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Structure of Al „111…-„232…-Rb
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~Received 11 June 1999!

The atomic geometry of the Al~111!-(232)-Rb phase formed by adsorption of one-quarter monolayer Rb
on Al~111! at 100 K has been determined by analysis of low-energy electron diffraction measurements. The
adsorbed Rb atoms are found to occupy on-top sites on a rumpled first layer of Al atoms, as in the correspond-
ing (A33A3)R30° phases formed by adsorption of one-third monolayer K, Rb, and Cs on Al~111! at low
temperature. However, the adsorbed Rb atoms in the (232) phase have anomolously large thermal vibrations.
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I. INTRODUCTION

The discovery of the reconstructive adsorption of Al~111!
by adsorption of Na, as reported1 in a surface extended x-ra
absorption~SEXAFS! study in 1991, stimulated a renewe
interest in the adsorption of alkali metals on Al surfac
Subsequent studies2,3 have revealed an unexpected richne
of structural phenomena for these electronically simple s
tems. Thus it has been found that adsorption of alkali me
on Al surfaces at room temperature leads in general t
reconstruction of the substrate, with formation of substi
tional, binary surface alloys. Studies of the coadsorption
alkali metals have further revealed the occurrence of tern
surface alloys. Adsorption of alkali metals at low tempe
ture leads in general to the formation of chemisorbed str
tures, although for several systems strong pertubations o
substrate atom positions occur, such that these systems
perhaps be regarded as weak reconstructions. Finally, o
order and, in some cases, order-preserving, irreversible p
transformations have been found between chemisorbed
reconstructed structures.

Most of the work carried out to date has been on
Al ~111! surface where structure determinations have b
reported1,3,4 for most of the 15 known well-ordered adsorb
phases, although substitutional adsorption of Li and Na
also been found recently5–7 on Al~100! and Al~110!. In the
present paper, we report on the structure of the (232)-Rb
phase formed by adsorption of one-quarter monolayer Rb
Al ~111! at 100 K. It will be shown that the structure of th
phase is similar to the structures of the correspond
Al ~111!-(A33A3)R30°-K, Rb, and Cs phases8–11 formed
by adsorption of one-third monolayer K, Rb, and Cs at 1
K, but that the vibrational amplitudes of the adsorbed
atoms in the (232) phase are anomalously large. In t
present paper only isotropic vibrations have been conside
In a forthcoming article, Moritz and Landskron12 report a
more detailed analysis of the vibrations, which indicates
occurrence of a large anisotropy.

II. EXPERIMENTAL

The measurements were carried out in a Vacuum Gen
tors mu-metal ultrahigh vacuum chamber with base pres
PRB 600163-1829/99/60~15!/11078~6!/$15.00
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of 3310211 torr. Low-energy electron diffraction~LEED!
intensity measurements were carried out using an Omic
reverse-view LEED optics and a video-LEED system d
scribed previously.13,14 Rb was deposited onto the crystal b
evaporation from a~SAES! Getters source.15 The deposition
was carried out in a few minutes and the residual-gas p
sure during evaporation was typically 2310210 torr. Sharp
(232) LEED patterns with good contrast were obtained
ter deposition of 1/4 monolayer at 100 K. Optimum dev
opment of the (232) structure was achieved by incremen
deposition of Rb until a maximum was reached in the ratio
integrated intensity in fractional-order and integral-order d
fracted beams. Auger electron spectroscopy measurem
taken after deposition and after completion of a set of LE
measurements indicated that surface contamination~almost
entirely C! was less than 0.03 monolayer.

Intensity-energy spectra were measured for the~232!
structure at 100 K at normal incidence in the energy ran
40–400 eV with a step size of 1 eV. Intensity-energy spec
were measured for a total of 14 symmetry-inequivale
beams~5 integral-order beams and 9 fractional-order beam!.
The measured intensities were corrected for the backgro
intensity, the variation of the incident beam current with e
ergy, the variation of the spot intensity with position on t
fluorescent screen of the LEED optics, and the spatial
sponse of the video camera.14 The intensities of all beams ar
on the same, accurately defined, although arbitrary, inten
scale.

