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3Ã2 reconstruction of the SmÕSi„111… interface
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The initial formation of the samarium/silicon interface is studied by combining scanning tunneling micros-
copy ~STM!, low-energy electron diffraction, andab initio pseudopotential calculations. A Si(111)332-Sm
reconstruction is formed at a Sm coverage of 1/6 monolayer. High-resolution STM images reveal a strong
bias-voltage dependence for the 332 reconstruction. In the empty-state STM images, the rows with a32
periodicity are shown at high bias voltages, and attributed to Sm atoms. At low bias voltage, an additional
double row feature with a31 periodicity appears and dominates the empty-state image as the bias voltage
decreases. The paired protrusions with the31 periodicity in the double rows in the empty-state image are
attributed to Si atoms. In the filled-state STM images, double rows of protrusions forming zigzag chains with
a 331 structure are observed and assigned to Si atoms. We propose a honeycomb chain-channel model for the
332 phase, common to alkali metals and alkaline-earth metals on Si~111!. Simulated STM images based on
this model are in excellent agreement with experiment.
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I. INTRODUCTION

The adsorption of alkali metals~AM’s ! and alkaline-earth
metals~AEM’s! deposited on a Si~111! surface is known to
induce 331 and 332 reconstructions, respectively.1–7All of
these systems seem to exhibit rowlike arrangements of
adsorbates and a common structure of the Si surface re
struction. They are very similar in regard to the electro
and structural properties.7–9 Several structural models hav
been proposed to accommodate their common feature
model, called as the honeycomb chain-channel~HCC!
model,10 is now considered to be the most plausible can
date since it has the lowest energy among the models
posed so far, and can best account for the experime
results.10,11

While AM’s and AEM’s on Si~111! have been extensivel
studied, rare-earth metals~REM’s! on Si~111! have received
much less attention. The REM adsorption on semicondu
surfaces are an interesting subject in regard to the geom
and electronic structures. It is known that the valence
samarium and thereby the number of 4f electrons are subjec
to changes depending on the number of coordination to
rounding atoms.12 The change in valence of samarium in t
Sm-adsorbed Si~111! surface is suggested to be related to
onset of the reactive interdiffusion of Sm and Si.13 It has
been shown through photoelectron spectroscopy meas
ments that the valence state of the Sm atom changes
divalent (4f 66s2) to trivalent (4f 55d 6s2) with increasing
coverage. The driving force of the valence change was s
gested to be due to the dangling bond elimination.14 In the
initial adsorption of Sm on Si~111!, a 332 surface phase
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@Si(111)332-Sm or 332-Sm for brevity# was formed. The
valence of Sm in the 332-Sm surface was found to be i
divalent state. From the similarity of Si(111)332-Sm and
Si(111)332-Yb in Si 2p core-level spectra, it was propose
that the Sm atoms adsorb in bridge positions on the Si~111!
surface.14,15

In the present paper, the surface structure of
Si(111)332-Sm phase is investigated by combining sca
ning tunneling microscopy~STM!, low-energy electron dif-
fraction ~LEED!, andab initio pseudopotential calculations
Both LEED and STM indicate that the 332-Sm phase is
formed at a coverage of 1/6 monolayer~ML ! ~one Sm atom
per 332 unit cell!. Our high-resolution STM images show
strong bias-voltage dependence of the observed structure
vealing different chain features under different polarities.
the filled-state images, Si zigzag chains with a31 periodic-
ity are identified. The empty-state images manifest either
atoms with a32 periodicity at high bias, or chains of paire
Si with a 31 periodicity at low bias.Ab initio calculations
find that the HCC model best describes this Si(111)332-Sm
surface.

II. EXPERIMENT

The STM experiments were performed in an ultrahi
vacuum chamber equipped with an Omicron microsco
The Si~111! substrates~n-type, 0.1V cm resistivity! were
cleaned by a repeated cycle of heating at 1200 °C and s
cooling down to room temperature. Sm was evaporated fr
©2003 The American Physical Society13-1
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a Mo crucible and deposited onto the Si~111! substrates at a
rate of about 0.63 ML per minute, as monitored by a qua
crystal oscillator. The ML scale is referred to the Si~111!
surface atomic density (7.8310214 atoms/cm2). Amounts of
0;1 ML Sm was deposited onto a Si(111)737 held at
500 °C and annealed at temperature in the 500–550
range. The pressure is better than 3310210 mbar during the
deposition. Both LEED and STM observations were made
room temperature, and the STM images were acquired in
constant current mode.

