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Initial growth of Mg films on Ru (000J): An efficient approximation scheme
for the LEED analysis of incommensurate structures
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The epitaxial growth of incommensurate Mg layers on d0RQ1) surface is investigated in the coverage
range from submonolayers to 3 ML by analyzing low-energy electron-diffraction LEBL) data. For the
analysis of the 2-ML Mg film, we developed an efficient approximation scheme that allows the determination
of mean interlayer spacings without employing the full unit cell. The Mg-Ru spacing is found to be
2.32+0.05 A, regardless of the presence of further Mg layers above. The Mg-Mg layer spacing in the Mg
bilayer is 5%, expanded with respect to the value of the bulk material, while this layer spacing is expanded by
only 2.5% after completion of the third Mg layer. TReBAB... stacking sequence is established from the
beginning of the film growth.

I. INTRODUCTION second layer, which is followed by the third layer after its
completion, and so forth. Thus this X77) layer can be
The growth of metal films on metal substrates has freviewed as the nucleation plane for the subsequent layer-by-
quently been observed to proceed in a pseudomorphic waj@yer growth.
i.e., below a critical thickness the overlayer is constrained tg_ !N & previous stud§/,LEED | (V) data for only the 9-ML-
match the substrate lattidewhich usually induces strain thick Mg film were taken and af‘%'.yzed- However, in order to
fields in the metal film. If, however, the lateral interaction understand and elucidate the initial steps of the Mg growth

. . .~ on RU000Y), here we present additional LEBDV) data for
between the adsor_bed metal_par.tlcles is strong and dom|r_1at9§e submonolayer regime along with those of ultrathin Mg
over the corrugation potential imposed by the underlyingsms up to 4 ML. The ultrathin multilayer Mg films were

substrate, the growth of metal films takes place in an incomgnalyzed by employing an efficient approximation scheme.
mensurate manner; i.e., the metal film has its own periodicity

which may not be related to substrate periodicity. As a result, Il. EXPERIMENT AND CALCULATIONS

these films are almost unstrained. The incommensurate struc- The experiments were conducted in an ultrahigh-vacuum

tures are commonly modeled by relatively large unit cells inchamber(base pressure 1210~ 1% mbay. The LEED facil-
wh@ch the adatqms occupy inequivalent adsorption sites1ty consists of a four-grid optics. The LEED(V) curves
while the atoms in these layers are evenly spaced. were acquired from the fluorescence screen using a
A prototypical example for such a system represents th@omputer-controlled video-LEED systetiMagnesium was
growth of Mg films on R¢0003),? for which a succession of evaporated from a well-outgassed home-made source con-
incommensurate superstructures was shown to exist in tf\gsting of a small piece of Mg wiréurity 99.5% wrapped
submonolayer and multilayer-coverage region. In the subin Ta foil, which was resistively heated. The typical deposi-
monolayer range, Mg forms islands which coalesce with intion rate of Mg was about 0.5 ML/min at a sample tempera-
creasing coverage until a uniform and homogeneous Mgure of 300 K. The relative Mg coverage was determined by
overlayer is generated. The unit cell of this overlayer can béntegrating thermodeposition spect@D spectra from
approximated by a (85) cell which leads to dominating which the absolute coverage was determined by assuming a
(h,kd) (h and k integers and weak multiple-scattering coverage of 0.75 at the completion of the compression
spots in low-energy electron diffractio EED). This kind  phase€? Varying Mg coverages in the submonolayer regime
of LEED pattern is characteristic of incommensurate strucup to 2 ML were achieved by evaporating Mg multilayers
tures. For the case of the ¥®) cell, 16 homogeneously and subsequently heating to specific temperatures in order to
distributed Mg atoms in the unit cell are adsorbed in differ-desorb excess Mg; note that the first and second Mg layer
ent sites over 25 Ru atoms, so that the overlayer representscan readily be distinguished in TD spectralg films with
(3x ) structure to a first approximation. more than two layers were prepared directly by depositing a
Further uptake of Mg is then not used to build a seconctertain amount of Mg at room temperature, since in the
layer, but is instead incorporated into the first layer as evimultilayer range £2 ML) Mg from the third and the fol-
denced by the corresponding LEED patterns: Th&x$)  lowing layers comes off the surface at about the same tem-
overlayer compresses continuously into ax(#) structure perature. For LEED (V) measurements, the sample was al-
with 36 Mg atoms per 49 Ru atoms, which corresponds tavays cooled to 50 K. Further details about the experimental
saturation of the monolayer with an absolute coverage o$etup can be found in Refs. 4 and 5.
0=0.75+0.03 as judged from thermal-desorption spectra. Fully dynamical LEED calculations were performed with
The interatomic Mg distance agrees with that known for bulkthe program package of MorifzNine relativistically calcu-
Mg. Further Mg deposition then leads to the formation of thelated phase shifts for Mg and Ru were used; details about the
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FIG. 2. Experimental LEEDI(V) curves of the é,O) and
(-1)/n, (n-1)/1) (3,3) beam. Although these beams are close ispace, thd (V)
/\M curves are very different due to the involvement of different scat-

