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Structure of Al(111)-(2x 2)-Rb
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The atomic geometry of the Al11)-(2X 2)-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 (v3X%+/3)R30° phases formed by adsorption of one-third monolayer K, Rb, and Cs @dlat low
temperature. However, the adsorbed Rb atoms in theXPphase have anomolously large thermal vibrations.
[S0163-182609)04939-5

I. INTRODUCTION of 3x10 ! torr. Low-energy electron diffractiofiL EED)
intensity measurements were carried out using an Omicron

The discovery of the reconstructive adsorption of1AlL) reverse-view LEED optics and a video-LEED system de-
by adsorption of Na, as reporteith a surface extended x-ray scribed previously>**Rb was deposited onto the crystal by
absorption(SEXAFS study in 1991, stimulated a renewed evaporation from dSAES Getters sourc& The deposition
interest in the adsorption of alkali metals on Al surfaces.was carried out in a few minutes and the residual-gas pres-
Subsequent studigd have revealed an unexpected richnesssure during evaporation was typicallyx2.0~2° torr. Sharp
of structural phenomena for these electronically simple sys¢2x 2) LEED patterns with good contrast were obtained af-
tems. Thus it has been found that adsorption of alkali metalger deposition of 1/4 monolayer at 100 K. Optimum devel-
on Al surfaces at room temperature leads in general to @pment of the (X 2) structure was achieved by incremental
reconstruction of the substrate, with formation of substitu-deposition of Rb until a maximum was reached in the ratio of
tional, binary surface alloys. Studies of the coadsorption ofntegrated intensity in fractional-order and integral-order dif-
alkali metals have further revealed the occurrence of ternant,cted beams. Auger electron spectroscopy measurements
surface alloys. Adsorption of alkali metals at low tempera-i5 an after deposition and after completion of a set of LEED
ture leads in general to the formation of chemisort_;ed SUUCH aasurements indicated that surface contaminatdmost
e eSS Tl one o Ujurely O was lss han 003 monclayer
perhaps be regarded as weak reconstructions. Finally, order: Intensity-energy spectra were measgred for (ae2)
order and, in some cases, order-preserving, irreversible phai%ucture at 100 K at normal incidence in the energy range

transformations have been found between chemisorbed anty—400 eV with a step size of 1 eV. Intensity-energy spectra
reconstructed structures. were measured for a total of 14 symmetry-inequivalent

Most of the work carried out to date has been on thd?€ams5 integral-order beams and 9 fractional-order bgams
Al(111) surface where structure determinations have beedh€ measured intensities were corrected for the background
reported>*for most of the 15 known well-ordered adsorbed intensity, the variation of the incident beam current with en-
phases, although substitutional adsorption of Li and Na hagrgy, the variation of the spot intensity with position on the
also been found recenfty’ on Al(100 and Al(110). In the  fluorescent screen of the LEED optics, and the spatial re-
present paper, we report on the structure of th& 23-Rb  sponse of the video camet&The intensities of all beams are
phase formed by adsorption of one-quarter monolayer Rb onn the same, accurately defined, although arbitrary, intensity
Al(111) at 100 K. It will be shown that the structure of this scale.
phase is similar to the structures of the corresponding
Al(111)-(y3x {3)R30°-K, Rb, and Cs phas&s' formed . LEED CALCULATIONS
by adsorption of one-third monolayer K, Rb, and Cs at 100
K, but that the vibrational amplitudes of the adsorbed Rb LEED intensities were calculated using the dynamical
atoms in the (X2) phase are anomalously large. In thetheory of LEED, with computer prograrfsderived origi-
present paper only isotropic vibrations have been consideredally from the layer-doubling and combined-space programs
In a forthcoming article, Moritz and Landskrbnreport a  of Pendry’ and of Van Hove and Tonf Scattering phase
more detailed analysis of the vibrations, which indicates thehifts for Al and Rb were calculated from the muffin-tin

occurrence of a large anisotropy. band-structure potentials of Moruzet all® Atomic scatter-
ing matrices were renormalized for the effects of thermal
Il EXPERIMENTAL vibrations using isotropic, root-mean-squafens) vibra-

