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Two-dimensional Yb on a Mo(110) surface
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The adsorption of Yb on a Mo(110) surface is studied by Auger electron spectroscopy, work-
function-change (b,P) measurements, low-energy electron difFraction, thermal desorption spectros-
copy, and energy-loss spectroscopy with the goal to determine the coordination range which can
be obtained in a controlled manner. It is found that the number of nearest neighbors may be
changed from 0 to 12 by going from a dilute two-dimensional gas to a multilayer, and that in cer-
tain coverage ranges the interatomic distances may be varied continuously. This makes such two-
dimensional systems ideally suited for the study of the influence of coordination on the electronic
structure.

I. INTRODUCTION

The rare-earth metals and their compounds have been
a challenge to the solid-state physicist for many years
because of their unusual electronic, magnetic, and
structural properties. These unusual properties are a
consequence of the overlap of the electronic energy lev-
els of the localized 4f and the delocalized Sd6s states. A
particularly interesting phenomenon is the mixed- or
intermediate-valence behavior the valency as measured
with various probes is observed to be nonintegral. This
behavior is seen in systems containing Ce, Sm, Eu, Tm,
and Yb and occurs whenever the energies of the
4f "(Sd6s) and of the 4f " '(Sd6s) configurations are
sufficiently close so that fluctuations between the two
valence states can occur. The energetic proximity of
these levels depends upon the number, distance, and na-
ture of the neighbors of the rare-earth ion cores, which
can be changed by pressure, temperature, or compound
formation and last but not least by changing the dimen-
sionality of the system. This can be achieved by going
from the three-dimensional bulk to the two-dimensional
surface or to an adsorbed layer. The surface may be
considered as a self-adsorbed layer and may be separated
from the bulk by varying the depth sampled by a
surface-sensitive probe such as photoelectron spectrosco-
py via its angle and energy dependence. In this manner
it has, for example, been concluded that the mixed
valency of Sm metal is not due to temporal valence Auc-
tuations but due to spatial valence variations, with
trivalent Sm in the volume and divalent Sm in the sur-
face.

A more flexible way to study the inhuence of number,
distance, and nature of neighboring atoms on the elec-
tronic structure of rare-earth metals is to use adsorbed
layers on single-crystal surfaces of materials with high
surface energy and high work function. In the submono-
layer range of these layers the density varies continuous-
ly or discontinuously, with ordered structures at
sufficiently low temperatures. Varying the coverage and
temperature, thus, allows one to vary the number and

distance of neighbors in pure rare-earth layers. By in-
creasing the coverage beyond one monolayer the transi-
tion to the bulk can be performed. In addition, coad-
sorption in the submonolayer or multilayer range enables
one to change the nature of the neighbors systematically.

There have already been many studies of the electron-
ic structure of rare-earth adsorption layers on several
single-crystal substrates using various electron-
spectroscopic methods. Most of them were concerned
with the prototype mixed-valence rare-earth metals Sm
and Yb on Al, Cu, Ni, Si, ' " and Ge (Refs. 9 and
12) surfaces. One problem encountered in the prepara-
tion of two-dimensional ordered systems is clustering,
which is sometimes of thermodynamic origin, ' and
sometim. es attributed to the lack of mobility of the ad-
sorbed atoms. Annealing sometimes produces order '
but frequently leads to reaction with the substrate. An
optimal substrate must ensure thermodynamic stability
of a two-dimensional layer at submonolayer coverage
and must be as stable as possible against reaction with
the layer at elevated temperature, while at the same time
encouraging multilayer formation. ' Such substrates are
the most densely packed surfaces of refractory metals
such as the (110) surfaces of W and Mo or the (0001)
plane of Re. These materials are of particular interest
also for the study of two-dimensional rare-earth com-
pounds because halogens, chalcogens, and other interest-
ing reaction partners of the rare-earth metals such as
other metals can be easily coadsorbed without reaction
with the substrate.

