
PHYSICAL REVIEW B VOLUME 52, NUMBER 4 15 1ULY 1995-II

Incommensurate structures and epitaxial growth of Li on Ru(0001):
A quantitative low-energy electron-diffraction study
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The structural properties of Li 6lms on a Ru(0001) surface during initial growth were determined em-

ploying the technique of low-energy electron di8raction (LEED). For submonolayer coverages between
8&;=0.61 and GLI=0.78, incommensurate structures oriented along high-symmetry directions of the
substrate were observed. Fully dynamical LEED calculations of a (5X5) structure modeling the Li
overlayer at eL;=0.64 revealed a Li-Ru interlayer spacing of 2. 17+0.10 A. The computational efFort

for solving this structure could be significantly reduced by using a (5 X 1) unit mesh instead of the (5 X 5)
unit cell without losing structural information. The 6rst Li layer is completed at a coverage of 0.78. In
the multilayer regime, the Ru(0001)-Li system exhibits also long-range order as indicated by adsorbate-
induced hexagonal LEED patterns. LEED structure analyses of Li films with thicknesses of two and

three layers revealed that the Li 61m is grown fcc(111)-like on Ru(0001). The interlayer spacings are

DL; L; =2.35+0.10 A and DL; R„=2.35+0.10 A; the Li hard-sphere radius turns out to be 1.52+0.05 A,
close to the metallic Pauling radius.

I. INTRQDUCTIQN

Advancing our understanding of the growth of thin
films on metal substrates is closely connected with the
knowledge about the overlayer geometry during this pro-
cess which, at least in principle, is accessible by 1ow-

energy electron difFraction (LEED) structural analyses if
the adsorbate films exhibit sufficient long-range order.
For thick adsorbate films (say, more than about eight lay-
ers), the structural analysis is siinplified by the fact that
the infiuence of the substrate on the I(V) curves of the
adsorbate-induced LEED spots becomes negligible owing
to the small elastic mean free path of the electrons. Un-
der these conditions, it is possible to calculate I(V)
curves of adsorbate-induced LEED spots using a (1X1)
unit cell of the overlayer structure. In doing so, several
ordered grown metal films have been quantitatively ana-
lyzed with LEED. ' For a nine-monolayer-thick Mg
film on Ru(0001), for example, a hexagonal LEED pat-
tern aligned along the high-symmetry direction of
Ru(0001) shows up, which is indicative of epitaxial
growth, while the LEED spots of the Ru substrate have
vanished. A LEED structural analysis revealed that Mg
forms a Mg(0001) film with bulklike interlayer distances
except for the topmost layer spacing, which was slightly
expanded, consistent with a recent LEED analysis of a
single-crystal Mg(0001) surface.

In order to obtain information about the initial growth
of metals on metals, one has to study thin adlayer films

for which corresponding LEED I( V) curves are strongly
affected by the substrate due to multiple scattering.
Several LEED structural analyses of complete metal
monolayers grown on metal substrates have been report-
ed, such as Cd on Ti (Ref. 5) and Fe on Ru(0001). All
these systems are characterized by the persistence of a
(1 X 1) LEED pattern upon evaporation of one mono-
layer of the adsorbate, consistent with pseudomorphic

growth of the first layer. Accordingly, the calculations
could be easily performed due to the small size of the
(1X1)unit cell.

In many cases, however, incommensurate structures,
i.e., coincidence lattices or incoherent structures, appear
near the completion of the first monolayer. These incom-
mensurate structures are commonly modeled by relative-
ly large unit cells in which the adatoms occupy ine-
quivalent adsorption sites. LEED structural analyses
may therefore become time consuming and cumbersome
so that it is not surprising that only very few structural
analyses of such systems have been reported, as, for ex-
ample, with Ir(100)-(5 X 1)-Ir (Ref. 7) and Ru(0001)-
(3X3)-Na. An approximation for treating incommens-
urate structures was recently proposed by Grunberg and
Moritz, by which intralayer multiple scattering is treat-
ed correctly for an evenly dispersed adlayer, while modu-
lations of the adlayer are taken into account kinematical-
ly. The coupling of the scattering matrices of the incom-
mensurate layer to the substrate is performed within the
framework of the beam set neglect method. ' In this
contribution, we present a much simpler method of the
analysis of incommensurate (n Xn) structures by folding
them back onto a (n X 1) unit cell. This approach is ap-
plied to the structural analysis of the Ru(0001)-Li surface
at a Li coverage of 0.64 which is modeled by a (5 X 5) su-