B tering paths and the sensitivity to different structural elements.
N While the (‘-‘,0) beam is sensitive to the averaged geometry with
((n-1)/n, 0) (3% 2) symmetry, i.e., the Mg-Ru layer spacing, thg ) is af-

fected strongly by the deviations from thgx(3) symmetry.

0 50 100 1§0 200 250 300 350 in incommensurate overlayers is plausible because the adsor-
Energy (eV) bate resides in various adsorption sites, and the scattering
matrix of the adsorbate layer represents a sum over the Mg
FIG. 1. Experimental LEED (V) curves at the beginning and atoms(modified by a geometrical phase fagtarhich corre-
the completion of the compression phase. The Striking Sim”aritysponds to a kind of averaging over different Mg adgeom_
indicates that the maip structural elements in both overlayerg are thetries. The insensitivity of the LEEI(V) curves to varying
same. For the Mg film throughout the submonolayer regime, gntraplane Mg-Mg distances is due to weak intralayer scat-
(5%5) unit cell can be used for LEED simulations. tering. A similar effect has recently been observed for the

_ _ W system Li on R(0002), where the incommensurate X%)
computation of the phase shifts can be found elsewhere. gt cture containing 16 Li atoms could be well approximated

The agreement between calculated and meas;lu(&() by a (5x1) unit cell containing only four Li atom¥ In
curves was quantified by using Pendry'dactor Rp." The addition, the dominanh(n—1)/n, k(n—1)/n] LEED
submonolayer Mg film on RG001) was analyzed by apply- gnots[h andk integers,n=>5 for the (5<5) andn=7 for
ing an automated search method based on a nonlinear Iea§ X 7) structuré are close ik space and—as long as the
squares optimization scherfiéThe functional to be mini- scattering paths are similar—tHéV) curves are similar.
mized could be chosen alternatively: The least-squares SUljowever, we want to point out that the mere proximity of

either of intensities or o functions, according to the reli-  peams i space is not sufficient for the similarity of LEED
ability factorsRpg as introduced by Kleinleet al” and the I(V) curves, as demonstrated in Fig. 2. This figure shows

7 .
PendryRp, " respectively. I (V) curves of the £,0) and the ¢,1) beam. Although these
beams are close to each otherkirspace, thd (V) curves
Ill. RESULTS AND DISCUSSION differ substantially Rp=1.03), consistent with different

dominating scattering paths being involved: tHg0f beam
contains single scattering events, while tfef] does not.