III. RESULTS AND DISCUSSION

A. The Si„111…3Ã2-Sm surface

Figure 1 shows a typical empty state STM image tak
for a low Sm coverage at a positive sample bias volta
(Vs512 V). We can observe the coexistence of t
Si(111)737 ~lower part! and the Sm-induced structur
~upper part!. In the Sm-induced area, parallel rows made
round protrusions run in the@11̄0# direction. The separation
between the rows is 3a, where a5(A3/2)a053.32 Å
@a053.84 Å, a unit lattice spacing on a bulk terminat
Si~111!#. Within the rows, the spacing between the prot
sions is 2a0. Thus, the Sm-induced reconstructed surface
Fig. 1 has a 332 structure.

A close examination of this STM image reveals that t
332 order is not perfect. Indeed, along the@112̄# direction,
the 33 periodicity is not preserved due to the occasio
out-of-phase shift of protrusions~see the outlined white filled
circle, in the upper part of Fig. 1!. The structure may be
described as a mixture of a 332 and ac(632). The 332
and thec(632) reconstructions are very similar and a
connected by a shift of one unit lattice between two adjac
rows along the@11̄0# direction. In the following, only the
332 reconstruction will be discussed.

FIG. 1. Empty-state STM image (Vs512 V) of Sm/Si~111!
showing the coexistence of the uncovered Si-737 and -332
phases. The 332 andc(632) unit cells are indicated in the uppe
part of the image.
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The LEED pattern exhibits a 331 multidomain structure
~inset of Fig. 2!. Half-order spots or streaks related to the
32 surface reconstruction were not observed. The STM
age corresponding to this (331) LEED pattern, however
shows the presence of domains of the 332 structure rotated
by 120° from each other~Fig. 2!. The apparent discrepanc
between LEED and STM observations on the periodicity
the reconstruction has been already reported for the case
Ca- and Mg-induced Si~111! reconstructions, incorrectly
identified from LEED observations as the 331
reconstructions.3,6,16 This suggests that the structure of th
adsorbate atoms in these surfaces does not have long-r
order. Taking into account the similarity of the LEEDI-V
curves for 331-Li, 331-Na, and 331-Ag surfaces, it was
previously suggested that the LEED reflects the comm
structure of the top Si layer with the 331 reconstruction
rather than the structure of the deposited metal atoms.17 We
suppose that the same is applied for 332-Sm case where the
LEED pattern only reflects the structure of the Si~111! recon-
struction while our STM images reveal the structure of bo
the Si and the adsorbed Sm atoms.

The measurement of the quantity of adsorbed Sm atom
important to identify the structure. Usually, the quartz-crys
oscillator measurements are not accurate enough to disc
nate between 1/3~one Sm atom per 332 unit cell! or 1/6
ML ~two Sm atom per 332 unit cell!. So we propose, in the
following, a way to estimate the Sm coverage with a high
precision. The samarium is evaporated, in ultra high vacu
on a glass sample at constant rate during several hours.
step height between the initial glass substrate and the
marium layer is then measured by atomic force microsco
From this measurement, the number of evaporated Sm at
in ML per minute can be deduced. We obtained 0.63 ML p
minute.

Afterward, the Sm is deposited, in the submonolay
range, onto the Si(111)737 with the same evaporation rat
of 0.63 ML/min. The surface is examined by STM in larg
scale ~not shown!, and the fractions of the 737 and the

FIG. 2. Large scale STM image showing three domains of
Sm-induced 332 phases. The inset is a corresponding LEED p
tern showing three domains of 331 instead of 332.
3-2
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332 phases are determined. A surface fully covered by
332 phase is obtained for a coverage of 1/561/25 of ML.
Therefore, the Sm coverage appears to be 1/6 ML rather
1/3 ML for the 332 phase. This estimate is compatible wi
the observation of a single protrusion per 332 cell in STM.
The 332 protrusions are therefore assigned to Sm ato
These observations for the Si(111)332-Sm phase in the
empty-state STM images at12 V bias suggest a close re
semblance to the Si~111!-332 phases induced by othe
AEM adsorbates.

