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The surface structures of the (quasi-)one-dimensional reconstructions induced by the adsorption of Eu on
Si(111) have been investigated by low-energy electron diffraction (LEED) and high-resolution core-level
photoelectron spectroscopy. Different phases were observed in LEED depending on the Eu coverage. The
lowest coverage phase has a (3 X2) periodicity, and the highest coverage phase has a (2X 1) one. Of the
intermediate phases, the LEED pattern of the so-called (5 X 1) surface indicates that this surface has actually
a (5X4) periodicity. The Eu 4f core-level spectra show that the Eu coverages of the (3X2), (5X4), and
(2% 1) phases are 1/6 monolayer (ML), 0.3 ML, and 0.5 ML, respectively, and that the valence state of the
adsorbate is 2+ in all these three phases. In the Si 2p core-level spectra, three surface components were
observed in both the lowest and highest coverage phases. By considering the energy shift and intensity of each
surface component, we conclude that the structure of the (3X2) phase is basically the same as that of the
honeycomb-chain-channel model, and that the (2 X 1) phase is formed by m-bonded Seiwatz Si chains. Re-
garding the (5 X 4) phase, two extra Si 2p surface components were observed together with the three compo-
nents observed in the two end phases. Taking the energy shifts and intensities of the extra surface components

into account, we propose a structural model of the (5% 4) phase.
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I. INTRODUCTION

Motivated by the technological importance to make
nanometer-scale electronic devices, self-assembling one-
dimensional (1D) superstructures, which are formed on
semiconductor surfaces by the adsorption of metal atoms, is
a topic of increasing interest. From a scientific point of view,
these 1D structures have attracted much attention due to the
possibility of observing various exotic physical phenomena,
such as formations of non-Fermi-liquid-like ground states,
Peierls-like phase transitions, or order-disorder transitions.!~°
The 1D and quasi-1D reconstructions formed by the adsorp-
tion of rare-earth metals (REMs) on a Si(111) surface’!° are
candidates for such 1D systems.

The Eu/Si(111) surface has been reported to form a
quasi-1D (3 X?2) reconstruction at a coverage of 1/6 ML,
and a series of 1D [(nX 1); n=5, 7, and 9] reconstructions at
higher coverages that culminates with a (2X 1) phase at 0.5
ML.!%4 Of these reconstructions, the lowest coverage (3
X 2) phase has been proposed to have the same atomic struc-
ture as that of alkaline-earth metal (AEM) induced Si(111)-
(3x2) surface'” 2% in Refs. 11-15. That is, the structure is
basically the same as that of the honeycomb-chain-channel
(HCC) model,®*28 which was originally proposed for
1/3 ML monovalent atom induced Si(111)-(3X 1) recon-
structions, but with an adsorbate coverage of 1/6 ML [Fig.
1(a)]. Concerning the other Eu/Si(111) phases, the highest
coverage (2X 1) phase was proposed to be formed by
m-bonded Seiwatz Si chains?® [Fig. 1(b)] likewise the AEM
induced Si(111)-(2 X 1) surface?%23-30-32 jp Refs. 13 and 15.
The surface electronic structures of the two end phases sup-
port indirectly these propositions.'> However, the (3X?2)
phase is obtained experimentally with an Eu coverage of 0.2
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ML in Refs. 1214, and the (2 X 1) phase is obtained experi-
mentally with an Eu coverage of 0.7 ML in Refs. 12 and 13.
These results indicate that the proposed models are still ques-
tionable, and thus that further investigations are necessary.
Moreover, even though the intermediate phases [the (5X 1),
(7% 1), and (9 X 1) phases] were proposed to be formed by
combinations of the HCC model and the Seiwatz model as
well as the AEM’s induced reconstructions,!># the struc-
tural models proposed for the (5X 1) phase [Fig. 1(c)] is
slightly different from those proposed for the AEM’s induced
Si(111)-(5 X 1) surfaces.20-25

In this paper, we present detailed low-energy electron dif-
fraction (LEED) and high-resolution core-level photoelec-
tron spectroscopy measurements of the 1D and quasi-1D re-
constructions induced by the adsorption of Eu on a Si(111)
surface. LEED gives information about the periodicity of the
surface structure, and high-resolution core-level photoelec-
tron spectroscopy gives information about not only the
atomic structure of the surface, but also about the charge
states of the surface atoms. In the LEED study, we obtained
that the periodicities of the lowest and highest coverage
phases are (3X2) and (2 X 1), respectively, and that the so-
called (5% 1) surface has actually a (5X4) periodicity. The
Eu coverages of the (3X2), (5X4), and (2 X 1) phases are
1/6 ML, 0.3 ML, and 0.5 ML, respectively, and the valence
state of the adsorbate is Eu’* in these three phases. Taking
the energy shifts and intensities of the Si 2p surface compo-
nents into account, we conclude that the basic structure of
the (3X2) phase follows the HCC model, and the (2X 1)
phase is formed by Seiwatz Si chains. These results strongly
support the structures of the Eu/Si(111)-(3X2) and (2X 1)
surfaces proposed in the literature. Together with the three
components observed in the two end phases, two extra Si 2p
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FIG. 1. (Color online) (a) HCC structure of the Si(111)-(3X2)
surface with an adsorbate coverage of 1/6 ML. (b) Seiwatz struc-
ture of the Si(111)-(2 X 1) surface with an adsorbate coverage of 0.5
ML. (c) Structural model of the so-called Eu/Si(111)-(5X 1) sur-
face proposed in the literature. Filled circles are metal atoms, which
are adsorbed on the 7, site, and open circles are Si atoms. The
dashed lines indicate the unit cell of each surface.

