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The LEED method and the contact-potential difference method are used to study the atomic
structure and phase transitions in lithium films, as well as the change of the work function when
lithium is absorbed on the (011) face of W or Mo in a wide range of submonolayer coverages. At
low coverage (1% < 5/9) the structures produced on these substrates are characterized by a rather
isotropic distribution of the adatoms over the surface. At high coverage (¢ > 5/9) identical se-
quences of anisotropic structures, indicative of localized adsorption, are produced on both sub-
strates. In the region of ¢ from 1/4 on W(011) and 1/6 on Mo(011) to 5/9 (on both substrates) the
film grows via successive first-order phase transitions. In the remaining regions of the film com-
pression proceeds continuously. To explain the continuity of the film compression, a model of
mixing of cells of unequal size is used. The character of the film structure corresponds to a
predominant influence of dipole-dipole interaction between the adatoms at low coverage and to
continuous interaction at high coverage. The thermal stability of the films at different ¥ is investi-

gated. The influence of the film structure on the work function and on the surface diffusion is

investigated.

INTRODUCTION

A feature of the atomic structure of submonolayer films
of electropositive elements adsorbed on atomically smooth
faces of metallic crystals is the isotropic distribution of the
adatoms and the formation of two-dimensional lattices with
large periods during the early film-growth stages, and of
hexagonal lattice when a monolayer is approached. This is
due to the dipole—dipole interaction of the adatoms (which is
isotropic, repulsive, and long-range), which predominates in
systems of this type. The lithium adatom, however, has a
small dipole moment p compared with other electropositive
adsorbates (its initial value on W(011)is p = 2.3 D and de-
creases with increasing degree of coverage to p <1 D (Ref.
1); it is therefore to be expected that the indirect interaction
of the lithium atoms (which are anisotropic and oscillatory
in space) likewise plays an important role in the formation of
the film structure.>* Data on the structure of Li films on
W(011), obtained by the LEED method, are given in two
papers.*® In Ref. 5 was reported observation of sufficiently
isotropic structures (33X 2), ¢(2 X 2) and ¢(1 X 3) at low cover-
ages ¢ equal to 1/6, 1/4, and 1/3, respectively. The value
¥ =1 corresponds to a lithium density in the monolayer
(n = 1.4.10"° cm~?) which was found® to duplicate the sub-
strate structure. For large coverage, anisotropic-structure
models were proposed in the form of close-packed rows of
adatoms that duplicate the substrate structure along (100),
with the distance between the rows determined by the degree
of coverage. The presence of such rows is evidence of the
important role of the indirect interaction.

The complicated nature of the forces acting between the
Li adatoms manifests itself in the phase transitions that oc-
cur when 4 is varied. For example, on W(011) in the region
9 = 1/4-1/3 there coexist two phases, ¢(2 X 2) and ¢(1 X 3),°
i.e., a first-order phase transition takes place. The phase
transitions exert a strong influence on a number of surface
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phenomena, particularly on the character of the change of
the work function and on the surface diffusion parameters.
In the first-order phase transition region the work function
is linear in 4 (Ref. 6) and the diffusion activation energy
increases according to Refs. 7 and 8.

The main task of the present study was therefore to ob-
tain the possibly most complete picture of the changes in the
atomic structure of lithium films for submonolayer coatings
on the (011) face of tungsten or molybdenum, with an aim of
shedding light on the variation of the character of the inter-
action of lithium adatoms with changing ¢. Another task
was a detailed investigation of the phase transitions in these
systems for the purpose of further study of their influence on
the film properties.