B. The STM bias-voltage dependence
of the 3Ã2 reconstruction

The bias-voltage dependence of the STM image
the Si(111)332-Sm reconstruction is shown in Fig. 3. Fig
ures 3~a! and 3~b! show atomic-resolution empty-state im
ages taken at sample bias voltages ofVs512 V and
Vs511.7 V, respectively. There are apparent differenc
between these STM images. Figure 3~a! is similar to the one
presented in Fig. 1, showing rows of protrusions with t
intrarow spacing of 2a0. Figure 3~b! shows an appearance o
an additional feature, double rows of weak protrusions,
tween the32 rows ~or bright lines!. These secondary pro
trusions look similar to spurs extending to both sides of

FIG. 3. Atomic resolution STM images of the 332 reconstruc-
tion acquired at~a! Vs512 V and ~b! Vs511.7 V.
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main rows, making the main rows ragged. While the dista
between the main protrusions in a bright line is mostly 2a0,
the spacing between the small spurs along each row is 1a0.
Note that the position of the 332 protrusions in Fig. 3~a!
corresponds to the ragged bright lines in Fig. 3~b!.

Figure 4 shows an empty-state image where the sam
bias voltage is changed during the scan, revealing the b
voltage dependence. The large, well-defined protrusions,
served in Fig. 3~a! and assigned to the Sm atoms, are clea
visible at the bottom of the image scanned w
Vs513 V. When the bias voltage is decreased, the ato
resolution of these protrusions becomes poor and forms
periodic corrugation observed in Fig. 3~b!. At lower bias
voltage of Vs511.5 V, the changes from the image wit
Vs513 V are much more distinguishable. The image b
comes dominated by double rows consisting of paired p
trusions with 1a0 spacing in the row direction. A close in
spection reveals that the paired protrusions correspond to
side spurs observed in the intermediate bias voltage@see Fig.
3~b!#. The 32 protrusions which appear as the exclusive
dominant features in the image with higher bias voltage
come weaker with decreasing bias voltage. These chara
istics of the low-bias, empty-state image are clearly visible
the inset of Fig. 4.

The filled-state image of 332-Sm was obtained with
atomic resolution, as shown in Fig. 5. There are brig
double rows running in the@11̄0# direction separated by
dark channels. The protrusions in the double rows form z
zag chains with the31 periodicity. Thus, the apparent un
cell formed by these protrusions is a 331. The zigzag chain
feature in the filled-state image is nearly identical to tho
reported for the Si(111)332-Ba phase as well as for th
Si(111)331-AM surfaces.5

The double rows observed in the filled-state image dif
from those observed in the empty-state image at low posi
bias voltage~upper part of Fig. 5!: the former constituting

FIG. 4. STM image showing the bias-voltage dependence in
empty state. The bias voltage is increased during the scan f
Vs511.5 V ~top of the image! to Vs513 V ~bottom of the im-
age!. A zoomed-in image of the upper part is shown in the inse
3-3
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FRANK PALMINO et al. PHYSICAL REVIEW B 67, 195413 ~2003!
zigzag chains and the latter being paired double rows. B
double-row features are attributable to Si atoms, beca
only the 332 protrusions in the empty-state STM images
high bias voltage can be naturally assigned to Sm ato
based on the coverage of 1/6 ML. The polarity depende
of those double-row features indicates different electro
characters of the two types of Si atoms observed in the fil
and the empty-state STM images. The relative registry
tween the surface Si atoms as well as the Sm atoms ca
deduced if both filled- and empty-state images are taken
multaneously in dual-bias scan. Unfortunately, we could
obtain the dual-bias images with a good resolution, and h
no information on the registration of the Si and Sm atoms
the surface. However, those Si features seen in the S
images unambiguously indicate the reconstruction of the
substrate. This invalidates the previously proposed mod14

where Sm atoms adsorb in bridge positions on the bu
terminated Si(111)131 surface.