surface components were observed in the intermediate (5
X 4) phase. By considering the energy shifts and the intensi-
ties of the extra surface components and by taking the adsor-
bate coverage into account, a structural model of the (5
X 4) phase is proposed.

II. EXPERIMENTAL DETAILS

The high-resolution photoemission measurements and
LEED studies were performed at Beamline 33 at the MAX-I
synchrotron radiation facility in Lund, Sweden. The Eu 4f
and Si 2p core-level spectra were obtained with an angle-
resolved photoelectron spectrometer with an angular resolu-
tion of £2°. The total experimental energy resolutions were
~200 meV for the Eu 4f measurements and ~80 meV for
the Si 2p measurements. The Si(111) sample, cut from an
Sb-doped (n type, 3 2 cm) Si wafer, was preoxidized chemi-
cally before it was inserted into the vacuum system. To ob-
tain a clean surface, we annealed the sample at 1230 K by
direct resistive heating in the vacuum chamber to remove the
oxide layer, and at 1520 K to remove carbon contamination
from the surface. After the annealing, a sharp (7 X 7) LEED
pattern was observed, and neither the valence-band spectra
nor the Si 2p core-level spectra showed any indication of
contamination. Each Eu induced reconstruction was prepared
by either depositing a certain amount of Eu onto the clean
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FIG. 2. LEED patterns of the Eu/Si(111) surfaces obtained at
different coverages. Eu coverage decreases in the order of (a)
—(b) —(c) —(d) — (e). Primary electron energies are (a) 82 eV, (b)
82 eV, (c) 69 eV, (d) 82 eV, and (e) 82 eV. The patterns in (a)—(e)
are obtained at 300 K. (f) shows the LEED pattern of a single
domain so-called Si(111)-(5 X 1) surface observed at 100 K.

Si(111)-(7 X 7) surface that was subsequently annealed at ap-
proximately 1000 K, or by reducing the Eu coverage by an-
nealing the 0.5 ML Eu adsorbed Si(111)-(2 X 1) surface at a
temperature between 1000 and 1150 K.

III. RESULTS
A. LEED

Figures 2(a)-2(e) show the LEED patterns of the
Eu/Si(111) phases formed at different adsorbate coverages.
The LEED pattern of the highest coverage phase is displayed
in Fig. 2(a), and the Eu coverage decreases in the order of
(a)—(b) —(c)—(d)—(e). Figures 2(a)-2(c) show the
LEED pattern of the Eu/Si(111)-(2X 1) and (9X 1) sur-
faces, and Fig. 2(b) displays the pattern of the Eu/Si(111)-
(11X 1) surface that was not reported in previous studies. In
Fig. 2(e), X2 streaks are clearly observed together with the
X3 spots. This result agrees well with the previous stud-
ies,'®15 in which the lowest coverage phase was reported to
have a (3 X2) periodicity. In Fig. 2(d), dim streaks are ob-
served together with sharp X5 spots. Since no trace of other
phases [e.g., spots originating from a (3 X2) phase] is ob-
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FIG. 3. Eu 4f core-level spectra of the Eu/Si(111)-(2X 1), (5
X4), and (3 X 2) surfaces measured at 300 K with 2zv=80 eV. Open
circles are the experimental data, and the solid line overlapping the
experimental spectrum of the (2 X 1) phase is the calculated spec-
trum, which is obtained using the position and relative intensity of
multiplet structures for the Eu?* 4f final states (Ref. 33) that are
indicated with vertical lines. The solid line overlapping the spec-
trum of the (3 X2) phase is the calculated Eu>* 4f peak, and the
solid line overlapping the spectrum of the (5X4) phases is the
fitting result obtained using the two calculated Eu** 4f peaks indi-
cated by dashed lines.

served in Fig. 2(d), these dim streaks originate from the so-
called Eu/Si(111)-(5 X 1) surface itself. In order to obtain a
clearer picture about these dim streaks, we have made a
single domain sample and cooled it down. Figure 2(f) shows
the LEED pattern of a single domain so-called Eu/Si(111)-
(5% 1) surface obtained at 100 K. The positions of the
streaks observed in Fig. 2(f) indicate that this surface has
actually a (5 X 4) periodicity, and thus that this intermediate
phase is not formed by a simple combination of the (3 X?2)
and (2X 1) phases. Further, the observation of the (5X4)
phase suggests that the other intermediate phases [the (7
X 1) phase, which is not shown here, the (9 X 1) phase, and
the (11X 1) phase] might not just be simple combinations of
the two end phases, but may also have X4 periodicities
along the chains. The long distances between the chains lead
to very weak correlation between the neighboring X4 peri-
odic chains, which could explain the absence of any X4
spots and/or X4 streaks in the LEED patterns of the (9
X 4) and (11X 4) phases in Fig. 2.