In Fig. 1, the experimentdl(V) curves of the dominant We turn now to the LEED structure analysis of the
Mg LEED spots up to the fourth order of the incommensu-(5x5) Mg overlayer. The analysis was based on a data set
rate (5X5) structure are compared with correspondingwhich consists of five fractional and two integer-order beams
beams of the (X 7) structure which appeared after comple-in an energy range of 50—-280 eV, resulting in a cumulative
tion of the compression phase. Both setsl @f) data are energy range of 1220 eV. In line with the above discussion,
strikingly similar, as also indicated by the correspondingthe structure analysis of Mg ¢65) was most sensitive to the
overall Rp factor of 0.09, so that a (85) unit cell can be Mg-Ru layer spacing, which turned out to be 2:33.04 A.
used for LEED simulations throughout the submonolayer retateral displacements of the Mg atoms toward threefold
gime, thus saving computing time. This striking similarity hollow-site positions by up to 0.3 &f. Fig. 3 could further
tells us that the (V) curves of the dominant Mg-induced improve the agreement between experimental and calculated
LEED spots contain only very limited information about the LEED 1(V) curves. The improvement mainly concerns the
adsorption sites of individual Mg atoms, since during the(2,%) beam, a true multiple-scattering spot which is heavily
compression phase the adsorption sites of Mg change whilaffected by deviations of the overlayer geometry from the
the LEED (V) curves do not. The main information these (3x 2) periodicity. The same improvement in tf factor
beams carry are therefore the adsorbate-substrate-interlayesuld be achieved by introducing a buckling of about 0.15 A
spacings, i.e., the structural parameters projected onto thie the Mg layer. In fact, it turned out to be impossible to
(3% 3) or (£x§) unit cell, which are similar in both cases. favor one of these two possibilities on the basis of the
The insensitivity of LEEDI (V) curves to the adsorption site present data set. Presumably, more multiple-scattering spots

A. Submonolayer regime
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FIG. 3. Structural parameters of the submonolayer Mg film on
Ru(000). The arrows in the top view indicate the direction of _
possible lateral displacements as suggested by the LEED analysis. FIG. 5. Calculated LEEDI(V) curves using (%5) and

The main effect is that Mg atoms sitting near the on-top position ard 7 7) symmetries for the bilayer Mg film on R2003). The sub-
drawn toward hollow sites by up to 0.3 A. stantial difference in these curves, quantified by an averaged Pendry
R factor of 0.39, demonstrates that for multilayer Mg films the

have to be included in the analysis to resolve this ambiguityactual unit cell, namely the (77), and not the (%5) symmetry
Since these spots are weak and close to bright spots, reliabl@s to be chosen.

measurements are not possible. However, as indicated by trlle D h dMal interl f d
intense ¢,0) and related higher-order beams in the LEED ayers. Due to the second Mg layer, interlayer forward scat-

pattern, the Mg arrangement in the submonolayer regioﬁering between the ordered Mg planes becomes important,

consists of an almost evenly dispersed overlayer with oniyANd hence it is not clear whether the approximation of a

slight lateral and/or vertical distortions. The Mg-Ru Iayer(5><5)_ unit cell is stil appropriatg for the simulatk_)n of the
spacing has to be considered as a mean layer spacing. T b|Iaye_r. Indged, the reduction Of_ a @) Into_a
first Ru-Ru layer spacing with 2.890.04 A is equal to that _(5X5) unit ce_II 1S only_ a poor a_pprommahon, as can be
found for the bare R@001) surface. Figure 4 displays the Judged from Fig. 5. This figure displays a comparison be-
experimental LEED (V) data compared to(V) curves cal- tween calculated LEED (V) curves of dominant LEED

culated for the optimum Mg overlayer geometry; the overallP®@ms for (5¢5) and (7x7) structures having the same
Pendryr factor is 0.36. interlayer spacings. In the measurements only the dominant

Mg beams were considered, since for more than 1-ML Mg
i the multiple-scattering spots are too weak and too close to

B. Geometry of the two-monolayer Mg film bright LEED beams, so that proper background corrections

After compression of the first Mg monolayer, the turned out to be problematic.
(7X7) LEED pattern persists upon growth of further Mg  Hence we are left with the problem of computing LEED
I (V) curves of a two-layer (X 7) structure, each layer con-

. . taining 36 Mg atoms in the unit cell. The imposed symmetry
5(4/5;»0) 4/51/5) (p3m1) of the structure allows for a reduction of 36 atoms
L per layer in the unit cell to nine and ten nonequivalent atoms

i—exp.
lg e in the first and second Mg layers, respectively. However, the

Intensity

=
<.

