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Abstract. Ordering of dysprosium on Mo(112) up to 1.5 monolayers has been investigated by LEED and
work function analysis after adsorption at 100 K and annealing between 200 and 1000 K. At low annealing
temperatures (< 350–600 K) ordered structures are found, which are changed or even destroyed irreversibly
by annealing steps to higher temperatures. At coverages, θ, up to 0.3 monolayer a (6× 1) not strictly com-
mensurate chain structure is seen, which coexists up to θ = 0.58 with a one-dimensionally incommensurate
c(1.56 × 2) structure. At higher coverages up to the physical monolayer at θ ≈ 0.77, incommensurate
(n × 2) followed by oblique (n × 1) structures are seen with n continuously variable with coverage. The
second layer forms a p(1.33× 1) structure. Annealing to higher temperatures causes irreversible structural
transitions with strongly coverage dependent properties. Up to θ = 0.58, only a glass-like disordered phase
is formed, which cannot be ordered again. In contrast, the rectangular incommensurate structures between
0.58 < θ < 0.68 remain unchanged upon annealing, whereas the structures at higher coverages and those of
the second layer are transformed into commensurate (s× 1) structures with integer s. Geometrical models
are presented for the non-annealed structures and possible origins for the two-dimensional concentration
dependent vitrification of the Dy layers are discussed.

PACS. 68.55.-a Thin film structure and morphology – 64.70.Pf Glass transitions – 61.14.Hg Low-energy
electron diffraction (LEED) and reflection high-energy electron diffraction (RHEED)

1 Introduction

The formation of linear-chain structures at low coverages
with large distances between chains (up to 8 lattice con-
stants) is a peculiarity of adsorption of atoms of many elec-
tropositive elements on channelled metal surfaces, such
as the (112) faces of bcc crystals [1]. These have a sim-
ilar structure as the (110) fcc surfaces. A particularly
rich variety of the chain structures has been found for
alkaline-earth but also for rare-earth adsorbates. This was
attributed to the rather large electron density in their va-
lence shells and the moderate dipole moments as com-
pared to those for the alkali electropositive adsorbates.
These features are believed to be responsible for a greater
weight of the indirect interaction between the adatoms,
i.e. the interaction mediated through the substrate elec-
trons, relative to the dipole-dipole repulsion along the
channels, so that the formation of the chain-like struc-
tures is favoured [1]. Contrary to the (110) surfaces of Au
or Pt, on which superperiodicities are observed that differ
from the bulk, the Mo(112) surface shows a (1 × 1) peri-
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odicity [2]. Only relaxations of the topmost layers, typical
for open surfaces, have been found. The chain formation of
the adsorbates mentioned above is not coupled with large
reconstructions either, as revealed by LEED-IV structural
analyses on the Li/Mo(112) [3] and Sr/Mo(112) [4] sys-
tems. From the adsorbate induced relaxations found in
these studies, however, a subtle balance can be concluded
between effective short range interactions that are respon-
sible for the chain formation normal to the troughs of the
substrate, and long range interactions due to Friedel oscil-
lations of the charge density at the Fermi surface caused
by the adsorbate induced redistribution of charge. For the
latter mechanism to be effective with different sizes of unit
cells, modifications of surface states must be involved.

However, some systems, namely Dy/Mo(112) and
La/Mo(112) have been reported [1,5] to violate the men-
tioned regularity, i.e. no chain structures have been ob-
served in spite of their rather small dipole moments (1.3 D
and 1.8 D, respectively), whereas similar systems, char-
acterized by even larger dipole moments, e.g. 3.6 D for
Ba/Mo(112), obey the general trend. To investigate pos-
sible reasons of the above irregularity, we have undertaken
a more detailed study of structure and work function
changes in adlayers of dysprosium on the (112) surface
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of molybdenum. Contrary to the results just mentioned,
we have found a chain-like structure at the early stage of
Dy adlayer growth. This structure, however, turns out to
be unstable against annealing. It is remarkable that most
other ordered structures are also stable only at relatively
low temperature. Upon high-temperature annealing, these
actually metastable structures undergo irreversible tran-
sitions to more stable phases or to a glassy state. In this
paper, we have investigated this interesting behaviour in
detail. In Section 2 we describe the experimental condi-
tions, the results are presented in Section 3 and their dis-
cussion in Section 4. Section 3 is split into two parts, one
devoted to the low-temperature metastable phases, and
another describing the annealing driven transitions.