B. Eu 4f core level

Since valence fluctuation phenomena occur in Eu com-
pounds, it is important to understand the valence states of the
adsorbate of the Eu/Si(111) surfaces. Figure 3 shows the Eu
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4f core-level spectra (open circles) of the (2X 1), (5X4),
and (3 X 2) phases measured at 300 K with a photon energy
(hv) of 80 eV and an emission angle (6,) of 0°, i.e., normal
emission. The Eu core-level spectra were normalized using
the background intensities, which are proportional to the
photon flux. A prominent peak is observed at a binding en-
ergy (Ep) of 1.5 eV in the spectrum of the (2 X 1) phase. In
order to analyze this peak, we have convoluted the calculated
Eu?* 4f final states,’ whose multiplet structures are indi-
cated by vertical lines, using Voigt functions. The good
agreement between the calculated Eu?* 4f spectrum (solid
line) and the experimental data indicates that this peak
mainly originates from the Eu?* 4f core level. The small
structure at the lower binding side of the Eu?* 4f peak would
result from the valence band electronic structure of the
Eu/Si(111)-(2 X 1) surface. The binding energy of the Eu**
4f core level is reported to be approximately 6 eV higher
than that of the Eu?* 4f core level in Eu compounds,34 and
since no remarkable structure is observed at binding energies
higher than the Eu®* 4f peak, we conclude that the valence
state of Eu is 2+ on the (2 X 1) surface.

The Eu* 4f peak is observed at Ez~ 1.75 eV in the spec-
trum of the (5 X 4) phase, and at Ez~ 2.0 €V in the spectrum
of the (3X2) phase. At the lower binding energy sides of
these EuZ* 4f peaks, small structures that result from the
valence band electronic structures are observed likewise the
spectrum of the (2% 1) phase. Although the Eu?* 4f peak
slightly shifts to higher binding energies as the adsorbate
coverage decreases, no clear structure is observed at binding
energies corresponding the Eu* 4f core level. We, therefore,
conclude that the valence state of the adsorbate is 2+ on the
Eu/Si(111)-(5X4) and (3X2) surfaces as well as that on
the (2X 1) phase. This result is consistent with the recent
photoemission study,'* in which Eu atoms are reported to be
divalent in the (3 X2) phase and the intermediate phases.

The full width at half maximum (FWHM) of the Eu’* 4f
peak of the (3 X2) phase is almost the same as that of the
(2 X 1) phase, whereas the FWHM of the Eu>* 4f peak of the
(5% 4) phase is approximately 1.3 times larger than that of
the (2X 1) phase. In order to understand the origin of this
difference, we have analyzed the spectra of the (5X4) and
(3X2) phases using calculated Eu?* 4f peaks that have the
same shape and same FWHM as those of the (2 X 1) phase,
but different binding energies. The solid lines overlapping
the spectra of the (3X2) and (5X4) phases are the fitting
results. As shown in Fig. 3, the spectrum of the (3 X 2) phase
is well reproduced by one calculated peak while two calcu-
lated peaks (dashed lines) are needed for the (5X4) phase.
This result suggests that there are at least two Eu adsorption
sites on the (5X4) phase.

C. Si 2p core level

Figure 4 shows the Si 2p core-level spectra of the
Eu/Si(111)-(2X 1), (5X4), and (3 X2) surfaces, measured
using different ~v and 6, that give a difference in the surface
sensitivity. Without any processing, the spectra of the (3
X 2) phase reveal the presence of several components that
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FIG. 4. Si 2p core-level spectra of the Eu/Si(111)-(2X 1), (5
X4), and (3 X2) surfaces measured at different Av and 6,. The
solid lines indicate the energy positions of the Si 2p;), parts of the
four components for the (2X 1) and (3 X2) phases and of the six
components for the (5X4) phase.

contribute to the shape of the spectra. The most evident one
is S1, whose 2ps3, component is clearly observed at Ejp
=99.55 eV. The presence of S2 is revealed by the behavior
of the valley between the 2ps, components of S1 and B.
That is, the flat part observed between Ez=99.55 eV and
99.75 eV in the spectrum obtained using (hv,#,)=(145
eV,0°) is impossible to reproduce by using only S1. The
contribution from a third component (S3) is confirmed by the
asymmetric shape of the largest peak in the spectra obtained
using (hv,6,)=(135eV,0°). The presence of three surface
components is also revealed for the (2 X 1) phase. The 2p;,
component of S3 is observed as a shoulder at around Ej
=100.25 eV and its 2p,,, component is clearly observed as a
peak at around Ez=100.85 eV. The presences of S1 and S2
are confirmed by the (hv, ,)-dependent shift in binding en-
ergy of the peak at around Ez=99.5 eV.