perstructure containing 16 Li atoms.
Ru(0001)-alkali-metal systeins for submonolayer cover-

ages have already been the subject of several LEED in-
vestigations (see, e.g., Refs. 8 and 11—18). In the sub-
monolayer regime, repulsive interactions between the
positively charged adparticles lead to the formation of
evenly dispersed adlayers on the Ru(0001) surface as
reAected by, among other factors, the formation of liquid-
like ring structures at low coverages, and rotation or
compression phases at higher coverages. For the
Ru(0001)-Li system, Doering and Semancik" reported on
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rotated structures for Li coverages of 6=0.33—0.46,
which are metastable and transform, upon annealing, to
structures that are oriented along high-symmetry direc-
tions of the substrate. The Li-monolayer coverage was
determined to be 6=0.46, a value which is at odds with
that found in this study. The tendency to occupy highly
symmetric sites on the substrate surface, along with the
dipole-dipole repulsion between the alkali-metal atoms,
leads also to the formation of commensurate phases at
certain coverages; on the Ru(0001) surface, a (2X2)
phase at 6=0.25 and a (+3X+3)R30' structure at
6=0.33 have been observed with Li, Na, K, Rb, and Cs.
With the exception of Ru(0001)-(2X2)-Li, these phases
were the subject of LEED analyses. ' ' For the
(&3X&3)R30' structure, all alkali-metal species reside
in the threefold hcp site, while in the (2X2) phase, the
alkali-metal atoms occupy threefold fcc sites, except for
Cs, which sits in the onefold coordinated on-top position.
For the Ru(0001)-(&3X+3)R30'-Li system, the Li-Ru
interlayer distance was determined to be 2.25+0.04 A, '

equivalent to a Li hard-sphere radius of 1.39 A, which is
between the values for the covalent and the metallic Paul-
ing radius of 1.23 and 1.5S A.

For coverages exceeding one monolayer, information
on the geometry of alkali atoms on Ru(0001) is still lack-
ing. Qrdered alkah-metal multilayers with a bcc(110)
structure could be prepared for potassium on a Ni(100)
surface, which was also the subject of a quantitative
LEED analysis. With the Ru(0001) surface, however, no
ordered structure has been observed for multilayer films
of Na, K, Rb, and Cs so that LEED was not suitable for
providing much information on the local geometry in the
course of the growth of these alkali-metal films. The ab-
sence of ordered multilayer structures may be related to
the threefold p3m 1 symmetry of the Ru(0001) substrate,
which allows the coexistence of different domains of
bcc(110) adsorbate structures, thus preventing the forma-
tion of thick monocrystalline adsorbate films. At this
point, it is important to note that the Ni(100) surface
used for the growth of the K multilayers (see Ref. 2) was
slightly rippled, indicating the existence of steps that may
break the fourfold symmetry and permit growth only in
one orientation.

Unlike other alkali metals, Li on Ru(0001) exhibits
long-range order in the multilayer regime at low tempera-
tures (50 K) as evident from an adsorbate-induced hexag-
onal LEED pattern. The bulk properties of Li are quali-
tatively different from those of Na, K, Rb, and Cs in that
Li transforms below 70 K partly into a hcp configuration;
introducing stress, a fcc configuration can be formed. '

Both the fcc (111) and hcp(0001) surfaces exhibit the
same symmetry as Ru(0001). This may enable the growth
of adsorbate layers without losing the long-range order
by the coexistence of different domains. Investigations of
bulk Li with neutron diffraction at very low temperatures
(4.2 K) indicated an even more complicated close-packed
rhombohedral structure with stacking sequence
ABCBCA CAB.