III. LEED CALCULATIONS

LEED intensities were calculated using the dynami
theory of LEED, with computer programs16 derived origi-
nally from the layer-doubling and combined-space progra
of Pendry17 and of Van Hove and Tong.18 Scattering phase
shifts for Al and Rb were calculated from the muffin-t
band-structure potentials of Moruzziet al.19 Atomic scatter-
ing matrices were renormalized for the effects of therm
vibrations using isotropic, root-mean-square~rms! vibra-
tional amplitudesuRb for the adsorbed Rb atoms, anduAl1

,

uAl2
, anduAlbulk

for Al atoms in the first, second, and bul
11 078 ©1999 The American Physical Society
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PRB 60 11 079STRUCTURE OF Al~111!-(232)-Rb
layers, respectively, as described in the Appendix. In mos
the calculations, up to 196 partial waves~14 phase shifts,
l max513) and 283 plane waves~reduced by symmetry to 56
symmetry-adapted plane waves! were used in theL-space
and k-space treatments, respectively, of multiple scatter
within and between layers parallel to the surface. The co
plex electron self energyS5V01 iVim was taken to be in-
dependent of energy. The surface potential barrier was ta
to be a refracting but nonreflecting step of heightV0, posi-
tioned at a distance equal to one-half the bulk interla
spacing above the first layer of atoms.

As described in the next section, anomalously large vib
tional amplitudes were found for the adsorbed Rb atoms
was found that the use of standard algorithms17,18 gave rise
to serious errors in the diffracted intensities for vibration
amplitudes greater than;0.3 Å. This necessitated modifica
tions to the algorithm for the calculation of the Bessel fun
tions that are required in the calculation of the temperatu
dependent atomict matrices, as described in the Appendix

In the final stage of the structural refinement, the conv
gence of the intensity calculations was checked with resp
to the number of phase shifts for both Al and Rb. Where
the intensities were found to be converged to better than
using 14 phase shifts for Al, more phase shifts were requ
to obtain the same level of convergence for Rb. Thus,
final refinement was carried out using 21 phase shifts for
The resulting changes in the optimum values of the struct
and nonstructural variables were, however, within the e
mated uncertainties.

IV. SURFACE STRUCTURE DETERMINATION

The analysis of the present LEED measurements for
(232)-Rb phase was started after the struct
determinations8–10 for the low-temperature Al~111!-
(A33A3)R30°-K and Rb phases had been carried out
was natural to expect that the adsorbed alkalis in the
32) phases would occupy the same on-top sites found
the (A33A3)R30° phases, although there had been sugg
tions based on total-energy calculations20 that the adsorbed
alkalis might occupy fcc sites at low coverage. However,
first attempts at analysis of the (232) phase in terms o
occupation of on-top sites were unsuccessful, so a deta
investigation of other structural models was carried out,
cluding alkali atoms adsorbed in threefold hollow fcc a
hcp sites, and sixfold substitutional sites, compatible with
symmetry of the measured LEED intensities. A common f
ture of these early trials was the observation that for sev
structural models a reasonable level of agreement could
obtained between experimental and calculated spectra fo
integral-order beams, whereas poor or no corresponde
was found for the fractional-order beams. The early calcu
tions were carried out using values foruRb in the range 0.2-
0.3 Å , as found previously for the Al~111!-(A33A3)R30°-
K and Rb on-top structures.8–10 Attempts to increase the
range over whichuRb was varied led to discontinuities i
plots of theR factor for the disagreement between theory a
experiment, defined below, versusuRb , which were finally
traced to serious errors in the calculations of diffracted
tensities for values of vibrational amplitues greater th
;0.3 Å. After solution of this problem, as discussed in t
of
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Appendix, satisfactory agreement between experimental
calculated intensities was obtained for models involving
adsorbed in on-top sites with large thermal vibrations.

A full optimization of the fit between experimental inten
sities and intensities calculated for Rb adsorbed in the on
site was then carried out using a semi-automatic implem
tation of an iterative procedure described previously,4,16 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. TheR factor is a normal-
ized x2 function defined4,14,21as:

R5(
hk,i

S I hk,i
ex 2cIhk,i

cal

shk
D 2Y (

hk,i
S I hk,i

ex

shk
D 2

, ~1!

wherec is a global scaling constant between the experime
tal I hk

ex(E) and calculated intensitiesI hk
cal(E), andshk is the

root-mean-square experimental uncertainty of the beamhk,
obtained4 via comparison of measurements for~nominally!
symmetry-equivalent beams. The scaling constantc is deter-
mined by the requirement that]R/]c50 as

c5(
hk,i

S I hk,i
ex I hk,i

cal

shk
2 D Y (

hk,i
S I hk,i

cal

shk
D 2

. ~2!