Taking its complicated spectral shape into account, one
easily concludes that the number of surface components of
the (5X4) phase is larger than those of the (3X2) and (2
X 1) phases. S1 is observed as a small peak at around Ejp
=99.55 eV using (hv,6,)=(135eV,0°). S2 is revealed by
the behavior of the intensity between the 2p;,, components
of S1 and B. The presence of S3 is obvious from the asym-
metric shape of the largest peak. S4 is obvious from the
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observation of the peak at around 99.2 eV in the spectra
obtained using hv=135 eV, and the small structure at the
same Ep in other spectra. The contribution from a fifth com-
ponent S5 is deduced by the long tail on the high binding
energy side that extends to 101.3 eV in the spectrum ob-
tained using (hv, ,)=(135 eV,60°).

IV. DISCUSSION

Quantitative information about the structures of the
Eu/Si(111) surfaces is obtained by analyzing the Si 2p spec-
tra by a standard least-squares-fitting method using spin-orbit
split Voigt functions. Figure 5 shows the results of the analy-
sis for the Si 2p core-level spectra of the Eu/Si(111)-(2
X 1), (5X4), and (3X2) surfaces obtained using (hv,8,)
=(135¢eV,60°) and (145 eV, 0°). The open circles are the
experimental data and the solid lines overlapping the data are
the fitting curves. We used 608 meV for the spin-orbit split-
ting and a 80 meV FWHM for the Lorentzian contribution
for all components in the fitting procedure. The Gaussian
widths of the bulk components are 230 meV (FWHM) in the
spectra obtained using hv=135 eV and 245 meV (FWHM)
in those obtained using hv=145 eV. The Gaussian widths of
the surface components are between 245 and 280 meV. A
polynomial background was subtracted before the decompo-
sition of each spectrum, and each component is indicated by
different hatching. The residual between the experimental
data and fitting result is indicated at the bottom of each spec-
trum.

From the result of the fitting procedure, we can conclude
that both the (3X2) and (2X 1) phases have three surface
components, the same number as that reported for the Ca
induced Si(111)-(3X2) and (2 X 1) surfaces.2? This number
is also the same as the number of major surface components
reported for the Ba/Si(111)-(3X2) and (2% 8) surfaces.?
Concerning the (5 X 4) phase, we can conclude that the num-
ber of surface components of this phase is five, i.e., the same
number as that of the Ca/Si(111)-(5X2) surface.’® Among
the surface components, S1 is observed at the same relative
binding energy in the three phases. The binding energy of the
S1 component is ~—-510 meV relative to the binding energy
of the B component. S2 is observed in all phases with a shift
to lower relative binding energies as the coverage of Eu in-
creases. The relative binding energy of S2 is ~—195 meV in
the (3X2) phase, ~-295 meV in the (5X4) phase, and
~=370 meV in the (2 X 1) phase. S3, whose relative binding
energy is ~ 185 meV in the (3X2) and (5 X 4) phases, shifts
to a relative binding energy of ~250 meV in the (2X1)
phase. The close relative binding energies of S1-S3 indicate
that the origin of each component is the same or quite similar
in the three phases. The relative binding energies of the S4
and S5 components, which are observed in the intermediate
(5X4) phase only, are ~—835 meV and ~320 meV. The
number of surface components observed in the (3X2) and
(5% 4) phases and their relative binding energies agree with
those reported recently for the two corresponding phases.'*

A. Eu/Si(111)-(3X2)

To investigate the atomic structure of the (3 X2) phase,
we compare the present result with the former Si 2p core-
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FIG. 5. (Color online) Decomposition of the Si 2p core-level
spectra of the Eu/Si(111)-(2X 1), (5X4), and (3 X 2) surfaces. The
open circles are the experimental data, and the solid lines overlap-
ping the open circles are the fitting curves. Each component is
indicated by different hatching. The residual between the experi-
mental data and fitting result is shown by a solid line at the bottom
of each spectrum.

level studies performed on the 1/6 ML Ca?® and Ba® in-
duced Si(111)-(3X2) surfaces. Three surface components,
whose relative binding energies are similar to those observed
on the (3X2) phase in Fig. 5, are observed on both the
Ca/Si(111)-(3 X 2) and the Ba/Si(111)-(3 X 2) surfaces. The
observation of the same number of surface components and
their similar relative binding energies support the propo-
sition!=15 that the basic structure of the Eu/Si(111)-
(3x2) surface is HCC. Further, the adsorbate coverage of
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1/6 ML and the 2+ valence state of Eu strongly support the
proposition'® that the HCC structure is stabilized by the do-
nation of two electrons per (3 X 2) unit cell.

