringes in the Nals patterns
(Fig. 1b, Eq. (1)). The results from this simple
geometrical analysis of the o(2 x 2)-Na /AK001) and
(V3 x V3)R30°-Na/AK111) diffraction patterns are
summarized in Table 1, and the positions of nearest
and next-nearest in-plane neighbours as well as the
comresponding interference fringes are indicated in
Figs. 2 and 3. The experimentally determined NN
distances of dpy, =40+ 03 Aand d,;3,, =48 +
04 A correspond to the bond distances associated
with a_c(2x 2) Na nearest neighbour on ANOOL)
(4.05 A) and a (¥3 X y3)R30°-Na nearest neigh-
bour on Al(111) (4.96 A), respectively. As the NN
distances for an in-plane substitutional site would be
considerably shorter (2.86 A for both surfaces) and
furthermore be oriented along the {110) and {110)
directions, respectively, we can conclude that the Na
atoms are definitely not coplanar with the top Al
layer but must be considerably moved out of this
plane.

By the simple analysis given above we have
shown that the two structures — o2 X 2)-Na /Al(001)
and (3 X 3 )R30°-Na/Al(111) — consist of pure
MNa surface layers with no coplanar Al atoms, ad-
sorbed above the top Al substrate layers. The only
way to reconcile this with the core level spectra of
Andersen et al. [2] giving evidence for some kind of
“‘intermixing’’ is thus that the Na atoms occupy
substitutional sites while showing a considerable out-
ward buckling. For (V3 x v3)R30°-Na/AK111)
substitutional adsorption has been confirmed by
SEXAFS [5] and NISXW [6]. For o2 x 2)-
Na,/AK001) we have performed a detailed study
involving single scattering cluster (SSC) calculations
and an R-factor analysis to determine the exact
adsorption site of the Na atoms [12]. Our resulis
indicate that the RT c(2 X 2)-Na/Al(001) structure
consists of coexisting domains of Ma atoms adsorbed
in the substitutional and in the hollow sites (Figs. 2d,
2¢), with Na—Al bond lengths of 3.11 and 2.93 A,
respectively. This unusual and unexpected behaviour
can be understood in the light of very recent theoreti-
cal results from density-functional theory [4]. For
(V3 X y3)R30°-Na/Al(111) a detailed study is cur-
rently under way.

4.2. A strongly imtermixed system: p(2 X 2)-Na/
AN111)

The measured diffraction patterns of the Na KVV
peak at 995 ¢V and the Nals peak at 132 eV Kinetic
energy are shown in Fig, 4. Again, the patterns have
been azimuthally averaged exploiting the 3-fold rota-
tional symmetry of the system and normalized with
respect to the mean intensity for each polar emission
angle. From the Na KVV diffraction pattem it is
immediately evident that the p(2 X 2)-Na/Al(111)
structure involves a much stronger intermixing than
the lower coverage (V3 X v3)R30° structure. The
appearance of six strong forward focusing peaks at
non-grazing emission angles excludes all two-dimen-
sional models, and in particular the model proposed
in Ref. [9] consisting of three domains with p(2 X 1)
periodicity each. On the other hand the absence of
forward focusing peaks at small emission angles
excludes all models containing atoms on top of Na
atoms. The model involving two reconstructed layers
of stoichiometry NaAl, proposed in Ref. [7] contains
Al atoms atop second-layer Na atoms, and it can thus
be ruled out. The double layer model of distorted bee
MNa(111) planes [8] cannot account for the two in-
equivalent forward scattering directions seen in the
Na KVV diffraction pattern.

The Na coverage of the p(2 X 2) structure is 0.5
ML, and the unit cell thus contains 2 MNa atoms.
Considering this fact, the structure of the p(2 x 2)-
Na/Al(111) phase can be readily determined from
the positions of the forward scattering peaks in the
Na KVV diffraction pattern, which appear at polar
cmission angles of 79.5 + T in the {121} azimuths
and at 68.5 + 1° in the {211) azimuths. As there are
two and only two Na atoms per p(2 x 2) unit cell,
the two inequivalent forward focusing directions
cannot be explained by Na scattering only, but one
additional Al atom has to be involved. The construc-
tion of the model is now as follows: As a starting
point, we substitute every fourth surface Al atom by
a Na atom, thus forming a p(2 X 2) superstructure.
We now have to place two additional atoms in the
unit cell — one Na atom and one Al atom — at polar
angles of 79.5° and 68.5° from the substitutional Na
atom to account for the two inequivalent forward
focusing directions. There are two high symmetry
sites per unit cell with respect to the underlying Al



substrate and the p(2 X 2) Na superstructure, which
are the 3-fold coordinated foc and hep adsorption
sites of the foc (111) surface. Placing the atoms into
these sites and considering the observed polar angles,
vertical positions above the substitutional Na atoms
are 1.3+ 0.1 and 0.6 + 0.1 A for the atoms in the
fec and hep adsorption sites, respectively, If the atom
adsorbed in the hep site would be a Na atom, the Al
atom in the hcp site 0.7 A above would give rise to a
forward focusing peak at about 67° in the {121
azimuths, which is not observed. We can thus assign
the Na atom to the fce site and the Al atom to the
hep site. If we assume for the substitutional Na
atoms the same Na—Al bond length of 3.3 A as
determined for the substitntional Na atoms of the
(V3 % y3)R30° structure [5], we obtain bond lengths
of 3.4 and 2.8 A for the Na atoms in the fcc sites and
the Al atoms in the hep sites, respectively. The value
of 2.8 A for the Al atoms In the hep site is very close
to the bulk value of 2.86 A for pure Al, and the bond
length of 3.4 A for the foc Na atoms is reasonably
close to the one of the substitutional Na atoms.

The model of the p(2 X 2)}-Na,/AK111) structure
derived above is shown in Figs. 4c and 4d. The
interatomic directions corresponding to the forward
focusing peaks in the Na KVV diffraction pattern of
Fig. 4a are indicated by arrows. As an independent
test of the structural medel and to determine the
atomic positions o a higher degree of precision we
have performed 535C calculations and a R-factor
analysis for both the Na 1s and the Na KVV diffrac-
tion patterns. The detailed results of this analysis will
be presented elsewhere [13], and we only mention
here that it fully confirms the structural model de-
rived above.

5. Conclasions

By considering full hemispherical X-ray photo-
electron diffraction measurements of the RT
of2 X 2)-Na/AK001), (V3 X v3)R30°-Na/ AK111)
and p(2 X 2)-Na/Al(111) structures, we have shown
that angle-scanned photoelectron diffraction gives
very direct information on the degree of intermixing
at the surface. Taking two diffraction patterns of the

same structure, one at 995 ¢V and one at 182 eV,
bond directions as well as approximate bond lengths
could be readily determined. Many structural models
proposed in the literature could be ruled out directly,
and for the case of p(2 X 2)-Na/Al(111) the inter-
face structure could be determined by simple geo-
metrical considerations. We find that the p(2 x 2)
unit cell of this structure consists of one Na atom
substituting a surface Al atom, an additional Na atom
in the fcc adsorption site and one Al atom in the hcp
adsorption site.
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