C. Honeycomb chain-channel„HCC… model
and simulated STM images

Our experimental results provide insight into the struct
of the Si(111)332-Sm phase. While the Sm atoms arran
in a 332 structure, the apparent structure of the Si at
arrangement is 331. The 331 structure is common to th
reconstruction of the Si~111! surface induced by differen
AM’s and AEM’s. A number of structural models have be
proposed to describe this reconstruction. A few years ago
HCC model, named by Erwinet al., was found to be the
energetically most favorable.10 Consistent with the result
obtained by different analysis techniques, the HCC mo
seems to be accepted by the community. Recently,
Si(111)332-Ba surface has also been described in term
the HCC model.5 It was claimed that the Si(111)332-Ba
surface consists of the HCC-reconstructed Si substrate

FIG. 5. A high-resolution filled-state STM image acquired
Vs521.5 V. The zigzag chains form a 331 structure rather than a
332 structure.
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Ba atoms of 1/6 ML coverage. The period doubling observ
in the filled-state Si feature was viewed as a structural p
turbation due to the Ba occupancy in every other 331 cell.

Taking into account the information provided by the co
erage, the registration, and the polarity dependence of
STM images, we believe that the double rows of protrusio
seen in filled- and empty-state STM images represent
types of Si surface atoms with different electronic characte
They reflect the Si substrate reconstruction. These exp
mental results suggest a close resemblance between
Si(111)332-Sm surface structure and that of the Si(111
32-Ba. Our observations are in obvious contradiction w
previously reported model in which the Sm atoms adsorb
bridge positions on the Si(111)131 surface.

Taking into account the information provided by the co
erage measurement and the STM images, we also pro
that Si(111)332-Sm reconstruction can be described by t
HCC model. The substrate structure is basically a 331 re-
construction formed by four inequivalent Si adatoms wh
form a ‘‘honeycomb chain’’ parallel to the plane surfac
These four Si atoms are threefold coordinated and the in
atoms are in a planar configuration. The 1/6 ML of the a
sorbed Sm atoms occupy every other 331 cell. This renders
the substrate structure being subject to modification to
332 periodicity.

To validate the HCC model with 1/6 ML Sm for th
Si(111)332-Sm surface, we have performedab initio cal-
culations within the generalized gradient approximati
~GGA! ~Ref. 18! using the Viennaab initio simulation pack-
age ~VASP!.19,20 The 332 surface is modeled by a sla
which is composed of a Sm atom, eight Si atoms form
HCC, four Si layers, and a H layer passivating the bottom
surface. The Sm atom is represented by projec
augmented-wave~PAW! potential21,22 and the Si and H at-
oms are represented by ultrasoft pseudopotentials as
vided with VASP.23,24We used a kinetic energy cutoff of 18
eV and 436 k-point mesh within the surface Brillouin zone
With the use of the self-consistent Kohn-Sham eigenval
and wave functions, the constant-current STM images
simulated within the Tersoff-Hamann scheme.25,26

The 1/6 ML Sm coverage was accommodated by putt
one Sm atom in every second 331 unit cell of the HCC
structure. Two different adsorption sitesT4 and H3 in the
channel were considered~see Fig. 6!. The surface energie
for T4 andH3 sites are comparable; the former being low
by only 0.07 eV/Sm. The equilibrium geometry for theT4
site is shown in Fig. 6. The presence of Sm atoms in
channel induces a structural modification of the 331 HCC
structure. Most prominently, the honeycombs are deform
The deformations of the neighboring honeycombs, howe
are not equivalent: One honeycomb is more elongated

@112̄# direction, perpendicular to the chain, than the adjac
ones. The other noticeable deformation occurs at the
edge of the honeycomb chain~denoted asl in Fig. 6!: Along
the chain, the corrugations are 0.08 Å in height and 0.18 Å
the lateral displacement perpendicular to the chain, resp
tively. In the right edge~denoted asr in Fig. 6!, the defor-
mation is hardly recognizable. Consequently, the subst

t

3-4
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332 RECONSTRUCTION OF THE Sm/Si~111! INTERFACE PHYSICAL REVIEW B67, 195413 ~2003!
reconstruction, as well as the Sm adsorption, adopts32 pe-
riodicity along the chain direction. Two inner Si atoms
each honeycomb form a double bond, as in the case
331-AM and 332-Ba. The double-bond length is 2.28 Å