EXPERIMENT

The atomic structure of lithium films was investigated
by the LEED method using glass devices in which the sam-
ples could be heated to T = 2400 K and cooled with liquified
gas (usually nitrogen). The construction of the device used to
study the Li-W(011) system made possible cooling the sam-
ple with liquid helium.® The intensity of the LEED reflec-
tions was measured with a telescopic photometer. The work
function was measured by the contact-potential-difference
method, using either the LEED electron gun or a three-elec-
trode gun that could be moved close to the crystal. The de-
tails of the experimental procedure (including temperature
measurements, determination of the coverage, the decrease
of the effect of the electron-stimulated disorder on the mea-
surement of the LEED reflection intensity), as well as the
sample preparation, are described in Refs. 6 and 9. A high-
purity atomic lithium beam was produced by an evaporator
designed by Gavrilyuk and Medvedev.'° The films were eva-
porated in measured batches, after which they were an-
nealed when necessary. Annealing to 7= 70-100 K was
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needed to obtain a sufficiently perfect structure at low cover-
age (#<1/3), and to a temperature closer to the desorption
temperature at larger coverage (e.g., to 600 K at ¢ = 2/3).
Growing films with as perfect a structure as possible was
particularly important for the Li-Mo(011) system, for in this
case the lithium surface density was determined only from
structure-analysis data under the assumption that a maxi-
mum of the work function vs coverage corresponds to a clo-
sely packed monolayer. The results in this case were then in
agreement for different coverages. For the Li-W(011) sys-
tem the graduation of the surface density of the adatoms was
additionally monitored against the known'? density depen-
dence of the work function.

For W(011) we investigated the structure of films in
thermal equilibrium (annealed) as well as of those not in
equilibrium (evaporated directly on a substrate cooled to
T =5 K). In nonequilibrium films there is no long-range
order in the entire submonolayer region, but there are cer-
tain short-range order forms, as attested by the anisotropy of
the scattering intensity on the LEED patterns (Figs. 1a, 1b).

At 9<1/9 the structure cannot be made perfect by an-
nealing. It appears that at large distances between adatoms
their interaction is weak and the order—disorder transition
temperature does not exceed the temperature at which the
adatoms have noticeable mobility, so that the so-called chao-
tic phases, characterized by LEED patterns with smeared

FIG. 1. Electron-diffraction patterns: (a—e) for
films Li-W(011), 7= 5 K (a, b) not annealed, (c—e)
annealed at 300 K); f) for films Li-Mo(011), T = 77
K (annealed at 250 K). Coverage and electron ener-
gy (eV): a) — 1/8 and 17 (at this energy one cannot
see the substrate reflections, only the surrounding
specular reflection); b) — 2/3; 17; ¢) — 1/20, 40; d)
— 1/8, 40; e) — 4/9, 26 (only the film reflections
are seen); f) — 9/28, 76.
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reflections, can set in (Fig. 1c).

The first well-ordered structures in annealed films ap-
pear at sufficiently low 7 in the vicinity of 4 = 1/8 (Fig. 1d).
With increasing & the additional reflections move continu-
ously away from the main ones. At values ¢ = 1/8, 1/6, and
1/4 the diffraction patterns of the commensurate structures
¢(2X4),(3X2),and c(2 X 2) are observed. Just as the centered
cells labeled “c,” the (3 X 2), cell is not primitive, and to des-
ignate the number of adatoms in it we shall use here and
elsewhere a numerical subscript. In the region ¢ = 1/4-1/3
one can see a picture of the LEED patterns corresponding to
the ¢(2 X 2) and ¢(1 X 3) lattices, while in the region ¢ = 1/3—
5/9 there is also superposition of LEED patterns corre-
sponding to two structures (Fig. le); the first is ¢(1 X 3) as
before, possibly shrunk somewhat because of admixture of
denser cells (the electron-diffraction pattern shows satellites
in addition to the ¢(1 — 3) reflections), while the second is
tentatively designated (3 1)* and its model will be dis-
cussed below. Figure 2a shows the intensity variation of the
reflections (3X2),, ¢(2X2) and ¢(1X 3) as functions of the
coverage I (). The horizontal rows of the (3 X 1)* reflections
that remain after the ¢(1 X 3) reflections vanish at ¢ = 5/9
merge into single reflection as ¥ increases further from 5/9
to 2/3. The latter reflections shift into positions correspond-
ing to the structure (3 X 1),, so that the electron diffraction
pattern takes the form described in Ref. 4. The increase of ¢
in the sequence 2/3, 3/4, 4/5, 5/6, etc., to 1 leads to the
appearance of the LEED patterns described in Ref. 4 (the
additional reflections divide the distance between the princi-
pal ones along the (011) axis into an integer number of
parts), except that in Ref. 4 the values & = 1/3, 1/2, 3/5, 3/
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FIG. 2. Intensity of reflections of film I (1 — 4) and work function ¢ (5-9)
vs the coverage ¥, and also schemes of structural transitions of submono-
layer lithium films adsorbed on the (011) surface of tungsten (a) and mo-
lybdenum (b). Curves 1-3) for respective reflection of annealed films
(3X2),, (2 2) and ¢(1X3), T=5 K; 4) for ¢(1X3), T=77K; 7, 9) for
non-annealed films adsorbed at 5 and 77 K, respectively; 5, 6, 8) for an-
nealed films at T = 5, 300, and 77 K, respectively. (RF)—random phases,
(Z)—structures of the cell-mixture type, (FOPT)—first-order phase tran-
sition; the boundaries of the FOPT regions are marked by vertical lines;
the arrows indicate the stoichiometric values of ¢ for the corresponding
structures.
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2, and 3/1 were determined for them. The causes of the dis-
parity can be either the ambiguity in the possible interpreta-
tion of the electron—diffraction patterns or the absence, at
room temperature, of ordered structures of a different type
that might be used to determine the adatom density. At
¢ = 1 all the additional reflections vanish; the films struc-
ture apparently duplicates the substrate structure.