In the following, we first describe results for the
Ru(0001)-Li system obtained by LEED and thermal
desorption spectroscopy (TDS) for coverages ranging

from submonolayers (we concentrate on coverages near
the completion of the first Li monolayer) to multilayers.
Next, we turn to LEED structural analyses of Li films
consisting of one, two, and three adlayers, which supply
detailed information on the adsorbate geometry during
the initial stages of film growth of Li.

II. KXPKRIMKNT AND CALCULATIONS

The experiments were conducted in an ultrahigh-
vacuum chamber. LEED measurements were carried out
by using a four-grid optics, and I( V) data were recorded
using a computer-controlled video-LEED system. '

Lithium was evaporated from a well-outgassed SAES
getter source. The coverage was determined by TDS and
calibrated using the optimum ( V3 X &3 )R 30' structure,
which was assumed to have a coverage of 6=0.33. Vary-
ing Li coverages in the submonolayer regime up to two
monolayers were established by evaporation of Li multi-
layers and subsequent annealing in order to desorb excess
Li. Li films with more than two layers were prepared
directly be depositing a certain amount of Li at room
temperature. For the LEED I(V) measurements, the
sample was cooled to 50 K. Further details about the ex-
perimental setup can be found in Refs. 12 and 22.

Fully dynamical LEED calculations were performed
with the program package of Moritz. Nine relativisti-
cally calculated phase shifts for Li and Ru were used; de-
tails about the computation of the phase shifts can be
found elsewhere. The agreement between calculated
and measured I ( V) curves was quantified by using
Pendry's r factor, rI, .

III.RESULTS AND DISCUSSION

The TD spectra shown in Fig. 1 exhibit, in accordance
with the literature, " a very broad feature in the
submonolayer range, here labeled cz, indicative of a
strong decrease of the activation energy for desorption
with increasing coverage. At coverages larger than
6=0.78, a sharp feature (P state) arises, and with further
increase of the coverage above 6= 1.5, a third peak y ap-
pears (note that the coverage 6 is defined as the ratio of
the densities of deposited Li atoms to Ru-substrate
atoms). Similar TD spectra have been observed also for
other alkali metals on Ru(0001), e.g., for cesium. ' While
the a peak corresponds to the desorption from the first Li
layer, which is completed at a coverage of 0.78, the
features P and y can be attributed to the desorption from
the second Li layer and from further Li layers, respec-
tively.

A closer inspection of the TD spectra in Fig. 1 shows
that the desorption peak of the second layer, i.e., the P
peak, does not saturate for coverages up to about 6=2
for which certainly more than two Li layers are present
on the surface. Assuming that the density within the
completed second layer is similar to that in the first layer,
the saturation coverage of the second layer should be
about 6=1.S. The features P and y are, however, not
well separated in the TD spectra, indicating that desorp-
tion from the third layer still occurs at temperatures at
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T =50 K during the growth of Li films on Ru(0001) is de-

picted in Fig. 2. At 8=0.33, an ordered (V'3X&3)830'
structure appeared (not shown). At coverages higher than
0.61, incommensurate structures appeared with super-
structure spots moving radially towards the substrate
spots with increasing coverage [cf. Fig. 2(a)]. This is also
shown in a series of profiles (Fig. 3), which is indicative of
a continuously compressed, hexagonal Li overlayer
oriented along the high-symmetry directions of the sub-
strate, thus indicating epitaxial growth. For these phases,
the local coverage is derived from the spot positions in
the LEED pattern using the formula

l
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FIG. 1. TD spectra for the Ru(0001)-Li system; the heating
rate was 5.4 K s '. Inset: TD spectra for low coverages
(magnified four times).

which, for smaller initial coverages, the second layer
would desorb. Calculations of Kreuzer eI; a/. revealed
that with increasing initial coverage exceeding 2 ML, the
p peak is shifted to higher temperatures, becomes nar-
rower, and is enhanced in intensity, while the integral un-
der the P peak is nearly constant. This behavior is due to
the fact that the desorption from the second layer is in-
hibited as long as the third layer is stiH partly present.