Based on the Si 2p core levels of the alkali metal induced
Si(111)-(3 X 1) surfaces,”®3> the two surface components,
whose binding energies are lower than that of the bulk com-
ponent, were attributed to originate from surface Si atoms
that face the adsorbate in the studies performed on AEM’s
induced (3 X 2) surfaces.?>>> However, different intensity ra-
tios were reported in the former studies on AEM’s induced
surfaces for these two Si 2p components. An intensity ratio
of 2:1 was reported for the Ca/Si(111)-(3X?2) surface,?
while an intensity ratio of 1:1 was reported for the
Ba/Si(111)-(3 X 2) surface.?® In Ref. 25, this difference has
been proposed to originate from a diffraction effect, i.e., the
intensity ratio reported for the Ca induced reconstructed sur-
face has been proposed to be affected by diffraction due to
the smaller acceptance angle of the analyzer (an acceptance
angle of +2° was used in Ref. 20 and an acceptance angle of
+8° was used in Ref. 25.

Since the intensity ratio of surface components gives in-
formation about the number of corresponding Si atoms in the
unit cell and thus more accurate information about the
atomic structure, we pay attention to the intensity ratio of the
S1 and S2 components. In the present study, the intensity
ratio of S1 and S2 was approximately 7:1 using a photon
energy of 135 eV and approximately 2:1 using hv=125 and
145 eV. By comparing the intensity ratio obtained with hv
=135 eV and other photon energies, one notices that the in-
tensity of S1 is obviously enlarged at hv=135 eV due to a
diffraction effect. In contrast to the photon energy-dependent
diffraction effect, the intensity ratio of S1 and S2 was insen-
sitive to 6,. These results indicate that the original intensity
ratio of S1 and S2 is 2:1, i.e., the same ratio as that reported
for the Ca/Si(111)-(3 X 2) surface. Moreover, since the 7:1
intensity ratio of the S1 and S2 components was not ob-
served on the 1/3 ML monovalent atom induced HCC struc-
ture and it was just observed at a photon energy of 135
eV, 14202535 we conclude that this ratio results from a diffrac-
tion effect that is peculiar to the 1/6 ML divalent atom in-
duced HCC structure.

The difference between this intensity ratio and that re-
ported for the Ba induced (3 X 2) surface? might result from
the different quality of the sample. That is, a surface compo-
nent, which is only observed in the intermediate phase on the
Eu/Si(111) and Ca/Si(111) surfaces, is clearly observed in
the spectra of the Ba/Si(111)-(3 X 2) surface. Since the in-
tensity of S2 becomes larger in the Eu and Ca induced inter-
mediate phases as shown in Fig. 5 and in Ref. 20, we suspect
that the intensity of S2 is overestimated due to the contribu-
tion from the intermediate Ba/Si(111)-(5X 1) phase in Ref.
25. The intensity ratio of 2:1 indicates that the number ratio
of Si atoms that produce S1 and S2 is 2:1 in the (3X2)
phase. This ratio fits the number ratio of the b and a Si atoms
[Fig. 1(a)] per unit cell, and we, therefore, conclude that the
origin of S1 is the b Si atoms and the origin of S2 is the a Si
atoms, likewise the attributions reported on the Ca/
Si(111)-(3x2) surface’® and the recent study on the
Eu/Si(111)-(3 X 2) surface.!4
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The S3 component was reported to originate from the Si
atoms, which form the honeycomb, but are not bonded to the
adsorbate for the 1/3 ML monovalent atoms induced
Si(111)-(3X 1) surfaces®?®3 and the 1/6 ML AEM’s in-
duced Si(111)-(3 X2) surfaces?>? [the ¢ and d Si atoms
shown in Fig. 1(a)]. On the other hand, S3 is stated to origi-
nate from the second and third layers Si atoms situated be-
low the adsorbate in a theoretical calculation done for the
1/3 ML Ca adsorbed Si(111)-(3 X 1) surface,** i.e., the ¢ and
f Si atoms. The intensity ratio of S1, S2, and S3 was approxi-
mately 2:1:4 in the Si 2p core-level spectrum obtained using
hv=145 eV and approximately 2:1:3 using hv=125eV.
These ratios indicate that the number of Si atoms, which
produce S3, is four per unit cell at most. In the theoretical
calculation performed in Ref. 30, a metallic surface has been
assumed in spite of the semiconducting electronic character
of this surface. This assumption used in Ref. 30 leads to an
overestimation of the screening effect and, thus, suggests that
the e and f Si atoms might be unsuitable for the origin of S3.
However, since we cannot exclude the possibility of other
origins completely, we state that S3 mainly originates from
the ¢ and d Si atoms in the (3 X 2) phase.