Adsorption layers on these surfaces usually have rath-
er complicated temperature-dependent structures as evi-
denced, for example, by the systems Eu, Gd, and Tb on
W(110).' Therefore a detailed structural characteriza-
tion is a prerequisite for a meaningful analysis of the
electronic structure. Such a characterization, specifically
for Yb on Mo(110), is the subject of this paper. The fol-
lowing techniques are used in this endeavor: Auger elec-
tron spectroscopy (AES) for characterization of the
growth mode, low-energy electron difFraction (LEED)
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for structure analysis, work-function-change (h(r)) mea-
surements and low-energy electron-loss spectroscopy
(ELS) for rough characterization of the spatial electron
distribution, and thermal desorption spectroscopy (TDS)
for estimation of the bonding of the adsorbed atoms and
for relative coverage determination.

dependent v and E values. Due to the complexity of the
spectra the resulting v(6) and E(6) values have only
semiquantitative character, but the coverage values ob-
tained by integrating the spectra are quantitative.

III. RESULTS

II. EXPERIMENTAL PROCEDURE

The experiments were performed in an ultrahigh-
vacuum (UHV) system with a base pressure of about
4 &( 10 " Torr. The Mo crystals were initially oriented
to within 0.05 of the (110) orientation but distorted
somewhat during the experiments and were therefore
changed after some time. The distortion reduced the
quality of the LEED pattern and caused minor changes
in the hP data. After thorough cleaning of the highly
polished crystals by extended heating in 02 at
1300—1400 K, no C, 0, or S signal was detectable in the
AES spectra. CO contamination during the experiments
never exceeded an amount corresponding to C-to-Mo
221-eV and 0-to-Mo 221-eV AES signal ratios of 1:300.
The crystal was heated by Joule heating and its tempera-
ture was measured with a W + 5 at. % Re —W + 26
at. % Re thermocouple and an optical pyrometer.

Yb was evaporated after extensive outgasing in well-
reproducible doses from, ~ to —,

' monolayers (ML) from
an indirectly heated Ta tube oven. During the experi-
ments the pressure did not rise above 6&10 " Torr.
The AES and ELS measurements were made with a
cylindrical-mirror analyzer in the derivative mode with
modulation amplitudes of 1 V peak to peak for the Mo
221-eV AES peak, 5 V peak to peak for the C and 0
AES peaks and 0.5 V peak to peak for the ELS spectra.
Only the Mo 221-eV peak was monitored during the
depositions because the strong overlap of the Yb and Mo
low-energy AES spectrum made a separation of the two
spectra too complicated. The primary energies were
1500 eV in the AES and 48 eV in the ELS measure-
ments, and normal incidence was used in both cases.

The b,P measurements were made in the constant-
current mode of the electron-beam retarding-field
method with a simple magnetically collimated electron
gun. An accuracy of +10 meV can be achieved easily,
but reproducibility is somewhat limited by the thermal
prehistory of the crystal and by the amount of residual
gas coadsorption during long experiments, in particular
in combined b,P-LEED, b,P-AES, and b,P-TDS measure-
ments. Nevertheless, the bP measurement was the sim-
plest and most reliable method for the correlation of the
results obtained with the various methods.

The TDS study was made with an average heating
rate of 9 Ks ' by desorbing into a quadrupole mass
spectrometer through an aperture which limited the ac-
cepted region on the crystal to its central part in which
the temperature gradient was typically less than 5 K at
1100 K. The desorption parameters in the rate equation
for desorption dn /dt = nv exp( E/k—T) (preexponen-—
tial factor v and desorption energy E) were derived from
the spectra with a revised version of a program' which
assumes a single desorption state with coverage- (6)
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FIG. 1. Mo 221-eV (M&N~SN45) Auger signal and work-
function change hP as a function of time of deposition of Yb
in —,'7 and 2'8 monolayer doses, respectively, onto a Mo(110)
surface at room temperature. On the top the coverage values
e, obtained from combined LEED and bP measurements are
shown.

Figure 1 shows the Mo 221-eV Auger signal and the
work-function change as a function of the deposition
time. The Auger signal can be fitted by three linear seg-
ments, which suggests the existence of three coverage re-
gions with different shadowing of the Mo substrate by
the adsorbed atoms. No monolayer (ML) calibration is
possible, however, on the basis of these data. Therefore,
b,P is used for this purpose. It is a general rule that
electropositive adsorbates have a local maximum of b,P
at 1 ML due to the atomic smoothness of the full layer.
This puts the monolayer (6„=1)at t =14.0 min as
seen in the b,P data of Fig. l. hP shows the coverage
(6) dependence typical for electropositive adsorbates:
after an initial linear decrease which is determined by
the dipole moment po of the individual atoms
(b.$=300X10 ' 4m. np, AP in eV, n in atoms/cm, p in
debye), hP passes through a minimum, here at —2.50
eV, rises to the ML maximum, here at —1.72 eV, and
decreases afterwards slowly again. The linear AP de-
crease after I ML indicates formation of a second ML in
the form of islands which are already large at the begin-
ning of the second ML. Three-dimensional island
growth or a two-dimensional gas in the second mono-
layer would be accompanied by a nonlinear b,P decrease.
The formation of a second ML is supported also by the
continued linear decrease of the Mo AES signal, which
does not even show the typical slope change at 1 ML.
This unusual behavior will be discussed elsewhere.