2 Experimental

To perform the experiment, we used the UHV system and
the experimental set-up described earlier [6–8]. Briefly,
a SPECTALEED instrument equipped with a slow scan
CCD camera was used for studying surface structure. The
contact potential difference (CPD) method was used for
monitoring work function changes. The stored images of
the LEED patterns were used to obtain the peak inten-
sities and full widths at half maximum (FWHM) for the
particular spots. The same molybdenum specimen as in
our previous works [7,8] was used as substrate, which is
characterized by average (112) terrace sizes of 350 Å ×
550 Å along the [1̄1̄1] and [11̄0] axes, respectively. An
atomic-beam source of Dy was built in the form of a piece
of dysprosium metal spot-welded to a tantalum ribbon
serving as heater. A base pressure in the vacuum chamber
between 0.7 and 1.5× 10−11 mbar was kept all the time,
i.e. both during dysprosium deposition and subsequent
measurements. Auger electron spectroscopy was used to
check purity of the substrate and adsorbate. The coverage
θ is defined as the ratio of adsorbate to substrate surface
atom concentrations. It was determined from the depo-
sition time and from work function measurements cali-
brated by means of LEED in the coverage range θ = 0.68–
0.75. In this range of coverage the relation between cov-
erage and LEED pattern is unique, since a single-phase
incommensurate structure exists that undergoes uniaxial
compression.

Deposition of the adsorbate was carried out at the low-
est available substrate temperature (100 K) and the data
were taken for the overlayers both as-deposited and after
successive annealing to higher temperatures. Each anneal-
ing step lasted 10 s and was followed by a gradual tem-
perature decrease at a rate of −5 K/s back to the base
temperature. Most of the LEED observations were per-
formed at an electron beam energy of 55–67 eV, i.e. close
to intensity maxima of most superstructure spots.

3 Results

The structures described in the following sections have
been annealed up to temperatures less than those at which

annealing results in an irreversible structure transitions.
The latter vary with coverage, and are specified below.
Measurements have been taken usually at T = 100 K after
annealing to Ta, unless specified otherwise.

3.1 Metastable low-temperature structures

The first extra features in the LEED patterns which are
attributed to a (6 × 1) structure can be observed at a
coverage of 0.07. They are readily seen for as-deposited
films at the base temperature (T = 100 K). The location of
the extra spots does not vary as a function of coverage up
to θ = 0.3, only their intensities gradually increase. This
can be taken as evidence for growth of (6 × 1) islands.
While annealing the film, some sharpening of the extra
spots occurs up to an annealing temperature Ta = 200–
250 K. Figure 1b shows the pattern of the best ordered
structure (6×1). For this overlayer, i.e. close to a coverage
of 0.3, the average domain size, estimated from the inverse
half widths, goes up to 44 Å × 57 Å in [1̄1̄1] and [11̄0]
directions, respectively. It is remarkable that some of the
1/6-order spots show more anisotropy than others. This
can be taken as an indication for a splitting that is not
resolved with our instrument. This means that domain
walls exist in the film already at coverages far below 0.33
so that the average periodicity along the [1̄1̄1] direction is
not exactly equal to six substrate spacings.

Variation of temperature within the above limits
causes reversible changes in the peak intensity and full
widths at half maximum (FWHM) of superstructure (1/6-
order) spots. These are presented in Figure 2 for a coverage
of 0.23. The temperature dependence of intensity shows a
large Debye-Waller-like decrease already at low tempera-
tures, typical of highly anisotropic floating solids [9]. No
essential rise of FWHM is found in the range of reversibil-
ity despite of the significant decrease in intensity. There-
fore, no order-disorder transition occurs. This means that
the (6 × 1) phase at low temperatures shows the typical
properties of an incommensurate two-dimensional solid,
although the ratio of film-to-substrate spacing along the
[1̄1̄1] direction is very close to an integer number. Evi-
dently, temperature is not low enough for pinning of the
overlayer and its structure is not fully in registry with the
substrate. A similar behavior was found recently for rar-
efied Sr overlayers on Mo(112) [8] at temperatures just
above the depinning temperature.