The thermal stability of the described structures in-
creases with increasing degree of coverage. At #<1/3 it was
investigated in Refs. 5 and 12; we recall that the disorder sets
in below room temperature (100-235 K). We note that at
¢ = 1/8-1/4 the diffraction patterns observed for thermally
disordered films do not differ from those obtained for non-
equilibrium (non-annealed) films at the same coverages. In
the (3 1)* structure and in the transition region ¢ = 5/9-
2/3 the order is also preserved only at low temperatures
(=200K). The (3 X 1), structure is the first ordered structure
that exists below room temperature. In the region >2/3 the
influence of the temperature on the character of the order
has the following feature. In well-annealed films the addi-
tional reflections have an oval shape at the exact values
4 =2/3,3/4,4/5, etc. If TR 200 K their shape remains the
same also at intermediate values of ¢, and with changing ¢
they are continuously shifted. But if T is lowered, one-di-
mensional splitting appears at intermediate ¢ and the indi-
cated reflections are broadened along {(011).

The experiments on Mo(011) were performed at 7>77
K. At liquid-nitrogen temperature the film becomes well or-
dered at coverages 1/6-5/9 without additional annealing. In
this rather wide range of coatings, two superpositions of the
LEED patterns are observed in succession, each consisting
of a pair of reflection systems. One of these systems, which
contains both pairs, is shown in Fig. 1f, and the model of its
corresponding structure, designated for the time being
¢(1x3)*, will be discussed later. It is observed in the entire
range ¢ = 1/6-5/9 (the I /4 ) dependence is shown in Fig.
2.4). first, at ¢ =1/6-9/28, together with the strongly
smeared and weakened picture of the (3X2), structure
whose brightness decreases with increasing +, and then, at
& = 9/28-5/9, together with the pattern of the (3 1)*
structure (the same as for Li-W(011) in the 4 = 1/3-5/9
region), and its brightness increases with .

At > 5/9 the structure of the lithium films on Mo(011)
is the same as on W(011).
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FIG. 3. Temperature dependence of the intensity of the reflections of
lithium films adsorbed on 1) ¢(1X 3),,;2) (3 X 1)4; 3) (2X 1);. Also shown is
curve 4 for three-dimensional lithium crystals growing on top of the
¢(1X 1) coating.
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Figure 3 shows the temperature dependences of the in-
tensity of the additional reflections for the basic structures of
Li films on Mo(011); these dependences are indicative of the
thermal stability of these structures. Just as in the case of Li
adsorption on W(011), the ordering of the films at low cover-
ages (i < 5/9) sets in after substantial cooling. Thus, even the
liquid-nitrogen temperature is insufficient to order films
with ¢ = 9/28. The structure of denser films (¢ > 2/3) is sta-
ble almost up to the desorption temperature.