Returning to the bP data in Fig. 1, the linear seg-
ments indicated between minimum and maximum and
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the discontinuity at e, =0.43 have to be justified. They
are reproducible whenever the density of points is large
enough and are compatible with curves with more wide-
ly spaced points (see inset). They coincide with charac-
teristic changes in the LEED patterns (see inset) which
will be discussed in detail below. The beginning of the
first linear segment at 8 min coincides with the appear-
ance of the 10X2 pattern which changes to an n &(2 pat-
tern with e-dependent n at the first slope change at 10.1

min. The b.P discontinuity between 11 and 11.5 min is
connected with the transition from the n X 2 pattern to a
hexagonal pattern with 8-dependent periodicity. At the
last break before the completion of the monolayer the
pattern is a coincidence pattern but becomes incom-
mensurate again beyond the break. Therefore the slope
changes and the discontinuity are believed to be caused
by discontinuous changes of the atomic roughness of the
surface connected with the structural changes with in-
creasing coverage.

Some of the LEED patterns and the reciprocal-lattice
unit meshes derived from them are shown in Fig. 2. The
10X2 pattern [Figs. 2(a) and 2(b)] which increases from
a very weak and diffuse pattern at 8 min to a sharp in-
tense pattern at 10.1 min corresponds to a coverage—
referred to the substrate atomic density
n =14.277X10' cm —of e, =0.4. Figures 2(c) and
2(d) are from the transition region between n X 2 and
hexagonal pattern at about 11.2 min. n expresses the
continuous expansion of the reciprocal unit mesh in the
[001] direction with coverage. Finally, Figs. 2(e) and 2(f)
show the complex coincidence pattern at 12.6 min. In
addition to the strong reflections from the layer —which
are not located along the major reciprocal-lattice vectors
of the substrate —many multiple-scattering points can be
seen which allow very precise determination of the ad-
sorbate unit-mesh dimensions relative to those of the
substrate. From these the "LEED coverages" shown in
Fig. 3 are obtained by assuming that all sites in the ad-
sorbate lattice are occupied. Crosses indicate the 10&2
and n )&2 structures, solid circles the hexagonal struc-
ture. For the rotated hexagonal structure, the rms devi-
ation from the ideal hexagonal-unit-mesh angle 120' is
0.23 over the whole e range, decreases with increasing
e, and is within the limits of error. The relative cover-
ages agree exceedingly well with the relative deposition
times, which is to be expected because the TDS measure-
ments to be discussed below show that the sticking
coefficient s is constant, probably s =1, at least up to 1

ML. Above ez ——1 the geometry of the LEED pattern
which corresponds to e, =0.55 does not change any
longer so that the LEED and b,P data are internally con-
sistent. The second AES slope change occurs at the
transition from the commensurate 10& 2 structure to the
incommensurate n && 2 structure. This is, therefore,
caused by a change in the shielding of the substrate that
probably occurs when the completely uncovered sub-
strate areas disappear. The first AES slope change may
have the same cause but there are no supporting b.P or
LEED data.

The deduction of the atomic structure of the adsor-
bate from the reciprocal lattice is a difficult task because
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Flax. 2. LEED patterns [(a), (c), (e)] and reciprocal-lattice
unit meshes [(b), (d), (f)] of Yb on Mo(110). (a),(b) 10&&2 struc-
«re (8, =0.4). (c),(d) Coexisting n &2 (circles) and hexagonal
structure (triangles) at e, =0.435; 6

&
=0.6996, b 2 =0.700b,

7
~ =120.05', p=4. 81'. (e),(f) Hexagonal coincidence pattern at

6, =0.5; bi 0 737b, b2 ——0.7——38b., y =120.05, P=4. 81 . En-
ergies of LEED patterns: 79, 104, and 79 eV, respectively.
Squares: Mo reflections; large circles and triangles: Yb
reflections; small circles and triangles: double scattering
reflections.