A representative collection of LEED patterns taken at

a„;jaR„is the length of the reciprocal lattice vectors of
the Li adlaycr relative to that of the Ru substrate as given
by thc positioIls of thc doIninarlt super'structure spots and
the substrate first-order spots. For the compression
phases with 8=0.61—0.78, the local coverages according
to the LEED patterns equal the global coverages as
determined by TDS within an uncertainty of 0.01, thus
indicating that the Li atoms are evenly distributed across
the surface.

The LEED pattern at a coverage of 8=0.78 is depict-
ed in Fig. 2(b). The Li adlayer is slightly rotated away
from the high-symmetry directions of the substrate as in-
dicated by the splitting of the superstructure LEED
spots. At this coverage, the compression of the Li adlayer
is 6nished, and the first Li monolayer is completed. For
higher coverages, the sharp P peak arises in TDS, which
is assigned to desorption from the second layer.

The found rnonolayer coverage of 8=0.78 is at vari-
ance with the value of 0.46 found by Doering and Sernan-
cik. " It compares well, however, with the trend found

ey
:(0,0)- --, (1, 0)::

0.61

FIG. 2. LEED patterns before and after completion of the
6rst Li monolayer (sample temperature =50 K). The outer
LEED spots correspond to the first integer-order beams, the
inner spots are superstructure spots. (a) Incommensurate struc-
ture in the submonolayer regime {e=0.75); (b) incommensu-
rate structure (8=0.78); this structure corresponds to one lithi-
um monolayer. (c) 8= 1.02; LEED spots appear roughly at the
(4/5, 0) position. (d) 8=1.5; the adsorbate-induced LEED spots
at (4/5, 0) persist upon further Li evaporation and indicate that
long-range order exists even in the multilayer range.

k() (arb. units)

FIG. 3. LEED pro61es for Li coverages between 8=0.61
and 6.5. For coverages in the submonolayer range
(e=0.61—0.78), compressed structures appear, while for
8)0.78, new spots arise that indicate long-range order also for
Li multilayers.
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TABLE I. Monolayer coverages, corresponding nearest-neighbor spacings d„„,bulk values for the
nearest-neighbor distances, and bulk moduli for alkali metals adsorbed on Ru(0001).

Akali
metal

Li

Na
K
Rb
Cs

Monolayer
coverage

0.57
0.37
0.33
0.33

d„„(A)
3.06

3.58
4.45
4.69
4.69

dnn

3.01 (bcc)
3.11 (hcp)
3.659
4.525
4.837
5.235

(bulk ) (A) Bulk modulus

0.116X10"N/m

0.068 X 10" N/m
0.032 X 10" N/m
0.031X10" N/m
0.020X 10" N/m

Ref.

This
work

8
17
14
18

with other alkali metals on Ru(0001). In Table I, the
monolayer coverages determined for Li, Na, ' K, ' Rb, '

and Cs (Ref. 18) are compiled along with the correspond-
ing nearest-neighbor distances, which were calculated
from the monolayer coverage under the assumption of an
evenly dispersed alkali-metal layer on the surface. It can
be seen that the interatomic distance of Li of 3.06+0.04
A is equal to the bulk values for bcc and hcp Li within
the error bars. The Na and K monolayers on Ru(0001)
are slightly contracted, while the monolayers of Rb and
Cs are strongly compressed. This tendency is paralleled
by the bulk moduli (also included in Table I), which de-
crease when going from Li to Cs; the smaller the bulk
modulus, the "softer" a metal and the smaller the amount
of energy required to compress the adlayer. The contrac-
tion of the Rb and Cs layers is also indicative of a strong
adsorbate-substrate interaction allowing a higher density
of alkali-metal atoms on the Ru surface than in the bulk
alkali materials.