& ( \[\ 5:131% computational effort for the calculation of the LEERV)
; — curves is enormous. Since only the dominant Mg beams
0 were measured, the main information we can expect to ob-

| 4/54/5)
tain from this analysis is the averaged geométhe geom-
etry projected onto thé;x{) unit cell], i.e., the layer spac-
; M ings. This whole situation calls for an efficient

1

e
e cale,

Intensity

T approximation scheme. In searching for such an approxima-
ap tion, we recognized that, due to the close proximity of the
dominant (7 7) spots to the integer-order beams, a mixing
between the dominant Mg and X11) substrate beams is
\A/ B k small fo_r all but the(0,00 beam because either_ scattering
e e e paths with Iarge momentgm transfer at th_e bulk interface are
Energy (V) Energy (V) involved |[cf. Fig. 6a)], or interlayer scattering between bulk
and overlayer with at least one backscattering event at the
FIG. 4. Experimental and calculated LEB[V) curves for the — overlayer is requiredcf. Fig. 6b)]. Thus the nondiagonal
best-fit geometry of a 0.85-ML-thick Mg film on RQ001) elements of the bulk scattering matrix may be neglected for
(6ug=0.64. The PendnR factor is 0.36. The corresponding struc- the computation of thé(V) curves of dominant Mg beams.
tural parameters are given in Fig. 3. In addition (cf. Sec. Ill A), Mg occupies many different ad-

=
85 | ?

Intensity
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FIG. 6. Two types of multiple-scattering paths that cause inter- 5 \
. . . -
mixing of dominant Mg beams with those of XI1) symmetry due 5 Elperiment \ S~
to nondiagonal elements of the bulk scattering mataxThis scat- \/\
tering event is negligible since a large momentum transfer imposed
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by the bulk is involved(b) The scattering paths can be neglected Energy(eV)

because backscattering at the overlayer is required.

FIG. 7. Comparison of experimental LEE}V) curves with
sorption sites, and therefore only the bulk reflection matrixcalculated LEEDI(V) curves using the full multiple-scattering
averaged over these local registries participates in the scaicheme Rp=0.37) and the mirror approximatiofRf=0.42). The
tering between the Mg film and the substrate. Again, thisoPtimum real-space model turned out to be the same for both cases,
averaging causes only the diagonal elements of the reflectigi'd is given in Fig. 8.

matrix to survive. Altogether, the substrate in the multiple-

scattering process between the Mg film and the substrate a(:t{SeITendpulslly rﬁduced if C.Ompf’”ed Wit? dthbe full>§7) léng
more like a mirror than a template with atomic structure; i'e"](‘:;ctb:yg%%y the computing time cou € reduced by a

22;&?;?8 dﬁzg:gg.from the Mg film are backscattered in the A comparison of experimgntal LEED(V) curves \_Nith
With this knowledge in mind, we can try to erect the thosg calculate_d for the optimum Mg geometry using ful]
! o ' ) multiple scattering and the approximations outlined above is
following approximation scheme: The evenly dispersed Mgdisplayed in Fig. 7. The corresponding Pendrfactors be-
overlayer is considered as &X{) structure above the tween experiment and theory do not change very nitrom
(1X1) substrate. The scattering properties of the substraig 37 1o 0.42 when applying full and restricted multiple scat-
are taken into account by the diagonal elements of its refleGgring to the same Mg-film geometry, respectively. The op-
tion matrix only. This restriction of the bulk reflection matrix timum geometry of the 2-ML Mg film on R@00Y) is indi-
to diagonal elements corresponds to treating the bulk as agated in Fig. 8, and has the following characteristics: The
ideal mirror. Up to now, we could not save much computingMg-Ru interlayer spacing (2.320.05 A) is not affected by
time, since we still have to calculate the scattering amplitudehe presence of the second Mg layer if compared with a
of all beams associated with the X7) structure. However, single Mg overlayer on R0001) (cf. Sec. Ill A). The
we are only interested in tho$€V) curves which are asso-