FIG. 6. Honeycomb chain-channel~HCC! model for the
Si(111)332-Sm surface.
19541
of

It is worthwhile to compare the structural characterist
of the 332-Sm surface to that of the 332-Ba surface. The
aforementioned structural change alongl in Fig. 6 is smaller
in magnitude compared to the case of Ba: The corrugati
for Ba/Si~111! are 0.13 Å in height and 0.4 Å in the latera
displacement. In addition to the substrate structural mod
cation, the Sm atom is located 0.23 Å higher than the in
Si atoms of the honeycomb chain. In contrast, the Ba atom
located 0.75 Å higher than the inner Si atoms. From th
differences, we can expect that the degree of period doub
in the filled-state STM image should be weaker for 332-Sm
than for 332-Ba. Also in the empty-state STM images, th
Si5Si double bond might be visible in conjunction with th
Sm ions for 332-Sm.

The STM simulation well reproduces the experimen
images both for the filled states and for the empty states
the filled-state image shown in Fig. 7~a!, the double row of
bright protrusions are formed. The protrusions form zigz
chain structure connecting two neighboring honeycom
across a channel. This filled-state feature is the manifesta
of the saturated dangling-bond states of the Si atoms
rounding Sm. A closer look at the filled-state STM ima
unveils a weak pairing of Si atoms in ther row ~see Fig. 6!,
similarly to the case of Ba-induced 332 surface. The pairing
is caused by the electrostatic attraction between a positi
ionized Sm atom and the electrons in two neighboring sa
rated dangling bonds on ther-row Si atoms. The dangling
bond electrons are pulled towards the neighboring Sm at
Similarly, a Sm atom attracts the dangling bond electrons
the nearest Si atom in thel row ~see Fig. 6!. This compen-
sates the corrugation in lateral displacement~where the Si
atom is relaxed away from the Sm chain! and results in al-
most aligned bright spots in thel row. Interestingly, the pair-
ing of Si atoms along the@11̄0# direction is barely observed
in our experimental images, in contrast to the 332-Ca and
the 332-Ba surfaces for which the pairing was experime
tally observed.1,5 This may be attributed to the fact that th
structural modification due to the metal atoms is smaller
magnitude for 332-Sm compared with 332-Ba.
FIG. 7. Simulated STM images of Si(111)332-Sm: ~a! a filled-state image atVs522.0 V and~b!–~d! empty-state images atVs5
12.0, 11.5, and11.0 V, respectively.
3-5
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Compared to the filled-state images, the empty-state
ages, shown in Figs. 7~b!–7~d!, reveal strong bias depen
dence. At high biases (.12.0 V), the Sm atoms are man
fested as rows of bright protrusions with32 periodicity. For
the lower bias voltages@Figs. 7~c! and 7~d!#, a feature ap-
pears in the form of additional double rows of protrusio
with 31 period. This additional feature is located at t
inner Si atoms that form the Si5Si double bond, and is at
tributed to the emptyp! antibonding orbitals of the doubl
bond. The manifestation of the Si double bond as a m
feature at low biases is due to the fact that the Sm atoms
adsorption sites closer to the substrate if compared with
Ba atoms as described above.

IV. SUMMARY AND CONCLUSION

The surface structure of the Si(111)332-Sm phase ob-
tained for a 1/6 ML Sm coverage is investigated by comb
ing STM, LEED, andab initio calculations. While the LEED
exhibits a (331) pattern, the STM images reveal the 332
structure. The apparent discrepancy between LEED
STM observations is explainable by the lack of the LEE
sensitivity to the Sm atoms in poor long-range order. T
331 LEED pattern reflects the well-ordered reconstruct
structure of the top Si layer.

High resolution STM images show a strong bias-volta
dependence of the observed structure, revealing diffe
chain features for opposite polarities. In the filled states, z
zag chains with a 331 periodicity are observed and assign
to the saturated dangling bond states of the Si atoms in
reconstruction. In the empty states, we observe both row
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