At cover ages above one monolayer, superstructure
spots show up on the LEED screen near the (4/S, O) posi-
tion, as shown in Fig. 2(c) for 6=1.02. This hexagonal
LEED pattern remains visible also for higher coverages
in the multilayer range while the split LEED spots of the
first monolayer vanish [Fig. 2(d)]. From the positions of
the adsorbate-induced LEED spots, a lateral lattice con-
stant of 3.34+0.04 A can be derived. This value is larger
than the lattice constant of 3.06 A obtained for the case
of one monolayer. The lower density within the 6rst ad-

40 80 120 160
Energy (eV)

FIG. 4. I( V) curves for the adsorbate-induced LEED spots
for Li coverages of 8=0.64, 1.S, and 3.2.

layer of this phase suggests a mass transport of Li atoms
from the 6rst into the second layer.

In order to obtain information about the local
geometry in the Li films, we measured LEED I(V)
curves of the dominant superstructure spots near the
(4/5, 0) position for various Li coverages ranging from
8=0.64 to 3.2. It was not possible to measure I(V)
curves of other adsorbate-induced spots, which may be a
consequence of some disorder in the adlayers or of the
weak scattering power of lithium. Figure 4 demonstrates
that the I( V) curve at 8=0.64 is substantially diff'erent
from the I( V) curve of the same spot observed at 6= 1.5
(about two Li layers). In the TD spectra, at this coverage
the P peak is developed (cf. Fig. 1). Increasing the Li
coverage further, the y peak arises in the TD spectra,
again accompanied by pronounced changes in the I( V)
curves.

Fully dynamical LEED calculations were performed
for Li films with coverages of 6=0.64, 1.5, and 3.2.
First, we turn to the submonolayer with a coverage of
6=0.64, which can be described as a (5 X 5 ) structure; in
the corresponding pro61e displayed in Fig. 3, weak inten-
sities associated with the second- and third-order beam
can be discerned. The fourth-order spot is, however,
much more intense, consistent with an evenly dispersed
Li adlayer (coincidence lattice). The (SXS) unit mesh
contains 16 Li atoms, making the computation of I(V)
spectra very time consuming. A simple method to cir-
cumvent this difticulty is to perform the calculations with
a (5 X 1) unit mesh instead of the(5 X 5) cell; see Fig. 5(a).
With only four Li atoms, this is the smallest unit cell,
which is able to generate the (4/5, 0) LEED spot. For this
beam, we calculated I( V) spectra for various Li-Ru inter-
layer spacings. Optimum agreement between theory and
experiment was achieved with a Li-Ru interlayer spacing
of 2. 17+0.10 A, which agrees within the error bars with
the spacing 2.25+0.05 A as determined for the
(&3 X &3)R 30' phase; ' the experimental intensities are
compared with calculated ones in Fig. 5(b).

In order to test the accuracy of the approximation ap-
plied above, the calculations were alternatively carried
out with the full (SX5) configuration, which exhibits
@3m 1 symmetry; see Fig. 6(a). In the LEED program,
symmetries are extensively exploited in order to reduce
the computing time. The calculations with the (5X5)
unit cell revealed the same result for the Li-Ru interlayer
spacings as the calculations with the (SX I) mesh as
shown in the r-factor plot in Fig. 6(c). A comparison of
the calculated I(V) curves shown in Fig. 6(b) demon-
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sites, in the (5X5) configuration also positions near on-
top sites are occupied. The similarity of the respective
I( V) curves [cf. Fig. 6(b)] indicates, however, that the la-
teral positions of the Li atoms have only minor inhuence
on the intensities. At this point, it is important to note
that for the calculation of the scattering matrix of the ad-
sorbate layer, a sum over the Li atoms (multiplied with a
phase factor) is performed which corresponds to some
kind of averaging process over different Li adgeometries.
This "average" will presumably not alter when the Li lay-
er is shifted parallel to the surface. In order to further es-
timate the influence of the Li adsorption sites on the I ( V)
curves and on the optimized Li-Ru interlayer spacing, we
carried out calculations for various (5 X 1) configurations
which are shifted along the line x as indicted in Fig. 5(a).
The r&-factor dependence on the lateral shift and the Li-
Ru interlayer spacing is shown in Fig. 5(c) and demon-
strates that the optimum layer spacing is not affected by
the lateral positions of the Li atoms and that rJ, is not
that sensitive to the lateral positions of the Li atoms.