Substitution forc in Eq. ~1! leads to

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

,

~3!

from which it follows thatR is bounded by 0 and 1.
A hard-sphere model of the resulting structure of t

Al ~111!-(232)-Rb phase is shown in Fig. 1, and the d
tailed results of the refinement are listed in Table I. It can
seen from the table and from the model, that the first Al la
is rumpled. Al atoms directly beneath adsorbed Rb atoms
displaced vertically towards the bulk byDr 1 with respect to
the remaining Al atoms of the layer. In the final stage of t
analysis the possibility of relaxations of the atomic positio
in the second Al layer was also investigated. As can be s
from the table, it was found that Al atoms closest to t
rotational axis through the adsorbed alkali atoms were fo
to be displaced radially byDa2 away from the axis in the
plane parallel to the surface, whereas the remaining atom

FIG. 1. Hard-sphere model of the geometry of the Al~111!-
(232)-Rb structure. Side view, shown as a central projection

the (1̄1̄2) plane tilted by 10° with respect to the plane of the pap
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11 080 PRB 60ADAMS, NIELSEN, BURCHHARDT, AND ANDERSEN
the second layer were found to be displaced vertically
Dr 2 towards the surface. We emphasize, however, that
uncertainties for these displacements are of the order of
displacements themselves.

Perhaps the most surprising aspect of the analysis is
observation of very large vibrational amplitudes for the a
sorbed alkalis, although we note that quite large amplitu
have also been reported22 recently for alkalis adsorbed o
Ag~111!. It can also be noted that the enhanced vibratio
amplitudes of Al atoms in the first layer of the clean Al~111!
substrate persist after adsorption of Rb. Similar observat
were made previously8–10 for the corresponding
(A33A3)R30°-K, and Rb structures.

Plots of experimental intensity spectra and spectra ca
lated for the optimum parameter values given in Table I
shown in Fig. 2. The very good agreement between exp
ment and theory for the integral-order beams is close to
level of the reproducibility of the measurements, as de
mined by comparisons of intensity spectra for~nominally!
symmetry-equivalent beams. A reasonably good level
agreement is obtained for the fractional-order beams, ex
for the (0,1̄/2) beam, where significant differences can
seen between the experimental and theoretical line-sha
We note that the plots have been constructed using a sin
beam-independent, scaling factor between experiment
calculations. Thus the agreement between experiment
theory also includes agreement between the relative inte
ties of the different beams. As can be seen from the s
factors in Fig. 2, the maximum intensities of the differe
beams span ranges of about 26.

TABLE I. Best-fit parameter values for Rb adsorbed in the o
top site in the Al~111!-(232)-Rb structures. The interlayer spa
ings are denoteddj and the vibrational amplitudes are denoteduj .
dalkali2Al1

is the vertical spacing from the alkali layer to the mi
point of the first, rumpled Al layer. dAl12Al2

is the vertical spacing
from the midpoint of the first, rumpled Al layer to the midpoint o
the second, rumpled Al layer.Dr 1 is the vertical spacing betwee
the two subplanes in the first rumpled layer.Dr 2 is the vertical
spacing between the two subplanes in the second rumpled la
andDa2 is the lateral displacements of atoms in the lower subpl
of the second rumpled layer~see text!. Where appropriate, the cor
responding values~Ref. 21! for the clean Al~111! surface are also
listed for comparison.