The measurements were carried out in a Vacuum Generdonal amplitudesug,, for the adsorbed Rb atoms, anog, ,
tors mu-metal ultrahigh vacuum chamber with base pressurea)., and UAIL i for Al atoms in the first, second, and bulk
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layers, respectively, as described in the Appendix. In most of Al(111)-(2x2)-Rb
the calculations, up to 196 partial wav€s4 phase shifts,

I max=13) and 283 plane wavéseduced by symmetry to 56
symmetry-adapted plane wayesere used in thd_-space
and k-space treatments, respectively, of multiple scattering
within and between layers parallel to the surface. The com-
plex electron self energ} =Vy+iV;, was taken to be in-
dependent of energy. The surface potential barrier was taken
to be a refracting but nonreflecting step of height posi-
tioned at a distance equal to one-half the bulk interlayer
spacing above the first layer of atoms.

As described in the next section, anomalously large vibra-
tional amplitudes were found for the adsorbed Rb atoms. It
was found that the use of standard algorithit€ gave rise
to serious errors in the diffracted intensities for vibrational
amplitudes greater thar 0.3 A. This necessitated modifica-

tions to the algonthm fqr the caIcuIat|_on of the Bessel funC'Appendix, satisfactory agreement between experimental and
tions that are reqwred n the calculat.|on O.f the temperat_ureéalculated intensities was obtained for models involving Rb
dependen_t atomit matrices, as descrlbe_d in the Appendix. adsorbed in on-top sites with large thermal vibrations.

In the final stage of the structural refinement, the conver- A full optimization of the fit between experimental inten-

?e?rc]:e of thg mte}nsrl]ty calc#:c?tl?nst\)/v?ﬁ ZTeC%e%gv't\?vLeSpe%[ities and intensities calculated for Rb adsorbed in the on-top
0 the number of phase Shifts for bo and b. YWNeréasia \was then carried out using a semi-automatic implemen-

the intensities were found to be converged to better than 2 tion of an iterative procedure described previodsfin

using 14 phase shifts for Al, more phase shifts were require hich the disagreement between experimental and calculated

to obtain the same level of convergence for Rb. Thus, the .. «ities as measured by &nfactor, is minimized as a
final refinement was carried out using 21 phase shifts for Rl ‘ y

. . h nction of one variable at a time. Thefactor is a normal-

The resulting changes in the optimum values of the structura[E 2 ; inef1421 55
g L dzed x< function define as:

and nonstructural variables were, however, within the esti-

mated uncertainties. ex cal | 2 [ex \2
hk,i

( /2 (—) : D
hk,i \ Ohk

R=S hki — Clhk,
Tl
) wherec is aglobal scaling constant between the experimen-
The analysis of the present LEED measurements for thgy| |€X(E) and calculated intensitig$2(E), and oy is the
(2x2)-Rb n%f_]ﬁ)se was started after the structurgqoi-mean-square experimental uncertainty of the ba&m
determinatio - for the low-temperature AL1D)-  gpiained via comparison of measurements feominally)
(3% /3)R30°K and Rb phases had been carried out. Iltsymmetry-equivalent beams. The scaling constastdeter-
was natural to expect that the adsorbed alkalis in the (Znined by the requirement thaR/dc=0 as
X 2) phases would occupy the same on-top sites found for

side view (tilted 10°)

FIG. 1. Hard-sphere model of the geometry of thg1Al)-
(2X2)-Rb structure. Side view, shown as a central projection on

the (EZ) plane tilted by 10° with respect to the plane of the paper.

Ohk
IV. SURFACE STRUCTURE DETERMINATION

the (/3% \/3)R30° phases, although there had been sugges- ex jcal jcal )2
tions based on total-energy calculatihthat the adsorbed c=2 NN / . (—) . (2
alkalis might occupy fcc sites at low coverage. However, our ik Ohk hki | Thk

first attempts at analysis of the ¥2) phase in terms of g pstitution forc in Eq. (1) leads to
occupation of on-top sites were unsuccessful, so a detailed
investigation of other structural models was carried out, in- ex |cal) 12 ex.\2 |cal\2

cluding alkali atoms adsorbed in threefold hollow fcc and R=1- 2 ( : ” /2 (—) 2 (—) ;

hcp sites, and sixfold substitutional sites, compatible with the hki | Thk hki \ Thic/ ki \ Thk

symmetry of the measured LEED intensities. A common fea- @)

ture of these early trials was the observation that for severgrom which it follows thatR is bounded by 0 and 1.