Other parameters that may exert influence on the I ( V)
curves are vertical and lateral modulations within the ad-
layer. Let us first consider diffraction spots of the re-
ciprocal lattice of the evenly dispersed adlayer, which are
present in the kinematic limit [for example, the (4/5, 0)
spot of Ru(0001)-(5 X 5)-Li)]. Modulations of the lithium
layer may have a similar effect on these particular LEED
spots as thermal disorder and hence may be approximat-
ed by a certain Debye temperature. The larger the modu-
lation amplitudes, the lower the value of the Debye tem-
perature of the adatoms to be chosen for the optimum
configuration. This consideration, however, does not hold
for adsorbate-induced LEED spots which are not associ-
ated with the reciprocal lattice of the evenly dispersed ad-
layer: With the introduction of modulations in the ad-
layer, the intensity of these spots increases (at least in the
kinematic limit). For the Ru(0001)-(5X5)-Li phase, a
lowering of the Debye temperature below the value of
400 K as determined for the Ru(0001)-(+3X+3)830'
structure' did not improve the rI, factor. We therefore
think that the Li adlayer is not strongly modulated.

At this point, it is instructive to compare the results of
this analysis with those of a structural analysis of the
Ru(0001)-(3X3)-Na system for which a comparatively
large data set, containing five fractional-order and three
integer-order beams, was available. Despite the appre-
ciable size of this data set, the adsites of the Na atoms
could not be determined unambiguously, which may be
traced back to the "averaging" effect mentioned above.
Furthermore, the LEED analysis of the Ru(0001)-
(3 X 3)-Na system revealed that the I ( V) curves were not
sensitive to a vertical buckling within the Na layer as
long as these values do not exceed 0.2 A. Similar to the
Ru(0001)-(5 X 5)-Li phase, the only parameter that could
be determined with high confidence was the Na-Ru inter-
layer spacing.

Next, we turn to calculations for the I( V) curves mea-
sured in the multilayer range and begin with the coverage
6= 1.5 corresponding to about two Li layers. The lateral
lattice constant of 3.34+0.04 A derived from the intensi-
ty profiles is close to the interatomic spacing of 3.38 A

(3.34+0.04) A

(a)

DLi L; = (2.40+0.10) A

DL~ R~ = (2.35M.&0) A

(b)
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1 I I
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FIG. 7. (a) Optimum geometry of the ordered Ru(0001)-Li
structure (8=1.5). (b) rz factor in dependence on the Li-Ru
and the Li-Li interlayer spacing DL; R„and DL; L;. (c) I( V)
curves for the optimum geometry shown in (a) (Pendry r factor
rp =0.28).

when Li atoms are arranged in a (5 X 5) coincidence lat-
tice. Therefore, the calculations have been carried. out us-

ing a (5 X 5) unit mesh with two Li layers. A variation of
the Li-Li and the Li-Ru interlayer spacings within a grid
search led to optimum layer spacings of D~; R„=
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TABLE II. Intralayer spacing and interlayer spacing for Li-
bulk structures in comparison with the ordered Ru(0001)-Li
structure at 8=3.2.

Intr alayer
spacing
Interlayer
spacing

bcc(111) fcc(111)

4.91 A 3.11 A

2.00 A 2.55 A

hcp(0001)

3.11 A

2.55 A

Ru(0001)-Li

3.34+0.04 A

2.40+0. 10 A

2.35+0.10 A and DL; I; =2.40+0. 10 A and a 6nal agree-
ment between theory and experiment of rp =0.28; the op-
timum geometry is shown in Fig. 7(a). The correspond-
ing r-factor plot in Fig. 7(b) demonstrates that the (4/5, 0)
beam is suf5ciently sensitive to determine these parame-
ters accurately. The I ( V) curves for the optimum
configuration are displayed in Fig. 7(c). Calculations
were also performed with one and three adlayers; howev-
er, these geometries can clearly be excluded on the basis
of corresponding r-factor values of rz &0.5. Therefore,
we conclude that the ordered part of the Li 61m consists
of two Li layers.