Parameter (131) (232)-Rb

dalkali2Al1
3.2160.26 Å

Dr Al1
0.2260.03 Å

dAl12Al2
2.3660.01 Å 2.3060.02 Å

Dr Al2
0.0460.02 Å

DaAl2
0.0360.04 Å

dAl22Al3
2.3360.01 Å 2.3360.03 Å

d
Al32Al4

2.3260.01 Å 2.3360.03 Å
ualkali 1.1160.15 Å
uAl1

0.1360.02 Å 0.1860.02 Å
uAl2

0.0860.01 Å 0.1160.02 Å
uAlbulk

0.0860.01 Å 0.1160.01 Å
Vim 4.060.4 eV 3.660.8 eV
R 0.009 0.051
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V. SUMMARY AND CONCLUSIONS

In summary, the present paper has shown that
Al ~111!-(232)-Rb phase formed by adsorption of 1
monolayer of Rb on Al~111! at low temperature consists o
Rb atoms adsorbed in on-top sites on a rumpled Al layer
which Al atoms directly beneath the adsorbed alkali ato
are displaced by 0.22 Å towards the bulk with respect to
remaining Al atoms in the first layer. The inward displac
ments of Al atoms in the first layer of the substrate give r
to small lateral and vertical displacements of Al atoms in
second layer. The corresponding hard-sphere radii of the
atoms are 1.89 Å, as compared to the bulk~bcc! metallic
radius23 of 2.47 Å. The vibrational amplitudes of adsorbe
Rb atoms of 1.13 Å are extremely large. As described i
forthcoming article by Moritz and Landskron,12 a more de-
tailed analysis, in which the restriction of isotropic vibratio
is relaxed, indicates that the vibrations are largely paralle
the surface.
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APPENDIX

As noted in Sec. III, serious errors were found in t
calculation of LEED intensities for vibrational amplitudes
the adsorbed alkali atoms greater than;0.3 Å. These errors
were traced to errors in the calculation of the spheri
Bessel functions used in the calculation of the temperatu
dependent atomict matrices. Much of the core compute
code used in our calculations, including the calculation of
temperature-dependent atomict matrices, stems from the
pioneering work of Pendry,17 as extended by Van Hove an
Tong.18 Since this is also true to our knowledge for the co
used by other workers in the field, we believe that it is a
propriate to describe a simple solution to this problem.

The temperature-dependent atomict maticest l are given
in terms of the corresponding matrices for zero tempera
t l
0 by rewriting Eq.~6.65! in Ref. 17 as

t l5exp~z! (
L

2l max11

(
l 8

l max

$ i l j L~ iz!@4p~2L11!~2l 811!

3~2l 11!21#1/2Bl 8~L0,l0!%t l 8
0 , ~A1!

where j Lis a spherical Bessel function, with argumentz5
2(1/3)u2k2. The isotropic, rms vibrational amplitude of th
atom in question isu, that is, if u is the displacement of an
atom from its node at a given instant, then its time-avera
value is given byu25u1

21u2
21u3

2 (53u1
2, for isotropic vi-

brations! whereu1,2,3 are the time-average values of the pr
jection of u on three orthogonal axes.24

„We note that the
mean-square vibrational amplitudeu2 can be related to a
Debye temperature24 uD via u259\2T/MkBuD

2 @(uD/4T)
1w(uD /T)#, where the functionw(uD /T) is defined in Ref.
24. However, the vibrational amplitudesu rather than the
Debye temperaturesuD are the direct input to our calcula
tions, and are optimized in the structural refinement.…# The
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FIG. 2. Comparison of experimental~solid lines! and calculated~dotted lines! intensity-energy spectra for Al~111!-(232)-Rb for 5
integral-order beams,~a!–~e!, and 9 fractional order beams,~f!–~n!. The beam hk indices, R factors, and scale factors are shown in
panel. Multiplication of the intensities in each panel by the scale factors shown would bring the intensities on to the same accurate
although arbitrary, intensity scale. The calculated spectra were obtained using the best-fit parameter values given in Table I.
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real part of the electron wave vector in the solid isk25E for
electron energyE. The maximum number of phase shif
used in the calculations isl max11. The Bl 8(L0,l0) are
Clebsch-Gordon coefficients defined by Eq.~4.40! in Ref.
17. The zero-temperature atomic t-matrixt l

0 in Eq. ~A1! is
given in terms of the scattering phase-shiftsd l

0 by t l
0

5@exp(2idl
0)21#/2. We note that Pendry’s original code us

Eq. ~A1! to calculate temperature-dependent phase-shiftd l
defined by:t l5@exp(2idl)21)]/2 for later use in calculating
t l . The intermediate calculation of temperature-depend
phase-shifts is still performed in more recent program18
nt

even when thed l are not saved for use in subsequent p
gram runs. This requires a complex logarithm in calculat
the d l from the t l followed by a complex exponential in
calculating thet l from thed l . This redundancy is not presen
in our programs, which calculate thet l directly from Eq.
~A1!.