Figure 2 shows the dependences of the work function
(%) on the coverage obtained for lithium films under var-
ious adsorption and annealing systems. The minimum of the
@(¢) curve for the Li-W(011) system corresponds to a struc-
ture ¢(1 X 3) with an adatom density n = 4.7-10'* cm~2, in
good agreement with the density measured by the quartz
microbalance method.'® At T = 5 K the values of ¢ obtained
at the minimum and at other points, obtained for annealed
films, do not differ from the data given in Refs. 7 and 13 for
T=177K. '

DISCUSSION OF RESULTS

At low degrees of coverage (¢ < 1/3) the structures pro-
duced have an isotropic adatom distribution and large lattice
periods. The formation of such structures attests to the deci-
sive role played in this process by dipole-dipole interaction
between the adatoms. These structures include all the com-
mensurate centered structures obtained for the Li-W(011)
system, as well as the (3 X 2), lattice observed for both sys-
tems, as well as the (3 X 2), lattice observed for both systems.
Most of these commensurate structures exist in narrow coat-
ing ranges that correspond to their stoichiometry, as is
shown by the sharp peaks on the I (¢#)plot,e.g.,inthed = 1/
6 region (Fig. 2, curve 1). Atintermediate values of 7 the film
structure can no longer be made up of identical primitive
cells under the assumption that the adsorption is localized,
i.e., with all the adatoms located at the substrate lattice sites
(in structures of the lattice type). A transition to an incom-
mensurate phase is not very likely because of the relatively
deep potential relief of the substrate (~0.1 eV, Ref. 7). The
continuity of the process of film compression with increasing
1, and the corresponding observed continuity of the shift of
the additional reflections in this case, can be explained on the
basis of the model previously proposed'* for the Sr-W(011)
system, with mixing of cells that are close in size (2 struc-
tures). That this structure is defective is revealed by the con-
siderable decrease of the intensity and by the broadening of
the reflections, which is observed, e.g., on going from ¢ = 1/
6tod = 1/4 (Fig. 2, curves 1 and 2). At large lattice periods,
however, the broadening is smaller than the instrumental
broadening’® and is therefore not observed at small .

When lithium was adsorbed on Mo(011), the ¢(1x 3)*
structure, not encountered previously, was observed in the
region of small besides ¢(3X2),. The additional reflections
are located on the electron-diffraction pattern (Fig. 1f) at
about the same places as for the known structure c(1 X 3), but
they are split into doublets of unequal intensity. The splitting
of the reflections on the electron diffraction pattern is remi-
niscent of the pattern obtained for antiphase domains.'¢ For
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its interpretation we calculated in the kinematic approxima-
tion the domain structure factor of the ¢(1 X 3) structure as a
nonprimitive cell with different displacement vectors on a
domain wall passing parallel to the (011) axis. Figure 4a
shows for the ¢(1 X 3) structure a model that satisfies best, in
accord with the results of the calculation of the structure
factor, the electron—diffraction singularities described
above. The corresponding value ¢ = 9/28 agrees well with
the experimental value at which I (¢ ) goes through a maxi-
mum. In contrast to antiphase domains, on the wall between
which the displacement vector is half the film lattice period,
here it is equal to 2/3 of the ¢(1 X 3) lattice period, and it is
this which causes the different intensities of the doublet com-
ponents.

Obviously, the formation of domains with disordered
walls is due to the mismatch of the film and substrate struc-
tures. Thus, assuming dipole—dipole interaction between the
adatoms, one might expect the film to have an isotropic hex-
agonal configuration that is not commensurate with the
slightly elongated triangular structure of the substrate. In
this case, however, the displacement on the domain wall in-
creases rather than decreases the anisotropy of the film
structure. The dipole—dipole interaction can therefore hard-
ly play any role in the formation of domain walls such as in
Fig. 4a. Judging from the anisotropy and long-range action
of the factor that leads to the onset of domains, indirect in-
teraction should play the major role. Additional proof in
favor of this assumption is the appearance of the ¢(1x3)*
phase in the form of islands, which can be regarded as a
manifestation of the spatially oscillatory character of the in-
teraction between the adatoms. Thus, besides the features
typical of dipole—dipole interaction, features of indirect in-
teraction appear in the atomic structure of a lithium film on
Mo(011) in the region ¢ =1/3.