As mentioned above, Li exists, in contrast to the other
alkali metals, not only in a bcc but also in hcp or fcc
con6gurations at low temperatures. As a consequence,
three surfaces of bulk Li leading to a hexagonal LEED
pattern are conceivable: hcp(0001), fcc(111), and
bcc(111).The close-packed bcc surface, bcc(110), would,
on the other hand, give rise to the appearance of addi-
tional LEED spots as observed, for example, for the or-
dered multilayer growth of Fe on Ru(0001) (Ref. 6) but
not observed with Li on Ru(0001).

The Li-Li interlayer spacing of the Li film on Ru(0001)
is compared with corresponding values of the hexagonal
bulk surfaces in Table II. This comparison reveals that
the Li 61m is substantially distorted by the presence of
the Ru substrate and certainly cannot be interpreted as a
Li-bcc(111) surface. It seems, therefore, to be plausible to
compare the two-layer lithium film on Ru(0001) with ei-
ther a distorted hcp(0001) or a distorted fcc(111) phase.
Closer inspection of Table II shows that for the
Ru(0001)-Li phase the intralayer distances within the ad-
sorbate layers are larger, and the interlayer distance from
the second to the first adlayer is smaller than in the
fcc(111)-Li and hcp(0001)-Li modifications. This defor-
mation of the Li 61m may result from an attractive in-
teraction between the Li atoms in the second adlayer and
the Ru atoms of the topmost substrate layer which may

also account for the higher desorption temperature of the
second-layer compared to Li multilayers in TDS.

With two Li layers it is not possible to discriminate be-
tween a fcc(111)- or hcp(0001)-like growth of Li; note
that the stacking sequence is AHAB. . . for an hcp(0001)
surface and ABCABCABC. . . for an fcc(111)surface so
that at least three adlayers are needed to assign the sur-
face type unambiguously. To this end, we analyzed the
I(V) curves measured at 8=3.2 and performed fully
dynamical calculations of Ru(0001)-(5 X 5)-Li with three
and four layers. The Li-Li and Li-Ru interlayer spacings
within an fcc(111)or hcp(0001) geometry were varied be-
tween 2.2 and 2.6 A (i.e., near the values of DL; R„=2.35
A and BLjij 2.40 A, as determined for the ordered
structure at e=1.5). Best agreement with experiment
was achieved with a three-layer fcc(111)configuration ex-
hibiting interlayer spacings of DL; R„=2.35+0.10 A and

D„,L, =2.35+0. 10 A (ri, =0.26). The nearest-neighbor
distance between Li atoms in the second and the third
layers is 3.04+0. 10 A, corresponding to a Li hard-sphere
radius of 1.52+0.05 A, which is close to the metallic
Pauling radius (1.55 A). Other possible arrangements
could clearly be ruled out on the basis of corresponding r
factors as compiled in Table III. The comparison of the
I ( V) curves calculated for three adlayers with the experi-
ment shows that the fcc(111) configuration leads to a
significantly better agreement than the hcp(0001) struc-
ture, especially for higher energies of the incident elec-
trons (cf. Fig. 8). The appearance of the fcc(111) lithium
film is quite interesting because fcc-Li exists in the bulk
only at low temperatures in combination with an applied
stress. The latter condition appears to be realized for the
Li films by the attractive interaction of the substrate with
the lithium layers.