structural models a reasonable level of agreement could be A hard-sphere model of the resulting structure of the
obtained between experimental and calculated spectra for th& (111)-(2x 2)-Rb phase is shown in Fig. 1, and the de-
integral-order beams, whereas poor or no correspondengsgiled results of the refinement are listed in Table I. It can be
was found for the fractional-order beams. The early calculaseen from the table and from the model, that the first Al layer
tions were carried out using values fag, in the range 0.2- is rumpled. Al atoms directly beneath adsorbed Rb atoms are
0.3 A, as found previously for the Alll)—(\/ﬁx \/§)R30°- displaced vertically towards the bulk kyr; with respect to

K and Rb on-top structurdsl® Attempts to increase the the remaining Al atoms of the layer. In the final stage of the
range over whichug, was varied led to discontinuities in analysis the possibility of relaxations of the atomic positions
plots of theR factor for the disagreement between theory andn the second Al layer was also investigated. As can be seen
experiment, defined below, versug,, which were finally  from the table, it was found that Al atoms closest to the
traced to serious errors in the calculations of diffracted inrotational axis through the adsorbed alkali atoms were found
tensities for values of vibrational amplitues greater tharnto be displaced radially byAa, away from the axis in the
~0.3 A. After solution of this problem, as discussed in theplane parallel to the surface, whereas the remaining atoms in
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TABLE I|. Best-fit parameter values for Rb adsorbed in the on- V. SUMMARY AND CONCLUSIONS

top site in the Al111)-(2X 2)-Rb structures. The interlayer spac-

ings are denoted; and the vibrational amplitudes are denotgd In summary, the present paper has shown that the
daiaii—a1,iS the vertical spacing from the alkali layer to the mid- Al(111)-(2x2)-Rb phase formed by adsorption of 1/4
point of the first, rumpled Al layer. g _,, is the vertical spacing monolayer of Rb on AlL1]) at low temperature consists of

from the midpoint of the first, rumpled Al layer to the midpoint of Rb_atoms adsorbgd in on-top sites on a rumpled Al Ifiyer, in
the second, rumpled Al layeAr, is the vertical spacing between which Al atoms directly beneath the adsorbed alkali atoms

the two subplanes in the first rumpled layérr, is the vertical &€ displaced by 0.22 A towards the bulk with respect to the
spacing between the two subplanes in the second rumpled laygiémaining Al atoms in the first layer. The inward displace-
andAa, is the lateral displacements of atoms in the lower subplanénents of Al atoms in the first layer of the substrate give rise
of the second rumpled layésee text Where appropriate, the cor- to small lateral and vertical displacements of Al atoms in the
responding valuegRef. 21 for the clean Al111) surface are also second layer. The corresponding hard-sphere radii of the Rb

listed for comparison.

atoms are 1.89 A, as compared to the b(kc metallic
radiug® of 2.47 A. The vibrational amplitudes of adsorbed

Parameter (x1) (2x2)-Rb Rb atoms of 1.13 A are extremely large. As described in a
forthcoming article by Moritz and LandskrdA,a more de-

datkali-al, 3.21:0.26 A tailed analysis, in which the restriction of isotropic vibrations
At 0.22:0.03 A is relaxed, indicates that the vibrations are largely parallel to
dai, a1, 2.36+0.01 A 2.30:0.02 A the surface.
Arp, 0.04+0.02 A
Aan, 0.03-0.04 A ACKNOWLEDGMENTS
dai,- Al 2.33-0.01 A 2.33-0.03 A ' '

aa, 2.32+0.01 A 2.33-0.03 A The authors would like to thank Wolfgang Moritz for use-
Ualkali 1.11+0.15 A ful discussions. Support of this work by the Danish Natural
Unl, 0.13+0.02 A 0.18-0.02 A Science Research Council is gratefully acknowledged.
U, 0.08+0.01 A 0.11-0.02 A
UAIL i 0.08+0.01 A 0.1x0.01 A APPENDIX