Figure 3a shows a possible model of the (6× 1) struc-
ture which is consistent with the LEED pattern and with
the coverage at its maximum intensity. For simplicity, the
model does not represent the small deviations of the ad-
sorbate from the substrate registry perpendicular to the
chains. Since two atoms per unit cell must be present ac-
cording to our coverage calibrations, we suggest a two-
level location of adatoms, i.e. the formation of a double-
chain structure across the channels. Most chain-like struc-
tures reported earlier [1] (see also Refs. [3,4]) are formed
by primitive p(n × 1) unit cells such as that formed by
only one of the chains shown in Figure 3a. Although the
distribution of atoms within the unit cell, based on our
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Fig. 1. LEED patterns from Dy/Mo(112) overlayers formed
upon low-temperature annealing. Pattern from the clean sub-
strate (a) is presented for a reference, with the principal axes
and spots indicated. Coverage (monolayers): 0 (a); 0.25 (b);
0.46 (c); 0.68 (d); 0.74 (e); 1.4 (f). Annealing temperature (K):
200 (b); 400 (c); 800 (d); 500 (e); 200 (f). Electron energy (eV):
67 (a–c); 55 (d–f).
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Fig. 2. Temperature dependence of the peak intensity of the
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Fig. 3. Hard-sphere models for the ordered dysprosium over-
layers: (6 × 1) (a); c(1.56 × 2) (b); (1.5 × 2) (c); (1.34 × 1)
(d, domains of two mirror orientations are presented with the
domain wall marked by a dash-dotted line). Light open circles
show the topmost substrate layer, grey disks show the adsor-
bate layer. Darker balls correspond to increasing vertical depth.
Principal axes are indicated.

experiments, is not unique, this model is motivated by the
observation of a more complex chain, a zigzag chain, that
was found for the (6 × 1) Ba/W(112) adlayer [10]. This
diversity of chain formation indicates the complex nature
of indirect interactions between adatoms which is respon-
sible for chain formation [1,10]. A quantitative LEED-IV
analysis would be able to resolve the remaining structural
ambiguities.

Starting at θ = 0.3, a new LEED structure, c(1.56×2)
(see Fig. 1c), appears, which coexists with the (6 × 1)
structure in the wide coverage range up to θ = 0.58, i.e.
a new phase grows via a first order phase transition. We
note that the coverage value determined from the depo-
sition time and that calculated from the lattice constants
of the LEED pattern (θ = 0.64) for maximum intensity
of this structure still deviates by about 10%. It is con-
cluded that ≈10% of the surface is still not covered by the
c(1.56× 2) phase, possibly due to a lack of full equilibra-
tion. Annealing results in better ordering of the c(1.56×2)
structure in a limited range, below Ta = 400 K. It is clear
that this c(1.56× 2) structure is uniaxially incommensu-
rate (see Fig. 3b), since an incommensurability between
the adsorbate and substrate spacings, though small, was
reliably recorded.

At coverages θ = 0.58–0.68, the film undergoes uniax-
ial compression along the [1̄1̄1] direction, keeping a rect-
angular (n × 2) lattice, in which n varies between 1.56
and 1.47. The unit cell must be non-primitive and con-
tain two adatoms. However, in such a unit mesh, un-
like that observed at lower coverages, the second adatom
can not occupy a centre position. This is evident from
the presence of some fractional order spots, namely
(− 1

θ , 0), (− 1
θ ,−1), (− 1

θ , 1), which are clearly seen in
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pattern d of Figure 1. These would be extinguished for
centred structures. Figure 3c shows a possible real-space
model that is consistent with the mentioned LEED fea-
tures. It is worth noting that the (1.47 × 2) structure
is absolutely stable and does not undergo an irreversible
transition up to desorption temperatures.

The compression process causes an anisotropy of the
correlation length. This is manifested in the LEED spot
elongation that develops with increasing coverage (see
Figs. 1d and e). It should be noted that upon compression
of the (n×2) structure, an increase in anisotropy is coupled
with an increase of the correlation lengths (2Rc) along the
substrate channel direction, [1̄1̄1]. Indeed, as estimated
from the (FWHM)−1 of the fractional-order spots in Fig-
ures 1c and d, the value of 2Rc remains practically con-
stant across the channel (∼30 Å), but increases as much
as twice along the channel (from 41 to 84 Å).