With further Li deposition beyond four monolayers,
the long-range order of the adlayers becomes poorer. The
intensity between the 6rst-order spots of the adsorbate
and the substrate, which can be seen in the pro61e for
8=6.5 in Fig. 3, indicates that part of the ordered struc-
ture (presumably the top layers) exhibits smaller in-

TABLE III. Optimum Pendry r factors and Li-Li interlayer
spacings for three and four Li layers on Ru(0001) exhibiting fcc
and hcp stacking sequences. I(V) curves were measured at

08=3.2; Li-Ru interlayer spacing D&; R„=2.35 A.
I I i I I I I

40 50 60 70 80 90 100 110 120
Energy (eV)

3 layers, fcc
3 layers, hcp
4 layers, fcc
4 layers, hcp

DLi-Li

2.35 A
2.40 A
2.3S A
2.45 A

rp

0.26
0.48
0.57
0.81

FIG. 8. I ( V) curves calculated for three Li layers on
Ru(0001) {for interlayer spacings see Table III) in comparison
with the experimental curve recorded at 6=3.2. The fcc(111)
configuration reveals a much better Pendry r factor (rp =0.26)
than the hcp(0001) geometry (rp =0.48).
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tralayer spacings; this behavior is plausible because the
intralayer distance of 3.34+0.04 A as determined for the
two- and three-layer films is larger than the correspond-
ing lithium bulk values, which was explained by an at-
tractive interaction between the Li atoms in the second
layer with the substrate. For higher coverages, this in-
teraction may have only minor inhuence on the top lithi-
um layers, for which then the tendency to take bulklike
intralayer spacings may become dominant. The measure-
ment of reliable I( V) data in this coverage range is, how-
ever, difticult since the background correction becomes
problematic.

Because the chemistry of lithium and magnesium ex-
hibits some similarities, ' it is instructive to compare the
Ru(0001)-Li system with the Ru(0001)-Mg system. Mg
crystallizes, like ruthenium, in an hcp configuration.
Similar to Li, for Mg submonolayer coverages between
0.65 and 0.75, a continuous compression of the Mg over-
layer takes place. Long-range order persisted also upon
further evaporation, and a well-ordered hexagonal LEED
pattern was observed for high coverages in the multilayer
range, for which a LEED analysis revealed that the atom-
ic arrangement corresponds to the Mg(0001) bulk
geometry. In contrast to the Ru(0001)-Mg system, in
which Mg builds up its bulk structure, the long-range or-
der in the Ru(0001)-Li system becomes very poor with in-
creasing coverage; this may be due to the fact that the
first Li adlayers grown on Ru(0001) are strained by the
substrate. This behavior is also known for pseudomorph-
ic grown metal films on metal substrates: When the film
exceeds a certain thickness, the substrate-induced strain

is relieved by the formation of misfit dislocations, thus
destroying the long-range order. At this point, it is im-
portant to note that at low temperatures the order of
lithium-bulk material is also poor due to the coexistence
of hcp, fcc, and bcc structures.

In summary, it could be demonstrated that LEED is a
very powerful method for obtaining information on the
adsorbate geometry during the initial growth of metal
films on metal substrates even if the adsorbate forms in-
commensurate structures. With the system Ru(0001)-Li,
the first order of the adsorbate-induced LEED spots con-
tains enough information to determine the Li-Li and Li-
Ru interlayer spacings with confidence. For incommens-
urate phases in the submonolayer range, the Li-Ru layer
spacing amounts to 2. 17+0.10 A for the Ru(0001)-
(5 X 5)-Li structure. The first lithium layer is completed
at a coverage of 8=0.78. Analyses of ordered structures
with two and three Li layers revealed that Li builds up an
fcc(111)-like stacking sequence with a lattice constant of
3.34+0.04 A and interlayer spacings of DL; R„
=2.35+0. 10 A and 3&; I;=2.3S+0.10 A, respectively.
The Li film is distorted by the Ru substrate, as indicated
by a smaller value for the Li-Li interlayer spacing togeth-
er with a larger lattice constant if compared with the
pure fcc(111)-Li surface. This distortion may indicate an
attractive interaction between the Li atoms in the second
adsorbate layer and the Ru substrate.
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