it would require an analysis of the intensities of the
LEED reflections, which for such complicated patterns
is presently beyond the capabilities of the dynamical
LEED theory. Therefore structure models have to be
discussed which are compatible with the geometry of the
LEED pattern and the choice between them has to be
based on additional arguments. Figures 4(a) —4(d) show
four possible structure models of the 10&&2 structure of
which (b) —(d) differ only in the position relative to the
substrate. Model (a) is based on the frequently invoked
high-symmetry site hypothesis in which all atoms are as-
sumed to be in equivalent high-symmetry positions with
respect to the substrate. This can be realized by placing
all atoms in short bridge positions [Fig. 4(a)], which re-
sults in strongly differing nearest-neighbor distances
do, d „dzand in the formation of zigzag chains (dashed
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FIG. 3. Coverage as deduced from the LEED pattern as a
function of deposition time. Crosses: n X2 structure; solid cir-
cles: hexagonal structure.

lines) along the [110]direction. Chain formation along
[110] is often observed in adsorption on bcc(110) sur-
faces and zigzag chains have been invoked repeatedly.
However, spot patterns from structures consisting of or-
dered chains are usually preceded at lower coverages by
patterns streaked normal to the chains, which is caused
by varying chain spacings. This is not observed here.
Furthermore, the distance d] ——3.855 A is smaller than
the atomic diameter drab ——3.88 A, which would require
a particularly strong attraction in this direction. Finally,
it is difficult to reconcile the symmetry of the most in-
tense adsorbate reflections with the low symmetry of
model (a). Therefore the high-symmetry site model is
considered to be much less likely than the high-
symmetry adsorbate models (b) —(d) which produce the
strong adsorbate reflections in Figs. 2(a) and 2(b). In
these models d

&
——d z

——1.436a =4.52 A versus
0

do ——&2a =4.45 A, i.e., the nearest-neighbor distances
difFer by only 1.6%%uo. With a unit-mesh angle of
y = 121.0 the structure is thus close to hexagonal, which
is favored in the presence of at least partially repulsive
interactions. Of the three relative locations with respect
to the substrate which are shown in Figs. 4(b) —4(d), the
first one has the largest atomic roughness, the last one,
in which all atoms are in equivalent but low-symmetry
sites, has the smallest. Model (c) is similarly smooth.
On the basis of the work-function increase with increas-
ing perfection and coverage of the 10X2 structure the
last two models are slightly favored.

With increasing coverage the layer is compressed con-
tinuously in the [001] direction up to a maximum cover-
age of e, =0.438 at which d

&
——d 2 ——4.226 A and

y=116.4. At higher coverages this structure is com-
pletely replaced by a rotated hexagonal structure which
requires also compression in the [110] direction and
which appears first at e, =0.43. The coexistence range
of the two structures is small, however (see Fig. 3). For
the special case of the coincidence lattice at 12.7 min
(8, =0.5), the structure model of Fig. 4(e) results. It

t
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FICJ. 4. Models of the 10X2 structure [(a)—(d)] and of the
hexagonal coincidence structure (e). For explanation see text.
One-half of the 10&2 unit mesh is shown with the correct rela-
tive sizes of Yb and Mo atoms. In (e) substrate atoms are indi-
cated by solid circles, adsorbate atoms by open circles, neglect-
ing local displacements.

has a coverage 6, of exactly 0.5 and unit-mesh vectors
a&

———,', (3, —3, 2), a2 ———,', (5, —5, 84), whose lengths differ

by 0.15% and which enclose an angle of 59.95'. In addi-
tion to the point coincidences seen in Fig. 4(e) there is
line coincidence in every second row of adsorbate and
substrate atoms parallel to the [113]direction. There is
another equivalent domain with the rows parallel to
[113]. The hexagonal structures at lower and higher
coverages are obtained from that in Fig. 4(e) within the
limits of error by homogeneous expansion and compres-
sion, respectively. At saturation (e, =0.547) the inter-
atomic distance in the hexagonal packing is 3.845 A,
which is 0.9% less than in the bulk, i.e., the monolayer
is compressed only very slightly compared to the (111)
plane in bulk Yb.