The uniaxial compression continues with further in-
crease of coverage until a uniaxially close-packed mono-
layer (at θ = 0.77) is formed. In the coverage range be-
tween 0.7 < θ < 0.77 the unit cell (n × 1) is oblique,
no longer rectangular. This is obvious from the LEED
pattern shown in Figure 1e (note spot splitting in the
[11̄0] direction). Therefore, a coverage driven orientational
phase transition has occurred. At first sight, this transi-
tion seems to be similar to that observed recently in the
lithium overlayer on the same substrate at comparable
coverages [7,11]. If the deviation from the rectangular cell
sets in continuously as a function of coverage, this is char-
acteristic for an instability of the shear modulus, i.e. rows
of adatoms in adjacent troughs of the substrate can be
(almost) freely shifted against each other at the critical
coverage [7]. Theoretical treatment of this orientational
phase transition (OT) predicts [12] that the shear modu-
lus µ and the deviation of the angle α between the axes
of the unit cell from 90◦ must change near the critical
coverage θ0 as µ ∝ |θ − θ0| and α ∝

√
|θ − θ0|. Hence a

vanishing [11̄0] component of the correlation length, Rc,
is expected in the region of OT. This is not the case here,
as seen from Figure 4, which shows the coverage depen-
dences of the halfwidths and the inclination angle. No sign
of a vanishing Rc in [11̄0] direction was found in the vicin-
ity of θ0 = 0.68, which separates the regions of existence
of rectangular and oblique lattices. Although the steps of
adsorbate deposition used in our experiment were small
(∆θ = 0.03), it cannot be ruled out that the region of
vanishing Rc was missed, but it is more likely that the
orientational transition close to a coverage of 0.7 is of first
order, and has a very narrow coverage range of coexis-
tence. This type of transitions has been found before both
in experiments [13,14] and in theory [15,16]. The decrease
of α as a function of coverage above θ = 0.7, on the other
hand, suggests that, similar to the Li/Mo(112) system [7],
there may be a second critical coverage close to θ = 0.85
where a continuous transition back to the rectangular unit
cell would occur. Both the continuous increase of FWHM
as a function of coverage and a decrease of α, which is
compatible with a square root law and a critical coverage
of 0.85, point in this direction. Unfortunately, an increase
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Fig. 4. Coverage dependence of FWHM of LEED superstruc-
ture spots (upper panel) and of the inclination angle (lower
panel) of the unit cell in the region of the orientational transi-
tion. T = 100 K, Ta = 500 K.
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Fig. 5. Temperature dependence of the peak intensity of the
(−0.78,−0.82) LEED spot from the oblique structure (θ =
0.78) and of its FWHM.

of coverage beyond θ = 0.77 results in formation of the
second adsorbate layer so that this critical coverage can-
not be reached. The oblique structures are stable up to
Ta ≈ 550 K.

Both compressed structures, rectangular and oblique,
are floating solids. This can clearly be seen from Figure 5,
which shows temperature dependences of the LEED inten-
sities and FWHMs. They reveal typical properties of uni-
axial incommensurate two-dimensional crystals: the pro-
tracted intensity decay and the continuous increase of the
halfwidths [9].
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Fig. 6. Annealing-driven changes in intensity of fractional-
order LEED beams for different structures of the Dy overlayer:
(6×1)(1), c(1.56×2)(2), c(1.55×2) (3), rectangular (1.47×2)
(4), oblique (1.3× 1) (5), (5× 1) (6). The beam intensity after
annealing is always measured at T = 100 K.

The second layer deposited onto the close-packed first
monolayer forms a p(1.33 × 1) structure (Fig. 1f). The
mode of growth of the second layer seems to keep a quasi-
two-dimensional character only at low temperature (below
Ta ≈ 200 K) due to a limited mobility of the adsorbate.
The p(1.33 × 1) structure is evidently stable against an-
nealing up to Ta = 500 K. However, the intensity of its
LEED spots decreases and the pattern of the underlying
first monolayer appears. This indicates that coagulation
in the second layer occurs (formation of thicker islands
which occupy a smaller area). Evaporation of the second
layer, which also could result in a similar effect, can be
ruled out at these temperatures. Appreciable sublimation
of Dy is expected only at temperatures above 1000 K.

3.2 Annealing driven structure transitions

Low-temperature annealing steps always resulted in im-
provement of the overlayer order for any Dy coverages
above θ = 0.07. As a measure of the degree of order, we
use the peak intensity of LEED. Figure 6 shows a gradual
initial gain in intensity of fractional-order beams for all
coverages. However, at some coverages already annealing
temperatures above 350 K are sufficient to trigger irre-
versible changes in the Dy adlayers.