B. Eu/Si(111)-(2X 1)

The highest coverage phases induced by the adsorption of
divalent atoms on a Si(111) surface show different recon-
structions. Ca,2030-32.36.37 G 38 Y 78 and Eu!%13 form a (2
X 1) reconstruction, while the adsorption of Ba leads to a
(2% 8) reconstruction.”>3° The origin of this difference was
proposed to be either the large ionic radius of Ba that induces
a strain relaxation within the (2 X 1) unit cell,2® or the disor-
der of the X8 periodicity caused by defects in the Ca, Sr, Yb,
and Eu adsorbed surface.’® The second proposition is based
on the fact that the X8 spots are weaker than the X2 spots so
that the X8 spots may disappear in the diffuse background
and, thus, suggests that all divalent atoms induced highest
coverage phase have the (2 X 8) reconstruction. However, the
highest coverage Eu induced phase shows a clear (2 X 1)
LEED pattern with a quite low background in Fig. 2(a).
Therefore, we conclude that the (2X8) reconstruction is
only formed by the adsorption of Ba, and the other divalent
atoms, whose ionic radii are smaller than that of Ba, form a
(2 X 1) reconstruction. (The ionic radius of Eu with a valence
state of 2+ is almost the same as that of Sr, but smaller than
that of Ba, and the ionic radii of Ca and Yb are smaller than
those of Eu** and Sr.)

On the Ca/Si(111)-(2X 1) surface,? three surface com-
ponents were observed in the Si 2p core-level spectra. The
binding energies of two of them are smaller than that of the
bulk component and the binding energy of one surface com-
ponent is larger. As shown in Fig. 5, the same number of
surface components is observed in each side of the bulk
component on the Eu/Si(111)-(2 X 1) surface. This result in-
dicates that the atomic structures of the Eu and Ca induced
Si(111)-(2X 1) surfaces are similar and, thus, supports that
the atomic structure of the (2 X 1) phase is the Seiwatz struc-
ture with an Eu coverage of 0.5 ML.
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Of the three surface components, the intensity ratio of S1
and S2 was approximately 2:1 using hv=135 eV and ap-
proximately 1:1 using other photon energies. Since the inten-
sity ratio obtained with other photon energies was identical
and the ratios were insensitive to 6,, the original intensity
ratio of S1 and S2 should be 1:1 on the Eu/Si(111)-(2X 1)
surface. The intensity ratio of the two corresponding surface
components observed on the Ca/Si(111)-(2X 1) surface is
1:1 as well, and the atomic structures of the Eu and the Ca
induced (2 X 1) surfaces are similar. Based on these similari-
ties, we attribute S1 and S2 to originate from the 4 and g Si
atoms shown in Fig. 1(b), respectively, likewise the attribu-
tions done on the Ca/Si(111)-(2X 1) surface. Here, we no-
tice that the relative binding energy of S1 is similar to the
binding energy of its corresponding component on the
Ca/Si(111)-(2 X 1) surface, whereas the relative binding en-
ergy of S2 is different from that of its corresponding compo-
nent. Since a difference in magnitude of buckling for Si at-
oms forming Seiwatz chains leads to a different “adsor-
bate-Si” distance and, thus, a different amount of transferred
charges, we propose that the difference in the relative bind-
ing energy of S2 results from the different magnitude of
buckling.

Regarding S3, its intensity showed a strong photon energy
dependence due to a diffraction effect. The intensity ratio of
S1, S2, and S3 was approximately 1:1:2.5 using hv=145
eV and approximately 1:1:1 using ~Av=125 eV. This means
that we cannot discuss the number of Si atoms that produce
the S3 component based on its intensity. In the theoretical
calculation performed for the 0.5 ML Ca induced Si(111)-
(2% 1) surface,® the corresponding component was attrib-
uted to originate from the Si atoms situated just below the
adsorbate. Therefore, although we do not have any strong
evidence, we attribute S3 of the Eu/Si(111)-(2X 1) surface
to the i atoms shown in Fig. 1(b).

C. Eu/Si(111)-(5X 4)

Although different structural models have been proposed
for the so-called (5 X 1) phase that is formed by the adsorp-
tion of divalent atoms, the basic structure of these models is
the same, i.e., the atomic structure of the Si atoms follows
the HCC and Seiwatz models. As mentioned above, the ori-
gin of each Si 2p surface component is the same or quite
similar in the Eu induced (2 X 1), (5 X 4), and (3 X 2) phases.
This result suggests that the basic structure of the Eu induced
(5% 4) phase is also formed by a combination of the HCC
and Seiwatz models. The difference in the proposed (5X 1)
models mainly results from the different adsorbate coverage
and the different adsorption site. (The adsorbate coverages
were reported to be 0.3 ML for the Ca induced recon-
struction,?® 0.2 ML for the Ba induced one, and 0.4 ML for
the Eu induced phase.!>"'4)