The changes in the bonding between adsorbed atoms
and to the substrate with coverage can be deduced from
TDS spectra. Figure 5(a) shows a series of TDS spectra
in the coverage range 0.01 5 8, 50.40. With increasing
coverage a desorption peak shifts initially rapidly from
about 1050 K to lower temperatures until an unresolved



5844 A. S~ENBQRG AND E. BAU 36

PAR AME TER:
COVERAGE es30-

27-
~ 24-
= 21

18-o
15

0.4
D

6-

LJJ 0 0.02

«28-
'I

i i)

IQ '' ' I+iK

1[

~20-D

D 2.2-
Ybl No (110)
T=9Ks

OVF R AGE g ( IN ADSOREI

I

-14—
li 1 330- ..

1 2 )

I]

0.13
CL
OC

l. D20
1I

0 0 20 0
ITS)
0 40 Vc600 900 1200

RAGE e (IN SUBSTRATE UNv(K) CQVERA s

(b)(a)

rsnd desorPtion ParametersTDS spect a ( )

e &0 4. he(b) in the coveragderived from them
straig t inesh l are drawn to guide the eye.

200—

150-

cl

100

CL

D
I—

50-CX

C3

L,OO 500 600 700 800 900 1000 1100 1200
TEMPERATURE (K)

Yb on Mo(110) at a coverage. 6. TDS spectrum from Yb onFIG.
eatin rate 9 Ksof about one monolayer. ea ing

Thelo s on its low-temperature side.
h h ll

of these s ectra with an im-
o 'b d in Ref. 17 it isof the method descn e inproved version o

f the spectra aret e shape changes oassumed that the p
of the desorption pa-covera e dependence o ecaused by the cov g

ltaneous desorptionv and not by simu anrameters E and v,
s. The results of therent desorption states. e

(b). I i of h'g . p'
e error bars a decreaseg

V at 6~0 to about . e
n. es E ( e ) initially increases toAt larger coveragseen.

e work-function minimumabout 2.6 eV at the wor - un
and then rapid y

'
1 decreases to about . e

uated. A parallel coveragethe highest coverage evaluated.
dependence is seen in v.

h ompression of the

l d
h Th h

ssum tion of a sing e
made at these coveragTDS analysis was mad h

f n incommensu-cted with the presence o an incpeak is connected wit e
atoms in particularlyrobably is due to a om

~ ~

rate layer and p
in sites suc as ing

own in Fig. 6 is rom a ap o g.
ar eak at the beginning o e

er. Also shown is t e in
h h t h(dashed lines) w ic wa
1 "T dthe pressure ro se into the high

t ristic deviations inIt caused c arac eris
'

the experiments.
es which are sensitive- and high-coverage ranges, w ic

f h 1ELS is genera yall used as an indicator o
h in turn is connected

di hi t d b-
adsorbate, whic in urn

ic structure. Yb was use i
h h 1 hcause its s4~ hell is filled so t at t e corn

'
e

b d in rare-earth metalslow-energy-r -loss spectra o serve
4 shells shou no occ8 h ld t occur. The loss spec-

)] o fi htrum from a t icick Yb layer ig. a
n in the low-loss re-ounced features are seen in eonly two pronoun

AE =9.5 eV and a losslume- lasmon loss atgion, the vo u -p
ibuted alternately to theV which has been attri u e

20ss' terband transition, asurface-plasmon lo ss or to an ine
iH be dealt with elsew ere.question which wiH e e
sorbate is superimpose on

f l7 b), which consists o
10.6 V. Th i 1

b f th onset of the 10&2
d losses: 2.1, 5.2, and 10. e

1 ML d th th d
Fi . 7(c)) just be ore e o

structure, another [F g.r Fi . 7(d)] at, an
1 ion of the spec-at 2 ML, illustrate the evo ution o[Fig. 7(e)] at, i

titative separation oftrum with coverage.e. A semiquan i a
'

trate s ectra is possi e ybl b followingadsorbate and substrate p
f the s ectra with coverage. n ethe evolution o p

't all which overlapsE =8 eV a loss develops initia y w
Mo eaks and suppresses them. Itsth 2- d 5.2- V p pp

first be determined at 8& =gy

sation into the 10X2 structure, b,E shsfts
m where it rises slow y o

po
34 V at the beginning o con en

3.9 4.3 V). I th

=1). Even at 2

E increases slightly from . o
1en decreases to 9.4 eV atat ez -0.5, then

ak hei hts) varia-2 ML. The signal (peak-to-peak eig
-ener (3.0—4.3 eV) peak and of thegy

ak at =9.5 eU accompanying t ese ener
in Fi . 7(f). The signals have been nor-g.