im 4.0+0.4 eV 3.6-0.8 eV . . .
R 0.009 0.051 As noted in Sec. lll, serious errors were found in the

calculation of LEED intensities for vibrational amplitudes of
the adsorbed alkali atoms greater thaf.3 A. These errors
were traced to errors in the calculation of the spherical
the second layer were found to be displaced vertically byBessel functions used in the calculation of the temperature-
Ar, towards the surface. We emphasize, however, that theependent atomi¢ matrices. Much of the core computer
uncertainties for these displacements are of the order of theode used in our calculations, including the calculation of the
displacements themselves. temperature-dependent atomicmatrices, stems from the
Perhaps the most surprising aspect of the analysis is thgioneering work of Pendry, as extended by Van Hove and
observation of very large vibrational amplitudes for the ad-Tong!2 Since this is also true to our knowledge for the code
sorbed alkalis, although we note that quite large amplitudesised by other workers in the field, we believe that it is ap-
have also been reportédrecently for alkalis adsorbed on propriate to describe a simple solution to this problem.
Ag(111). It can also be noted that the enhanced vibrational The temperature-dependent atorhimaticest; are given
amplitudes of Al atoms in the first layer of the clean#l1) in terms of the corresponding matrices for zero temperature
substrate persist after adsorption of Rb. Similar observation'é’ by rewriting Eq.(6.65 in Ref. 17 as
Wj_re \/_made previousty’® for the corresponding
(V3X+3)R30°K, and Rb structures. g ,
Plots of experimental intensity spectra and spectra calcu- 1= &XR(2) g 2 {i'iL(iz)[4m(2L+1)(21" +1)
lated for the optimum parameter values given in Table | are '
shown in Fig. 2. The very good agreement between experi-
ment and theory for the integral-order beams is close to the
level of the reproducibility of the measurements, as deterwherej is a spherical Bessel function, with argumenst
mined by comparisons of intensity spectra foominally) —(1/3)u?k?. The isotropic, rms vibrational amplitude of the
symmetry-equivalent beams. A reasonably good level ofitom in question isi, that is, ifu is the displacement of an
agreement is obtained for the fractional-order beams, excegtom from its node at a given instant, then its time-average
for the (0,12) beam, where significant differences can bevalue is given byu?=uf+u3+uj (=3u3, for isotropic vi-
seen between the experimental and theoretical line-shapd#ations whereu, , ; are the time-average values of the pro-
We note that the plots have been constructed using a singligction of u on three orthogonal axé8.(We note that the
beam-independent, scaling factor between experiment ariean-square vibrational amplitud€ can be related to a
calculations. Thus the agreement between experiment arldebye temperatuf® 6p via u?>=94°T/M kBH%[(eDMT)
theory also includes agreement between the relative intensi+ ¢(6p/T) ], where the functiorp( 6, /T) is defined in Ref.
ties of the different beams. As can be seen from the scal24. However, the vibrational amplitudes rather than the
factors in Fig. 2, the maximum intensities of the different Debye temperaturedp are the direct input to our calcula-
beams span ranges of about 26. tions, and are optimized in the structural refinemgnthe

2l maxt 1 Tmax

X (21+1)"11Y28"" (LOJ0)}t7,, (A1)
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FIG. 2. Comparison of experimentédolid line9 and calculateddotted line$ intensity-energy spectra for Al11)-(2Xx2)-Rb for 5
integral-order beamg@a)—(e), and 9 fractional order beam@)—(n). The beam hk indices, R factors, and scale factors are shown in each
panel. Multiplication of the intensities in each panel by the scale factors shown would bring the intensities on to the same accurately known,
although arbitrary, intensity scale. The calculated spectra were obtained using the best-fit parameter values given in Table I.