Calculation of the spherical Bessel functionj l in Eq. ~A1!
can be carried out by the upward recursion

j l 115~2l 11!~ iz!21 j l2 j l 21 ~A2!

from the starting values:
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11 082 PRB 60ADAMS, NIELSEN, BURCHHARDT, AND ANDERSEN
j 05~ iz!21 sin~ iz!; j 15~ iz!22 sin~ iz!2~ iz!21 cos~ iz!.
~A3!

However, as noted by Pendry~Ref. 17, p. 271!, the upward
recursion forj l( iz) is unstable at smallz. Thus, in Pendry’s
algorithm, as also used by Van Hove and Tong,18 j l( iz) is
calculated by upward recursion forl< l cut and by using the
first three terms of a series expansion@Eq. ~10.1.2! in Ref.
25# for l . l cut , wherel cut53.5z.

Pendry’s algorithm for calculation ofj l( iz) gives accurate
results for z&21.5, corresponding to ‘‘normal’’ vibrationa

amplitudes and energies (z51.5 corresponds tou50.20 Å at
E5410 eV!. However, as shown in Fig. 3, the algorith
fails for largerz, if the calculations are carried out in sing
precision, where the conditionl cut53.5z is not sufficiently
strict. In Fig. 3, the maximum value ofl for which the up-
ward recursion is accurate to better than 0.1% is plot
againstz, for both single-precision and double-precision c

FIG. 3. Plot of the maximum value ofl, for which the calcula-
tion of the spherical Bessel functionsj l( iz) is accurate to 0.1%
versus z.~a! single-precision calculations.~b! double-precision cal-
culations. The shaded triangular region in the figure is the region
which Pendry’s algorithm still uses the upward recursion, but wh
the recursion fails~see text!.
ue

.

. B

.

s

d
-

culations. We emphasize that although the 0.1% measur
accuracy is arbitrary, the error increases catastrophically
values ofl greater than those plotted for givenz. The condi-
tion l cut53.5z is shown as a dotted line on the figure. Th
shaded triangular region in the figure is the region for wh
Pendry’s algorithm still uses the upward recursion, but wh
the recursion fails. As can be seen from the figure, the reg
of failure is reduced, but not eliminated by carrying out t
calculations in double precision. The results shown in
figure could in principle be used to define an appropri
relation betweenl cut andz. It turns out, however, that reduc
ing l cut leads to inaccuracies in calculatingj l( iz) for l
. l cut if only the first three terms of the series expansion
used.

The solution to the difficulties noted above is to carry o
a simple downward recursion for all values ofl andz, using
a procedure attributed to J. C. P. Miller~Section 10.5 in Ref.
25!. The recursion is started by definingj l50 and j l 2151
for a value ofl larger than the maximum value required.
our implementation we take this starting value to be sim
twice the maximum required value ofl, and carry out a
downward recursion leading toj 1. The values obtained in the
downward recursion are then renormalized by the ratio of
value of j 1 from the recursion to the value obtained from E
~A3!. For convenience we calculatei l j l( iz)5(21)l I l(z),
where I l(z) is a modified spherical Bessel function, sin
I l(z) is real for realz. I l(z) for l 50,1 is given by

I 05~z!21 sinh~z!; I 152~z!22 sinh~z!1~z!21 cosh~z!
~A4!

and the recursion relation is

I l 115I l 212~2l 11!~z!21I l . ~A5!

The algorithm is implemented in double precision
avoid overflow in the calculation ofI l(z) at large~negative!
values of z, and yields values in agreement with those gi
in Table 10.10 in Ref. 25 for values ofl andz up to 100, to
the 10 significant figures given in the table. Finally, we no
that the summation of Eq.~A1! is also carried out in double
precision to avoid underflow in the calculation of exp(z) at
large z. Fortran subroutines BESITR and TMATK, whic
implement, respectively, the downward recursion calculat
of the Bessel functions, and the temperature-depend
atomic t matrices, are available on request from the first a
thor.
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