At θ < 0.58, the annealing effect is particularly un-
usual: a limited improvement of order for annealing tem-
peratures up to Ta ≈ 400 K is followed by an irreversible
deterioration of the previous order without transition to
any other ordered phase. This peculiarity is illustrated
qualitatively by the disappearance of the fractional-order
LEED spots in pattern (a) of Figure 7 and more quan-
titatively by intensity curves with local maxima followed
by virtual fading of intensity (see Fig. 6). In the coverage
region θ = 0.58–0.6, order is only partially lost upon high-
temperature annealing, but this effect is again irreversible,

                           (a)                            (b)

                           (c)                            (d)

Fig. 7. LEED patterns from Dy/Mo(112) overlayers formed
after high-temperature annealing. The patterns are recorded
at T = 100 K. Coverage (monolayers): 0.45 (a); 0.735 (b); 0.8
(c); 1.04 (d). Annealing temperature (K): 800 (a); 1000 (b, c);
900 (d). Electron energy: 55 eV.

as shown by the intensity curve for θ = 0.59 in Figure 6
which goes through a maximum and levels off at some in-
termediate intensity. In the following, we call “low anneal-
ing temperatures (LT)” those at which annealing results
only in improvement of order in a metastable structure
of the as-deposited film, whereas at “high annealing tem-
peratures (HT)” annealing drives an irreversible structure
transition.

Above θ = 0.58, annealing results in the “usual” ef-
fect of steady improvement of order. This is illustrated
for θ = 0.68 in Figure 6: the intensity of fractional-order
beams gradually increases and then levels off without any
anomalies. The relevant LEED pattern from the annealed
overlayer is shown in Figure 1d. In this particular case,
there is no difference between LT and HT annealing. It
should be noted that the lattice keeps its original sym-
metry upon annealing only in the narrow coverage range
θ = 0.58–0.68.

Films with coverages close to and above one physi-
cal monolayer (0.68 < θ < 1) also turn out to be un-
stable against annealing above 600 K. For coverages close
to θ ≈ 0.75, they undergo irreversible transitions from
the incommensurate oblique structure to a commensurate
(4 × 1), whereas at θ equal to 0.8 and 1, (5 × 1) and
(2 × 1) structures appear, respectively (see Figs. 7b–d).
The corresponding pair of intensity curves is presented in
Figure 6 for θ = 0.8. Whereas the (4 × 1) LEED pattern
can be interpreted as a “single-level” p(1.33 × 1) struc-
ture, the two latter patterns require a more complicated
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multi-L: multi-layer structure. Arrows show the coverages at
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atomic arrangement, e.g. similar to that suggested above
for the (6×1) structure. They may again consist of chains
on two levels (like those in Fig. 3a), but now in the second
monolayer, with an interchain spacing specified by θ. In
the range of θ = 0.68–0.75, the (4 × 1) structure coex-
ists with the (1.47×2) structure. The transitions between
(4× 1), (5× 1) and (2× 1) seem to proceed via mixed-cell
structures. Once these new structures are formed, they
are stable against evaporation up to 900 K and no other
transitions occur in the temperature range between 100 K
and 900 K.

The described irreversible transitions are summarized
in Figure 8. Please be aware that Figure 8 is not a phase
diagram! In this diagram, the overlayer conditions were
always tested at a standard temperature of 100 K. Con-
trary to a phase diagram, the temperatures indicated are
the annealing temperatures. As again seen from this fig-
ure, annealing of coverages between 0.07 and 0.58 above
350 to 400 K always results in a more or less complete
loss of extended order. Using the term “extended order”
we mean both long-range and quasi-long-range order un-
less a commensurate or incommensurate two-dimensional
crystal phase is specified.