real part of the electron wave vector in the solidk?s= E for

even when thej, are not saved for use in subsequent pro-

electron energye. The maximum number of phase shifts gram runs. This requires a complex logarithm in calculating

used in the calculations i$ya+1. The B''(L0J0) are
Clebsch-Gordon coefficients defined by E¢.40 in Ref.
17. The zero-temperature atomic t-matrBdn Eq. (A1) is

given in terms of the scattering phase-shii by © (AL

= [exp(ﬂéo)—l]lz. We note that Pendry’s original code use
Eq. (Al) to calculate temperature-dependent phase-shifts

defined by:t;=[exp(28)—1)]/2 for later use in calculating
t,. The intermediate calculation of temperature-dependent
phase-shifts is still performed in more recent prografns, from the starting values:

the 6, from thet, followed by a complex exponential in
calculating the; from the §;. This redundancy is not present
in our programs, which calculate the directly from Eq.

d Calculation of the spherical Bessel functipnin Eq. (A1)
can be carried out by the upward recursion

fle1=21+1)(iz) 7=y

(A2)
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culations. We emphasize that although the 0.1% measure of
accuracy is arbitrary, the error increases catastrophically for
values ofl greater than those plotted for givenThe condi-
tion I;,= 3.5z is shown as a dotted line on the figure. The
shaded triangular region in the figure is the region for which
Pendry’s algorithm still uses the upward recursion, but where
the recursion fails. As can be seen from the figure, the region
of failure is reduced, but not eliminated by carrying out the
calculations in double precision. The results shown in the
figure could in principle be used to define an appropriate
relation between.,; andz It turns out, however, that reduc-
ing |, leads to inaccuracies in calculating(iz) for |
> 1. if only the first three terms of the series expansion are
used.

The solution to the difficulties noted above is to carry out
a simple downward recursion for all valueslaindz, using
a procedure attributed to J. C. P. Millé3ection 10.5 in Ref.
25). The recursion is started by defining=0 andj,_;=1
ol L T for a value ofl larger than the maximum value required. In
0.1 1 10 100 our implementation we take this starting value to be simply
twice the maximum required value dof and carry out a

FIG. 3. Plot of the maximum value of for which the calcula- downward recursion leading {q. The values obtained in the
tion of the spherical Bessel functiongiz) is accurate to 0.1%, downward recursion are then renormalized by the ratio of the
versus z(a) single-precision calculationgb) double-precision cal- value ofj; from the recursion to the value obtained from Eq.
culations. The shaded triangular region in the figure is the region fofA3). For convenience we calculaigj,(iz)=(—1)',(2),
which Pendry’s algorithm still uses the upward recursion, but wherevhere 1,(z) is a modified spherical Bessel function, since
the recursion failgsee text I/(2) is real for realz. I,(z) for I=0,1 is given by

jo=(iz)"Lsin(iz); j,=(iz) 2sin(iz)—(iz) tcogiz). lo=(2)"*sinN(z); 1;=—(2)"*sinh(z)+(2) "' cost(z)
(A3) (A4)

However, as noted by Pend(Ref. 17, p. 27}, the upward and the recursion relation is

recursion forj;(iz) is unstable at smalt. Thus, in Pendry’s
algorithm, as also used by Van Hove and Tohg,(iz) is
calculated by upward recursion for=lc, and by using the The algorithm is implemented in double precision to
first three terms of a series expansidy. (10.1.2 in Ref.  4y0id overflow in the calculation df(2) at large(negative
25] for I>1¢,, wherel,;=3.52. values of z, and yields values in agreement with those given
Pendry's algorithm for calculation ¢f(iz) gives accurate  in Table 10.10 in Ref. 25 for values bfndz up to 100, to
results forz=1.5, corresponding to “normal” vibrational the 10 significant figures given in the table. Finally, we note
amplitudes and energies= 1.5 corresponds to=0.20 A at  that the summation of EqA1) is also carried out in double
E=410 e\). However, as shown in Fig. 3, the algorithm precision to avoid underflow in the calculation of eRpét
fails for largerz, if the calculations are carried out in single large z. Fortran subroutines BESITR and TMATK, which
precision, where the condition ;= 3.5z is not sufficiently  implement, respectively, the downward recursion calculation
strict. In Fig. 3, the maximum value dffor which the up- of the Bessel functions, and the temperature-dependent
ward recursion is accurate to better than 0.1% is plottecdtomict matrices, are available on request from the first au-
againstz, for both single-precision and double-precision cal-thor.

hea=l-1=(21+1)(2) 1. (A5)
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