The geometry of the electron diffraction patterns ob-
served for both substrates at large coverages (#>2/3), name-
ly the absence of additional reflections on the lines joining
the main reflections along the (100) axis, leads to the unam-
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FIG. 4. Structure models: a) ¢(1 X 3)*; b) (3 X 1),; ¢, d) incommensurate and
lattice structures at ¢ = 5/9. 4, and A4, are the translation vectors of the
incommensurate cell. On the left is shown the substrate ¢(1X 1) structure
cell with periods a, and a,. The shaded circles designate adatoms.
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biguous conclusion that the structure of the film comprises a
set of rows parallel to the (100) axis, in which the adatoms
are packed almost flush one against the other and duplicate
the sequence of the substrate surface atoms. The average
distance between the rows along the (011) axis direction
cannot be established unambiguously from the form of the
electron diffraction pattern, and is determined for each
structure, as mentioned above, with account taken of the
data on the coating data obtained either independently'® or
in accord with other structures for the same system. An im-
portant role in the choice of the structure model, however, is
played also by the question of whether these rows are equally
spaced or whether their distribution is affected by the sub-
strate potential relief. The fact that the adatoms duplicate
along the row the periodicity of the substrate is evidence in
favor of the premise that the adsorption of the lithium in this
coverage range is localized. A more acceptable model of the
film structure is therefore the lattice model, in which the
substrate relief is followed not only by the adatoms in each
row, but also by the row itself, while the average distance
between the rows is maintained equal to 1/4 of the distance
between the rows, owing to the presence of a structure with
more or less equally spaced vacant rows. Thus, in the (3 X 1),
structure at 4 = 2/3 (Fig. 4b), two rows of adatoms alternate
with one vacant row, while in the structure (2 X 1); at ¢ = 3/
4 three rows of adatoms alternate with one vacant row, etc.
The range of the effective mutual repulsion of the vacant
rows is rather long: after a thorough annealing it was possi-
ble to obtain structures of vacant rows with periods up to
nine inter-row distances of the substrate. Even larger periods
were recorded in their substructures observed at 7' < 200 K.

The electron-diffraction pattern of the ¢(1 X 3) structure
at ¢ =5/9 (Fig. le), which precedes the formation of the
rows along the (100) axis, can also be ambiguously inter-
preted. Similar diffraction patterns were observed earlier for
the Pb—W(011) system, and incommensurate-structure mod-
els were proposed for them.'” Figure 5 illustrates the princi-
ple underlying the choice of the reciprocal-lattice cell by
starting from the arrangement of the reflections on the elec-
tron-diffraction pattern (Fig. le) and with account taken of
the experimentally established value ©=0.55. Figure 4c
shows the corresponding cell of the incommensurate adatom
structure. An electron diffraction pattern of the same geom-
etry, however, is obtained also for the lattice structure in the
form of domains with ordered walls (Fig. 4d). Calculation of
the structure factor of the nonprimitive cell of this structure
has shown its intense reflections to be in the same positions
as the complete system of reflections, including satellites
from multiple scattering) of the incommensurate film whose
model is shown in Fig. 4c. In the structure shown in Fig. 4d it
is possible to separate bands (I) that consist of (3 X 1), cells
and alternate with bands (II) of less dense cells (with local
& = 1/2). The mutual approach of the additional reflections
as ¢ is varied from 5/9 to 2/3 can be interpreted as a decrease
of the width of the bands (II), until they are completely
crowded out. We emphasize that this is not a first-order
transition, since the film is macroscopically homogeneous.
In the region ¢ = 5/9 — 2/3 the proposed lattice models
agree better as J—2/3 with the row model than incommen-
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FIG. 5. Arrangement of LEED reflections at ¢ = 5/9. Light circles—
reflections of substrate, dark—of film, the crosses mark the positions of
the (3 X 1), reflections at which are merged additional reflections that
move along the symmetry-axis line as #—2/3; A[ 'and A; ' are the reci-
procal-lattice vectors for the incommensurate structure cell.

surate-structure model, and the former should therefore be
given preference.

At d>5/9 the adatom density is already high enough to
be able to realize within the scope of the lattice-structure
model an isotropic adatom distribution such that they are
more or less equidistant. In this case, however, the tendency
of the adatoms to repel one another, should manifest itself at
the onset of an isotropic vacancy structure, for example
¢(1X3), at ¥ = 3/2, and the symmetric adatom structure
c(1x3) at 4= 1/3. Instead, noticeably anisotropic row
structures along the (100) axis are produced. The formation
of anisotropic structures is evidence of an increased role of
indirect interaction compared with the dipole—dipole inter-
action on going over to larger lithium coverage.