The annealing induced structural modifications in the
adsorbed films are directly coupled with changes of work
function. The annealing effect on the work function is
readily seen from the coverage dependences taken for LT
and HT (1000 K) annealing (Fig. 9). Circles and crosses
at a given coverage mark the work function changes, ∆φ,
before and after HT annealing, respectively, i.e. the dif-
ference at fixed coverage is the annealing effect. The lines,
which are just guides to the eye, underline the observed
tendencies. At small coverages, |∆φ| is reduced upon HT
annealing by some amount over a fairly wide coverage
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range (i.e. up to θ ≈ 0.6). Between θ = 0.6 and 0.7, ∆φ
remains unchanged upon annealing, whereas for higher
coverages the effect is reversed, i.e. |∆φ| increases after
annealing. As seen from this figure, there is a remark-
ably good correlation between these variations and the
structural transformations upon annealing (compare with
Fig. 6). This correlation is even better seen by plotting
work function data as a function of annealing temperature.
This is done in Figure 10, where we plotted separately the
annealing induced work function changes for various fixed
coverages.
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4 Discussion

The set of structures of Dy overlayers on Mo(112) found
in our work before and after annealing to high temper-
atures is in a rather poor agreement with findings re-
ported in the early work [5] (see Introduction). Only the
c(1.56×2)structure has been observed both in reference [5]
and by us, but a discrepancy exists already concerning
the stability of this structure. Meanwhile experimental re-
sults have been reported for three other rare-earth ad-
sorbates on Mo(112), namely Gd [17,18], Ho [19] and
Yb [20], which qualitatively agree with our own results.
An annealing effect on the film structure has been ob-
served in all three cases, which is similar in many details
to that found by us for the Dy overlayers. In particular,
annealed low-coverage adlayers both of Gd and Ho show
no long-range order, whereas annealed high-coverage ad-
layers (θ > 0.67) form a series of structures similar to
those formed by Dy: c(1.5 × 2), (4 × 1) and (5 × 1). At
low temperature (T < 300 K), low-coverage films of Ho,
Yb and even La (see note in Ref. [21]) form metastable
chain structures. Therefore, the good agreement of our
data with those for other rare-earth systems on Mo(112),
which clearly show common trends for all of these sys-
tems, gives us confidence that our data are correct. At the
moment we cannot give an obvious reason why the data
reported in the early work [5] are at variance with ours.

The metastable structures of Dy on Mo(112) found be-
low room temperature fit into the large class of adsorbate
systems (mostly alkali and alkaline-earth metal atoms)
investigated on this strongly anisotropic substrate [1].
They can be classified into low-coverage chain struc-
tures with close packed chains normal to the substrate
troughs. These structures seem to be mostly coupled to
the “ionic” range of bonding [22], evident by a strong de-
crease of the work function. Note, however, that indirect
(i.e. strongly anisotropic) coupling between the adsorbed
atoms through the substrate electrons plays an important
role, since the simple dipole repulsion alone is not able to
produce the structures observed.

The high coverage incommensurate structures with
continuously variable lattice constants are formed in the
“metallic” range of bonding by chains along the substrate
troughs, typically above a coverage of 0.5. The peculiarity
in the Dy system is, however, that chains with two atoms
per unit cell seem to be formed both at low and at high
coverages. This shows the adsorbate specific variability of
interactions that must be mediated by the combination of
valence electrons of both the adsorbate and the substrate,
including the relaxations of all other electrons.

The formation of incommensurate structures already
for the low coverage chain structures has also been ob-
served for the Sr/Mo(112) system [8,4]. Here the p(8 × 1)
structure undergoes a depinning transition close to 120 K.
As mentioned above, the depinning transition in the
Dy/Mo112) system may occur at temperatures lower than
those available in the present system. As mentioned in
Introduction, we were able to show from studies of the
adsorbate induced relaxations in the Li/Mo(112) and

Sr/Mo(112) systems [3,4] that a coupling mechanism by
the oscillatory screening of the adsorbate induced distor-
tion of the electron density is effective. The variability of
structures seen in all these systems cannot be related to
the bulk electron density at the Fermi surface, but must be
due to adsorbate specific modifications of surface states.
Thus the effective screening length at the surface need
not be commensurate, and can induce incommensurate
(or high order commensurate) structures.