Since the adsorbate coverage is essential to determine the
atomic structure of the Eu/Si(111)-(5X4) surface, we first
reinvestigate the Eu coverage of the (5X4) phase based on
the Eu core-level spectra. The intensity ratio of the Eu 4f
core-level is 1:0.57:0.31 for the (2X 1), (5X4), and (3X2)
phases (Fig. 3). A quite similar intensity ratio [1:0.62:0.33
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for the (2 X 1), (5X4), and (3 X 2) phases] was also obtained
in the Eu 5p core level spectra. Taking into account that the
coverages of the (2X 1) and (3 X 2) phases are 0.5 ML and
1/6 ML, respectively, the intensity ratios of the Eu core lev-
els indicate that the Eu coverage of the (5X4) phase is
0.3(x0.015)ML. By considering the so-called (5% 1) phase
into two parts, i.e., the HCC part and the Seiwatz part, a 0.3
ML coverage corresponds to the donation of one electron per
honeycomb in the HCC part and the donation of two elec-
trons in the unoccupied surface band of a m-bonded chain in
the Seiwatz part. These numbers agree well with the numbers
of electrons that stabilize each part, and thus support that the
adsorbate coverage of the (5X4) phase is 0.3 ML (e.g., a
higher coverage would lead to the donation of more than one
electron per honeycomb and thus makes the HCC structure
unstable). We, therefore, conclude that the Eu coverage of
the (5 X 4) phase is 0.3 ML, and the coverage reported in the
previous studies'®!*!* was overestimated.*® Further, the ad-
sorbate coverage of 0.3 ML indicates that the structural
model proposed for the so-called Eu/Si(111)-(5X 1) surface
in the literature [Fig. 1(c)] is no longer applicable.

The energy shift of S4 is larger than that of S1 and S2. On
the Ba/Si(111) surfaces,? the corresponding component was
attributed to originate from either a small portion of silicide
or a defect structure based on its presence in all phases.
However, the S4 component is only observed in the interme-
diate (5X4) phase in the present study (Figs. 4 and 5) as
well as the result on the Ca induced phases.?’ This observa-
tion indicates that S4 is a component peculiar to the interme-
diate phase, and the proposition reported in Ref. 25 is no
longer valid in the present case. A possible assignment of the
origin of S4 is the Si atoms with a larger amount of charge
transferred from Eu. Such large charge can be transferred in
the case of a larger number of surrounding Eu atoms per Si
atom and/or a larger overlap between the Eu s orbital and the
Si dangling bond that is formed by a shorter Eu-Si distance.
All Eu atoms are adsorbed on the T, site in the (3 X2) and
(2X 1) phases [Figs. 1(a) and 1(b)], and thus more than one
Eu adsorption site is needed to have Si atoms with a larger
amount of transferred charge in the (5 X 4) phase. The pres-
ence of more than one adsorption site is consistent with the
result shown in Fig. 3, i.e., the Eu?*4f peak of the (5Xx4)
phase is well reproduced by two calculated Eu?*4f peaks
whose intensity ratio is 2:1. Taking into account that the
origins of S1 and S2 observed in the (5 X 4) phase should be
the same or quite similar to those of the S1 and S2 observed
in the two end phases, the small intensity of S4 and the 2:1
intensity ratio of the Eu?*4f peaks suggest that among the six
Eu atoms in the (5X4) unit cell, four of them are adsorbed
on the T, site and two on another site.

Based on the (5X4) periodicity and the presence of two
adsorption sites, we propose two structural models for the
(5 4) phase in Fig. 6. In the left part of Fig. 6, 0.2 ML of
Eu is adsorbed on the T, site and 0.1 ML on the Hj; site (H;
model), and in the right part, 0.2 ML of Eu is adsorbed on
the T, site and 0.1 ML on the B, site (B, model). By consid-
ering the size of the filled circles, which almost represents
the ionic radius of Eu?*, one notices that the distance be-
tween an Eu atom adsorbed on the Hj site and the Eu atom
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FIG. 6. (Color online) Structural models for the Eu/Si(111)-(5
X 4) surface with a coverage of 0.3 ML. The atomic structure of Si
atoms is a combination of the HCC structure and the Seiwatz struc-
ture. Filled circles are Eu atoms, and open circles are Si atoms. In
the left part, 0.2 ML of Eu is adsorbed on the 7} site and 0.1 ML on
the Hj site (H3 model). In the right part, 0.2 ML Eu is adsorbed on
the T site and 0.1 ML on the B, site (B, model). The bold dashed
lines indicate the unit cell in each model.

adsorbed on the nearest 7, site is quite close. Since the ad-
sorbed Eu atoms are positively charged, the short Eu-Eu dis-
tance suggests that although the adsorption on the Hj site
was reported to be more stable than the adsorption on the B,
site in the theoretical calculation performed for the
Ba/Si(111)-(3X2) surface,'® the Hj site might not be the
more stable adsorption site in the present case. That is, we
cannot exclude the possibility of the B, model using this
theoretical calculation.