In Fig. 2 are summarized, in the form of structure-tran-
sition schemes, the proposed models of the low-temperature
structures of annealed films. The coverage regions 1/4 — 1/
3, 1/3—5/9 on W(011) and 1/6 —9/28, 9/28 — 5/9 on
Mo(011) are two-phase, and the film grows in them via a first
order phase transition (FOPT). This is also in agreement
with the linear variation of ¢() in the indicated region. In
the remaining range of J the submonolayer films are single-
phase. A number of ¢(:} ) features that are distinctly observed
in experiments on Li-W(011) with temperature variation
confirm the earlier conclusion that short-range rather than
long-range order influences the work function.'® These in-
clude the noticeable change of @ on melting of a two-phase
film, as well as on annealing of dense coatings (¢ > 2/3). In
these cases the change of g is observed either when the short-
range order change, or on going from a random distribution
to an ordered one.

Inlight of the singularities of the structure of Li films on
W(011), let us examine the behavior of certain surface-diffu-
sion parameters measured in Ref. 7. We recall that the sur-
face-diffusion coefficient in the submonolayer region of
goes through a number of maxima, two of which are due to
first-order transitions at ¢ = 1/2 and 5/9. A similar correla-
tion was observed earlier also for the Ba—-Mo(011) system.®
Thus, the presence of a maximum of D (¢ ) and the linearity of
@[ ) point to a possible first-order transition. The causes of
the increased mobility of the adatom layer in the region of
the first-order transition was discussed earlier.® The maxi-
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mum of D (), however, can have also other causes: thus, two

maxima were observed also in the single-phase region

0.1 < <0.25 (= structures).” A maximum of D (&) is there-
fore not a sufficient indication of a first-order transition.

In the entire submonolayer region, the structure of the
lithium films on both substrates can be represented by lat-
tice-type models. In this respect these films have an unusual
behavior compared with other electropositive adsorbates,
for which incommensurate hexagonal structures were ob-
served at large coverages. Both the localized character of the
adsorption and the manifestation of the indirect interaction
in the anisotropy of the film structure at ¢ > 5/9 are appar-
ently due to the small dipole moment of the Li adatoms.
Since, however, the indirect interaction falls off on the (011)
face like R —3 (Ref. 3), and the dipole-dipole interaction like
R 3, atlarge distances (at small ¢} ) the second predominates
nonetheless, and at short distances (large ¢ ), the first. For the
systems investigated, the largest distance on which a predo-
minantly indirect interaction is observed is approximately
two substrate periods (obtained as the averaged period of the
filmin the ¢(1 X 3)* structure of Li-Mo(011), see Fig. 4a). It is
probable that the first-order transitions observed in exten-
sive regions of ¢#, within which effective attraction forces act
between the adatoms, are also due to indirect interaction. On
furrowed (112) faces of W and Mo, the indirect interaction of
the adatoms gives rise to modulations with a period on the
order of several substrate lattice constants, which are differ-
ent on W and Mo."® In lithium films on the (011) faces of W
and Mo the indirect interaction becomes the decisive factor
in the formation of the structure only at substantially shorter
distances between the adatoms, which are unfavorable for
the observation of modulations of this kind. However, even
at small coverage the indirect interaction apparently in-
fluences the film structure. Arguments in the favor of this
statement were already presented above in the discussion of
the ¢(1X 3)* structure. In addition, the difference between
the structures of the lithium films on the substrates, which
are practically the same from the point of structure, is evi-
dence that the interaction between the adatoms is not pure
dipole-dipole.
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Thus, when adsorbed on the (011) face of W or Mo,
lithium behaves as an intermediate adsorbate, which exhib-
its at small coverage symptoms of the predominately ionic
bonding inherent in other electropositive elements. At large
coverage the bond is metallic and the lithium comes closer to
adsorbates that have physical and chemical properties simi-
lar to those of the substrate.

The authors thank V. K. Medvedev for supplying the
lithium source and A. G. Naumovets for a helpful discussion
of questions of surface diffusion.
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