For the occurrence of glass-like phases without ex-
tended order, two ingredients are important: a strong po-
tential corrugation parallel to the surface that reduces
drastically the mobility of the adatoms at a given tempera-
ture, and/or comparatively weak forces of interaction that
would drive the system towards a new ordered state. Un-
der these conditions a high temperature disordered state
can easily be “frozen in” by subsequent cooling and it re-
mains in this state. This could happen, e.g., if the fraction
of Dy atoms postulated to have reacted with the surface
(forming a surface alloy) has a weak interaction with each
other, and if it effectively blocks diffusion. Indeed there is
evidence that diffusion along the troughs of the substrate
in the coverage range up to 0.5 is rather slow for annealed
Dy layers [23]. A diffusivity of D = 10−9−10−8 cm2/s
at T = 700–800 K is found in reference [23]. It is lower
by two orders of magnitude than that for strontium films,
e.g., adsorbed on the same substrate at comparable cov-
erages [24]. The diffusion experiments for Dy on Mo(112)
were carried out at temperatures which exceeded that of
the irreversible transitions from metastable ordered phases
(6× 1) and c(1.56× 2) to glass-like states. Therefore, the
data of that experiment should be related to the glassy
states found in our work or, perhaps, to already a very
viscous liquid-like state realized at 700–800 K. The sepa-
rately determined prefactors and energies of activation for
diffusion of reference [23] allow us to calculate the diffusion
coefficients in the temperature range Ta = 200–300 K opti-
mal for ordering of the metastable (non-annealed) phases,
with the result of time constants, τd between 105 and
103 s. This time is obviously much longer than that for
the metastable phases, since considerable improvement of
ordering after annealing to this temperature range has
been found. Hence this fact corroborates our suggestion
about the dramatic change of adatom mobility upon high-
temperature annealing.

The comparison with alkali and alkaline-earth metals
adsorbed on Mo(112) shows that, although substantial ge-
ometrical relaxations in the topmost substrate layers have
been found in the low-coverage films [3,4], no irreversible
transitions occur in these layers. This may be due to the
fact that adsorbed rare-earth metals form stronger and
more localized adsorption bonds since d and to a small ex-
tent f electrons are involved in bonding [1]. This stronger
interaction makes exchange with substrate atoms easier,
and might also deepen the substrate corrugation (possibly
also even for the non-alloyed surface). This seems to be a
possible reason why no long-range order was seen not only
in the annealed layers of the Dy system presented here,
but also in the annealed low-coverage overlayers of Gd
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Fig. 11. Coverage dependence of the difference between
the work function changes obtained after low- and high-
temperature annealing. Work function is measured at T =
100 K.

and Ho on Mo(112) [18,19]. The suggestion [19,25] that
this phenomenon might be due to extremely small lat-
eral interactions caused by an adsorption induced strong
reduction in the density of surface states mediating this
interaction, could assist the glass formation. The partial
reaction step, however, seems to be important, since with-
out partial reaction the weakening of long-range lateral
interactions would result only in a replacement of long-
period chain structures by other short-period ones. Note
that in the relevant case of rare-earth metal adsorption
on Ta(112) with absent surface states, formation of or-
dered short-period structures upon HT annealing is found
starting already at θ ≈ 0.2 [26].

With respect to the Dy/Mo(112) system, the observed
annealing effect on the work function is fully compatible
with the suggestion that the annealing driven disorder in
the Dy/Mo(112) overlayers comprises an irreversible step
of reaction at low coverages, which seems to reduce the
adatom mobility of higher coverages. As seen in Figure 9,
the ∆φ curves for LT and HT annealing run almost in
parallel at coverages below ≈ 0.5. A natural explanation
of this behaviour is that upon HT annealing a small frac-
tion of adsorbate species, ∆θ, reacts with the surface and
does not contribute any more to the dipole moment of the
layer. With this assumption ∆θ is found to be 0.07. To dis-
play the ∆φ variation caused by HT annealing at specific
coverages, we plotted in Figure 11 the difference of∆φ be-
fore and after HT annealing as a function of coverage. This
plot can be divided up into several linear segments that
directly correlate with the various phases and their tran-
sitions upon annealing. The initial rising segment ends at
a coverage of 0.07. Also the constant difference of 0.23 eV
for coverages up to 0.4 between the ∆φ curves before and
after HT annealing corresponds to the same amount of

“missing” coverage that obviously does not contribute to
δφ. In other words, the process of incorporation of Dy
atoms saturates at this concentration, and only this con-
stant amount, not a certain fraction of coverage seems to
be incorporated into the first layer forming a surface alloy
also at higher coverages. This first step of incorporation
happens most likely at random, a precondition for the for-
mation of the subsequent glass-like phase. The model of
the chain structure suggested in Figure 3 assumes a loca-
tion of half the Dy adatoms ontop of the substrate chains.
Effective smoothing of such a corrugated structure dur-
ing high-temperature annealing by incorporating the Dy
atoms into the first substrate layer may indeed result in
reduction of the negative value of work function change as
found in Figure 11. Since the coverage dependence of the
work function of the annealed layers in this coverage range
is the same as before HT annealing – only a small fraction
of coverage does not contribute –, this suggests a similar
local adsorption geometry for the majority of adatoms in
the annealed and non-annealed overlayers.