malized with the sigsi nal of the elastica y a
n be seen in theelectrons because

'
se inelastic scattering can e se

onl when prece e ord d followed bybackward direction on y
elastic scattering due to the small angu ar e ec
inelastic scattering.

loss at small 6, itsrowth of the low-energy oss a sThe rapid grow
in the two-dimensional con-AE value, and its decrease in t e wo- '



36 TWO-DIMENSIONAL Yb ON A Mo(110) SURFACE 5845

THICK Yb CLEAN Mo 9~=0.27
1

a
0—

L3

9,=0.SS pears to be a good monitor of the gas-solid transition in
two dimensions.

I&. DISCUSSION

I I I I I I I I I

20 10 020 10 020 10 020 10 020 10 0
ENERGY LOSS (eV)

(b) (c) (d) (e)
Yb COVERAGE e (SUBSTRATE UNITS)

0.2 0.4 0.61.1 "cm'

I I

(~) eA="
t) 4 -08

CLJ

(.1ooo) l

LLl
I

Il

CD
U 3 o' -0.6'

u

( ~100) -04~
l

( L3
I
I
I

1- -0.2 ~
C3UJ I

I fV

KCX CY
I I I ) t I I ~ (D

2 4 6 8 1012 ~0 28~
DEPOSITION TINE (min)
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Mo(110), (c) just before condensation into 10&(2 structure, (d)
at about 1 ML, (e) at 2 ML (in adsorbate units).

densate exclude an interpretation in terms of a surface
plasmon or an interband transition. However, it can be
easily interpreted by electronic transitions in the atoms
of the two-dimensional Yb gas, whose sharp energy lev-
els in free space are broadened and shifted by the in-
teraction with the substrate. The resonance transitions
4f ' 6s ~4f ' 6s5d of Yb and 4f ' 6s~4f ' Sd of Yb+
have energies of 3.12 and 3.36 eV, respectively, in the
atomic state. The low-coverage loss value of about 3.0
eV suggests, therefore, a resonance excitation of Yb. On
the other hand, a strong loss peak at 3.4 eV, which has
been assigned to a 4f-electron excitation, has been ob-
served in atomic Yb. A reliable assignment of the 3.0-
eV loss is thus not possible at present. Upon condensa-
tion of the two-dimensional gas into a two-dimensional
crystal (10)&2 structure) the energy levels broaden fur-
ther into a two-dimensional band structure. As a conse-
quence, the sharp density-of-states features of the
valence electrons necessary for peaks in the derivative
loss spectra disappear, which causes the decrease of the
loss signal. When the third dimension comes into play,
a sharpening can occur again due to the increased
6k=0 selectivity, causing the observed increase in the
derivative loss signal, but surface-plasmon creation can-
not be excluded either. In any case derivative ELS ap-

The analysis of the AES, b.P, LEED, TDS, and ELS
data, which was presented together with the data them-
selves in Sec. III, gives a rather detailed picture of the
state of Yb adsorbed on Mo(110) at room temperature.
At low coverages up to 8, =0.25 or e& =0.45, Yb
forms a two-dimensional gas with strong repulsive in-
teractions due to dipole-dipole repulsion. Because of the
large initial dipole moment po =lim„o(b.

/In�)10'

/
(300X4vr)=4 4de.bye, the initial decrease of the desorp-
tion energy with 6 is large due to the repulsion between
the dipoles upon their increasing density. At about
8, =0.04 this effect decreases not only because of in-
creasing depolarization but probably mainly because of
the increasing effect of attractive indirect electronic in-
teractions along the [110] direction. These have been
invoked repeatedly to explain the tendency for the for-
mation of atomic rows along this direction on bcc (110)
and (112}surfaces, even at low coverages when the rows
are still far apart. Also in the system Yb/Mo(110), or-
dered structures with row spacings larger than in the
10)&2 structure [Figs. 4(b) —4(d)] should occur at lower
temperatures because of the local maximum of the bind-
ing energy at e, =0.24.