In the H; model, the A’, B’, G', and H' Si atoms are
surrounded by two Eu atoms, while the A-/ Si atoms are in
the same environments as the surface Si atoms in the (3
X 2) and (2 X 1) phases. This means that the A’, B’, G’, and
H' Si atoms are candidates for the origin of S4 in the H;
model. In the B, model, the B” and H” Si atoms are sur-
rounded by two Eu atoms, the A", E”, G”, and I" Si atoms are
in a slightly different environments as those in the (3 X2)
and (2X 1) phases, and the A-I Si atoms are in the same
environments as those in the two end phases. By considering
that the Eu-Si(A”) and Eu-Si(G”) distances are almost the
same as those of Eu-Si(A) and Eu-Si(G), the candidates for
the origin of S4 are the B” and H” Si atoms in the B, model.
The intensity ratio of S1, S2, and S4 varies from 2:3:1 to
2:4:1 depending on the experimental condition (hv and Ep).
Taking the number of Si atoms that face the adsorbate into
account, these ratios indicate that surface Si atoms that pro-
duce the S4 component should be less than three per unit
cell. This means that the B, model is more appropriate, and
we, therefore, attribute the origin of S4 to the B” and H" Si
atoms, which are surrounded by two Eu atoms.

The A and B Si atoms have the same coordination as the
a and b Si atoms of the (3 X2) phase, and the G Si atoms
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have the same coordination as the g atoms of the (2X1)
phase. The equivalencies in coordination indicate that the B
atoms produce S1, and the A and G atoms produce S2. On
the other hand, the Eu-Si distances of the A” and G” Si atoms
are slightly shorter than those of the A and G atoms, and the
coordination of the H atoms is slightly different from that of
the h atoms of the (2X 1) phase, i.e., only one Eu atom is
adsorbed near the H atoms whereas two Eu atoms are situ-
ated near the h atoms. A shorter distance suggests a larger
amount of charge transfer into these Si atoms, and a lower
number of surrounding Eu atoms per Si atom suggests a
lower amount of charge transfer. Thus, by assuming that the
amount of charge transfer into the A” and G” Si atoms is
almost the same as the amount transferred into the B atoms,
the A” and G” atoms might also contribute to S1. Further, by
assuming that the amount of charge transfer into the H atoms
is almost the same as the amount transferred into the A and G
atoms, the H atoms might contribute to S2. The ratio of (B
+A"+G"):(A+G+H):(B"+H") is 5:7:2, and this ratio is in
good agreement with the intensity ratio of S1, S2, and S4.
Therefore, we attribute S1 and S2 of the (5 X 4) phase to the
combinations of (B+A"+G”") and (A+G+H), respectively.

The S5 component, which is only observed in the inter-
mediate phases in similarity with S4, shows the highest bind-
ing energy. In the (2X 1) phase, the second layer Si atoms
situated just below the Eu atoms have contributions to the
highest binding energy components. The distance between
Eu and the Si atoms below the Eu is slightly longer in the
case of B, site adsorption compared with the case of T} site
adsorption. This difference can change the charge states of
the second layer Si atoms. Thus, although there is no strong
evidence, we propose the origin of S5 to be the E” and I”
atoms that are situated below the Eu atoms adsorbed on the
B, site.

V. CONCLUSIONS

In conclusion, we have studied the atomic structures of
the so-called Eu/Si(111)-(nX 1) surfaces by LEED and
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high-resolution core-level photoelectron spectroscopy. De-
pending on the Eu coverage, the (3X2), (5X4), (9X1),
(11X 1), and (2 X 1) phases were observed in LEED. The Eu
4f core-level spectra show that the valence state of the ad-
sorbate is 2+ in the (3X2), (5X4), and (2X 1) phases. In
the Si 2p core-level spectra, three surface components were
observed in both the (3X2) and (2 X 1) phases. By consid-
ering the energy shift and intensity of each Si 2p surface
component and the intensity of the Eu 4f core level, we
conclude that the structure of the (3 X2) phase is given by
the HCC model with an Eu coverage of 1/6 ML, and the
(2% 1) phase is formed by 7r-bonded Seiwatz Si chains with
a coverage of 0.5 ML. Regarding the (5X4) phase, the ob-
servation of the X4 periodicity in LEED, the 0.3 ML Eu
coverage that is obtained from the Eu core-level spectra, and
the presences of the S4 and S5 in the Si 2p core-level spectra
indicate that the atomic structure of this phase is basically
formed by a combination of the HCC and Seiwatz models,
while not all Eu atoms are adsorbed on the 7 site. Taking the
energy shifts and intensities of S4 into account, we have
proposed a structural model of the (5 4) phase, in which
two Eu atoms are adsorbed on the B, site and four on the 7,
site per unit cell.
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