Above θ = 0.4, δ∆φ decays gradually, and almost van-
ishes at θ ≈ 0.6. The value of θ = 0.4 just amounts to
the sum of the Dy coverages incorporated into the surface
alloy and of the completed (6×1) overlayer. The value 0.6
coincides roughly with the appearance of the stable (n×2)
phases. These incommensurate phases, which seem to con-
sist of flat layers on a single level (Fig. 3c), show very small
δ∆φ’s in the range of their existence (coverages between
0.58 and 0.68). This is evidently a consequence of the in-
variance of their structure upon annealing. Since the film
structure is unique here both in the non-annealed and an-
nealed overlayer, we checked directly with LEED whether
some fraction of coverage could still take part in the sur-
face reaction during annealing. From the invariance of lat-
tice spacing in the temperature range Ta = 100–1000 K we
conclude that no reaction has occurred within an accuracy
of 1% of a monolayer. Thus both work function and over-
layer ordering provide evidence that the partial reaction
found at lower coverage, instrumental for glass formation,
is absent in this coverage range. Considering the anneal-
ing effect as a function of coverage, this means that the
cause for disorder must have disappeared at θ ≈ 0.6. The
reduction of δ∆φ at coverages between 0.4 and 0.6, i.e. in
the range of transition from “two-level” to “single-level”
structures, seems to point also in this direction. It is worth
noting that near θ ≈ 0.7, the diffusivity grows significantly
forming a peak of more than two orders of magnitude [23].

The disappearance of the vitrifying transition for dense
submonolayers correlates roughly with the electronic tran-
sition from the state of a local polar/covalent bond to a
more delocalized metallic bond [27]. Due to direct inter-
actions at high coverage, the adatom electrons contribute
most to the formation of their own surface bands. It seems
to be reasonable that adatom electrons, being involved
in formation of its these bands, exert a minor effect on
the substrate, so that adsorption-induced substrate cor-
rugation may be reduced at dense coverages. A similar
coverage-sensitive reconstruction phenomenon has been
found for many adsorption systems [28].
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At last, in the region θ = 0.68–1.0, for which the an-
nealing driven “two-level” phases are suggested to replace
the “single-level” ones, an increase of |∆φ| by annealing
was found, as expected by a higher corrugation of the
adlayers. This effect is opposite to that observed for the
low-coverage range (θ ≤ 0.07) where annealing results in
smoothing the adlayer. This finding gives an additional ar-
gument for models with two-level location of Dy adatoms
in the (6×1) structure (see Fig. 3a) as well as in the (5×1)
and (2× 1) structures, which were motivated not only by
the LEED patterns and their coverage relationship, but
also by the work function changes occurring concurrently
with structural transitions induced by annealing.

5 Conclusions

Rare earth elements like dysprosium on strongly corru-
gated transition metal surfaces seem to react stronger
with the surface than alkali and alkaline-earth metals.
This makes the adsorbate induced structures formed at
low temperature metastable.

The Dy system on Mo(112) is a particularly interesting
case since both the metastable and the annealed structures
can be observed and studied in detail. The both low- and
high-coverage metastable structures fit into the class of
systems found in adsorbed alkali and alkaline-earth metals
on this and similar surfaces, although the details make
the variability of possible interactions in these systems
evident.

The annealing driven transition to a glass-like phase
at coverages up to 0.58 seems to be coupled with partial
reaction with the first substrate layer, which also changes
the work function by a constant amount. It leads to a
strong reduction of the diffusion coefficient in these layers
so that the formation of a two-dimensional glass becomes
understandable.

Interestingly, close to completion of the first ad-
sorbed layer the annealing driven vitrifying effect vanishes,
whereas at higher coverages annealing produces new or-
dered states. This change of behaviour is correlated with
the transition from the more ionic type of adsorbate bond-
ing to the surface to a metallic bond. This may also cause
a structural change at the interface so that the adsorbed
Dy atoms again form a smooth interface at these high
coverages.
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