At room temperature the first [110]row structure, the
10&2 structure, appears in the form of islands —as indi-
cated by weak diffuse reflections —at e, =0.3, which
grow until the surface is completely covered with this
structure at e, =0.4. The formation of islands is possi-
ble only if the repulsive nearest-neighbor interaction nor-
mal to the [110] rows is overcompensated by an attrac-
tive interaction between more distant rows. Inasmuch as
it has been shown that zigzag row formation is unlikely,
the atomic distribution in the layer is governed by
nearest-neighbor repulsion —which favors a hexagonal
structure —and by the periodicity imposed by the sub-
strate on the [110] rows —which favors an n )&2 struc-
ture. With increasing coverage the repulsion becomes
dominating. This follows from the observation that the
n &&2 structure terminates when the distance between
nearest atoms in neighboring rows is still significantly
larger (d

&

——dq ——4.23 A} than the atomic diameter of Yb
(3.88 A). Only hexagonal layers, rotated with respect to
the substrate, are, therefore, seen in the high-coverage
range of the first layer. The absence of strong compres-
sion in the saturated monolayer is probably the cause
that a second layer and probably more layers are formed
on top of it instead of three-dimensional crystals, possi-
bly in a metastable manner ("pseudo —Frank —van der
Merwe growth" ).

There are very few Yb adsorption data on single-
crystal surfaces for comparison. On Al(100) a
(V 5 X &5)R 27' LEED pattern was observed upon depo-
sition of 3 A of Yb (Ref. 4) but no more detail is given.
On Ni(110) a 2&1 structure is obtained after annealing
resulting in considerable interdiff'usion and on Si(111)
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several structures are formed which were also character-
ized by ion scattering spectroscopy. ' After annealing
about 1 ML at increasingly higher temperatures and as-
sociated decreasing coverage due to interdiffusion, 2)&1,
5X1, and 3X1 structures were found. ' For all other
Yb-on-substrate systems no structural characterization is
available, so the electron spectroscopic information
could be compared only with the layer thickness, which
was usually in the mono- to multilayer range.

A comparison which is more important for future
electron spectroscopic work on rare-earth metals on
metal surfaces is the comparison with other rare-earth
metals on Mo and W (110) surfaces. Of particular in-
terest here are mixed-valence adsorbates of which only
Eu on W(110) and Sm on Mo(110) have been character-
ized structurally up to now. ' ' ' Eu is also divalent as
Yb is and has a half-filled 4f shell. Its atomic diameter
is somewhat larger than that of Yb, 4.08 versus 3.88 A,
and this may be one reason for the structural differences:
order in the form of a 3X2 pattern (e, = —,') begins al-

ready at e, =0.26 at room temperature and an unrotat-
ed hexagonal pattern appears already at e, =0.3. Also
at higher coverages, Eu and Yb differ significantly. For
more details see Ref. 16. Summarizing the situation of
the rare-earth metals on bcc (110) surfaces it can be said
that the qualitative features are sometimes similar (e.g. ,
Tb versus Cxd) but all systems seem to differ at least
quantitatively. Some general rules are apparent at
present, for example the [110] row formation at low
coverages, but much work still needs to be done to un-
derstand these rules and others to be found.

sionality on the electronic structure of rare-earth metals.
This was achieved for the specific example of the mixed-
valence candidate Yb on Mo(110) by combining AES,

LEED, TDS, and ELS measurements to develop
models of the structure of the adsorbate as a function of
coverage. The results show that Yb can be produced as
a two-dimensional gas of individual atoms with select-
able density, as an array of one-dimensional systems
whose distance probably can be varied by cooling, as a
two-dimensional condensate with adjustable density, and
as a multilayer system at least as a metastable one. In
this manner it is possible to study the influence of
dimensionality D on the electronic structure from D =0
to D =3, from 0 to 12 nearest neighbors and in D =0,2,
possibly also in D =1 as a function of distance. Thus it
is not necessary any longer to rely on roughness effects,
which are difFicult to control. Intermixing with the sub-
strate as it occurs upon annealing in order to establish
order on the surfaces studied to date (Al, Ni, Si, Ge)
does not occur in the submonolayer range on W and Mo
(110) surfaces. Furthermore, preadsorption, coadsorp-
tion, or postadsorption of other adsorbates —many of
which have been studied by themselves on these
surfaces —allows a controlled change of the chemistry
far beyond what is possible in three dimensions because
the composition can be varied at will. One drawback of
electron spectroscopic studies on two-dimensional sys-
tems on W and Mo (110) carriers is the requirement of
extreme cleanness which, however, is increasingly
achieved with present-day spectrometers.

V. SUMMARY

The study presented here lays the structural founda-
tion for a systematic study of the influence of dimen-
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