ciated with the £x &) unit mesh since only these beams

were measured. We therefore introduce the following crucial fop view

approximation: In angular momentum space, the scattering

matrices of each bulk plane is calculated for thex(f) ge-

ometry (especially the lattice sumand is then projected

only into those direction$LEED beams ink spacg which

are associated with theix &) unit cell. Only the diagonal

elements of the reflection matrices are then used, and the

multiple scattering between the bulk planes is not consid- e

ered, so that each of the bulk planes serves as a mirror for side view

beams coming from the Mg overlayers. Altogether, LEED Q73009 A 7 OANCDCHCD PMg Mg
I(V) calculations are now performed with a modified (2'321'0'(32)/& vl O Mgk
(1xX1) Mg overlayer over a substrate acting solely as an i?ZA

ideal mirror with a density of Ru atoms which corresponds to
Ru bulk; this approach will be called thmirror approxima-
tion. The computational effort for this approximation is the  FIG. 8. The optimum structure parameters derived for the
same as for the calculations of aX1) structure, and hence 2-ML-thick Mg film on Ru(0002).
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. beam with progressing Mg depositipn=5 and 7, depend-

((n-1)/n,0) —— cale. ing on whether the (5 5) or the (7X7) structure is consid-
;:LP‘ ered. Obviously, the main features in tH¢V) data have
4,1Mu§8 already been developed with about 3-ML Mg; the coverage

is based on the integral of the corresponding TD spectrum.
Further increase of the Mg coverage results only in a fine
structuring of thel (V) curves at higher electron energies

\/\/\A,M s
oML Me (=200 eV) and eventually saturates at about 4 ML; compare
,,L”\/\IV\N v the 1(V) curve for 2.9 ML with that of 4.1 ML. Figure 9

3MLMg

Intensity (arb. units)

(dotted line$ displays the evolution of calculated LEED
I (V) curves(always calculated for the optimum geometry of
ML that Mg film) of the first Mg-induced beam with coverage;
o_sm“ﬁg for the submonolayer regime a ¥%) unit cell was used,

19ML Mg

and for more than one ML the mirror approximation was
applied. Also with the calculated LEED(V) curves, the
main features are developed at about 3 ML, and saturation

FIG. 9. Evolution of the experimental LEEQV) curves of the  takes place at about 4-ML Mg if the regulaABAB. . .)
lowest-order Mg beam with the Mg coverage in comparison withStacking sequence of M@O0D is used. This comparison
corresponding curves calculated for the optimum geometry of thastrongly supports that the growth of Mg on ®001) pro-

Mg film (“mirror approximation” applied for=2 ML). The satu- ceeds in a layer-by-layer fashion. In addition, the optimiza-
ration behavior compares well, which is strongly indicative of thetion of the interlayer spacings for the 3- and 4-ML film
layer-by-layer-growth of Mg on R0001) without any stacking shows that the pronounced expansion of the topmost Mg-Mg
fault. layer spacing for the bilayer film is reduced to 2:68.04 A,

) ) which compares well to the value for the Mg bulk.64 A
Mg-Mg layer spacing turned out to be (2%8.03 A), which (Ref. 11].

is expanded by 5% with respect to the (@601 bulk layer
spacing(2.60 A). This value is even expanded if compared
to the topmost layer spacing found for the 9-ML Mg film and IV. CONCLUDING REMARKS
2,11 H . . . L

Mg(000)) (2.64+0.04 A).*** The expansion of the outer- | thig paper we investigated the initial growth of Mg on
most Mg-Mg layer spacing Wlt_h respect to the bulk value haSRu(OOOJ) on the basis of the analyses of LEEDV) curves
been traced back to ttep hybridization necessary to forma gpq jts evolution with Mg deposition. In the submonolayer
bondlngzbe'tween Mg_atorﬁé;pqte that the valence shell of eqime Mg forms islands of incommensurate structures
Mg (3s°) is full. This hybrldlzatlpn costs a substantial \\hich can be described as ax%) containing 16 Mg atoms.
amount of energ}(about 2.7 e_\)/ which is com_pensated for These islands coalesce into a homogeneous 5516 Mg
by the energy gain due to the improved bonding between Mg, qjaver. Further uptake of Mg then leads to a compression
atoms. On the surface this gain is smaller, since the Mgy his layer from a (55)-16 Mg into a (7 7)-36 Mg
atoms in the outermost layer are less coordinated than Mg iBy,cture which serves as a nucleation plane for the subse-
the bulk. The total energy of the surface can therefore b%]uent layer-by-layer growth with (77) symmetry. The
minimized by reducing the hybridization, which, in turn, |\ ¢yrves of the dominant LEED beams associated with a
causes the observed expansion of the Mg-Mg layer spacmgij%>< %) or (£x ) unit cell are very similar up to the comple-
Within the given limits of precision, the structural results of tion of the first Mg monolayer, although the Mg atoms have
the Z'ML Mg film are thg same When using f%‘” m_ult|ple— to change their local adsorption sites during the compression
spe}tterlng t.heory or apply|r]g the mirror approxmatlon, thusphase. This similarity can be interpreted as experimental evi-
glvglg conﬂdenc_e_to the rr]mrrorr] approximation. i denced that no information on the adsorption site of indi-

he can anticipate that the mirror approximation Will \;y,a| atoms in an incommensurate overlayer is accessible as
work even more acculrate_ly for _hea_mer adsorbgte atoms thaiBng as only the dominant single-scattering beams are ana-
Mg, since the diffraction intensity is then dominated by thelyzed. The only parameter which can be extracted is the
overlayer. Therefore, we anticipate a wide application of themean Mg-Ru interlayer spacing: 2.:38.04 A. The (5<5)
mirror approximation in the structure analysis of_incommen—Symmetry can be used in the analysis of the Mg overlayer
{hroughout the compression phase. A hint on lateral distor-
tions in the overlayer, i.e., the Mg atoms near the on-top
position are shifted by<0.3 A toward the hollow sites, is
supplied mainly by thé(V) curve of the multiple-scattering

T T T T T T T
50 100 150 200 250 300 350 400
Energy (eV)

ment of incommensurate structufgsnsidered as modulated
structurek has been developed very recently by @warg
and Moritz*® This method not only allows one to solve the
averaged geometry of an incommensurate metal film, i.e., th? 1) beam
mean layer spacings, but is also able to determine periodit® 2 :

modulations. However, the computational effort is consider-_ | O (N€ analysis of Mg films with more than 1 ML, the
able ' ' P scattering between the Mg atoms has to be modeled cor-

rectly, i.e., the use of the (65) symmetry is too crude an
approximation. To avoid calculations with large unit c¢ifs
our case (X 7)], we introduced the concept of theirror

To investigate the mode of Mg-film growth on R@0J), approximation This means that the Mg overlayer is treated
Fig. 9 (full lines) shows the evolution of thg(n—1)/n,0] as a X 1) structure, and for the multiple scattering between

C. Morphology of multilayer Mg films on Ru (0001
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Mg and Ru only the diagonal elements for the Ru bulk-is therefore not affected by the presence of the second Mg
scattering matrix are considered. Thus the Ru bulk serves dayer. The Mg-Mg layer spacing is 2.Z9.05 A, which is

an ideal mirror for beams coming from the Mg overlayer. Inexpanded by 5% in comparison with the @01 bulk
order to have the proper Ru density in the bulk of®01),  value(2.60 A),> and even expanded with respect to the top-
the scattering matrices in angular momentum space are cakost layer spacing of M@002) (2.64+0.04 A).1%. with the
culated with the regular RQ00)-(1X 1) structure, while completion of the third Mg layer, this excessive expansion is
the k-space projection is performed only in directions de-retracted.

fined by the €x{) Mg overlayer. It is shown that thig(V) As demonstrated by the evolution of the LEBDQV)
data obtained by this approximation compares well withcurves with Mg coverage in comparison with LEED simula-
those obtained by full-dynamical calculations and, more im+ions, the growth of Mg takes place in the expected
portantly, the structural parameters turned out to be the sam&BAB. .. stacking sequence right from the beginning, and
for both cases. The Mg-Ru layer spacing is 2-3205 A and  proceeds in a layer-by-layer fashion.
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