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In this paper, we present a systematic study of the structural and electronic properties of the alkali/Si(111):B
interface, combining low-energy electron diffraction and (angle-resolved) photoemission spectroscopy. We
show that potassium (K), rubidium (Rb), and caesmm (Cs) ultrathin films, including solid solutions K-Rb,
share the same physics. First of all, the 243 % 243R30° surface reconstruction, evidenced only very recently
using potassium is shown to be a common feature at the saturation coverage. A 3 X 3 reconstruction is also
observed for coverages just below saturation. From an electronic point of view, the band features found with
K are generalized. As a distinct point, we evidence that the surface state is constituted by two subbands which
have the reconstruction symmetry. At low temperature (55 K), a systematic shift of the surface state toward
higher binding energies is observed together with a reduction of its linewidth. A close inspection of the data
reveals fine, systematic effects depending on the alkali. Indeed as substituting from K to Cs, the surface-state
binding energy is reduced continuously whereas the bandwidth increases. K differs from Rb and Cs, by a
smaller reduction of the linewidth and a higher energy shift upon cooling. These features are interpreted
consistently within the bipolaron model, which was invoked previously to explain the insulating nature of the
K/Si:B surface state. Polaronic effects are shown to be enhanced with K, as already demonstrated on alkali/

GaAs(110) interfaces.
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I. INTRODUCTION

Semiconductor surfaces have generally a lower symmetry
than the bulk termination which is obtained when separating
an infinite crystal in two pieces. This is the well-known sur-
face reconstruction phenomenon.! Basically, it originates
from the presence of broken bonds, the so-called dangling
bonds, localized on the surface adatoms. Thanks to a lattice
distortion, different new bonding states are created and then
a large portion of the lost binding energy can be regained.
Such a situation is found, for example, on the Si(111): B
surface Boron segregation from the bulk induces the V3
X \3R30° hexa _gonal pattern (thereafter \3) Dangling-bond
states on the |3 geometry have been receiving a lot of inter-
est since it was predicted that they could exhibit important
correlation effects.>* The bandwidth of such states is indeed
smaller than in the bulk and as a consequence, the criterion
U/W=1 for the Mott metal-to-insulator transition>8 can be
fulfilled. An important requirement is the half filling of the
dangling bonds; on the clean Si(111):B surface, however, the
latter are completely empty. To observe correlation effects,
one must provide electrons by depositing metallic atoms, for
example. This was achieved using K and Cs.”'* At satura-
tion coverage, angle-resolved photoemission spectroscopy
(ARPES) does not indicate any sign of metallicity, but an
almost flat, insulating surface state.!'~!3 Weitering et al. pro-
posed this was the signature of the Mott insulating ground
state,12:15.16

Afterwards, other intriguing, ‘“strongly correlated”
\3—1nterfaces have been discovered and are still subject of
an intense experimental and theoretical work [- monolayer
(ML) (Sn,Pb)/Ge(111),'7-25 1 ML Sn/Si(111),2" 352628 and H
ML Si/SiC(0001) (Refs. 29— 32)] Similar to (K,Cs)/Si:B, Sl/
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SiC exhibits at room temperature an occupied®*? and an
unoccupied’?3? surface state, which are very weakly disper-
sive and separated by a large gap (=2 eV); likely, they cor-
respond to the U-splitted Hubbard bands, resulting from the
Mott transition.3! Sn/Ge owns a richer phase diagram as a
function of temperature. At room temperature, the interface
is characterized by a metallic surface state. 19 At =200 K, a
first transmon from the 3 \3R30° to the 3 X 3 reconstruc-
tion occurs'® while surface band structure remains almost
identical;'® an order-disorder mechanism involving the dy-
namical fluctuations of Sn adatoms?*? is now accepted. Fi-
nally at very low temperature (=20 K), a second transition
stabilizes the 3 together with the opening of an energy gap
(=0.8 eV);?? here again, the Mott insulating ground state
has been invoked. In the case of Sn/Si, the Mott state is
reached at =70 K,?*28 but no 3 X3 has been observed at
intermediate temperatures.?6?8

In addition to strong correlations, polaronic effects due to
strong electron-phonon (e-ph) interaction may be important.
A relevant indication is given by the inspection of the
ARPES line shape, which is basically related to the one-hole
spectral function.3? Very broad spectral structures may be the
signature of such a strong coupling. This is the so-called
“Frank-Condon” broadening, which originates from the
cloud of virtual phonons forming around the electrons.?* In
some cases, for example, alkali/GaAs(110),3>3¢ polaronic ef-
fects are so strong that they overwhelm the electronic repul-
sion. Associated with a lattice distortion, localized electron
pairs—the bipolarons—form. On the half-filled atomic
chain, a doubling of the unit cell occurs, the system consist-
ing in an alternance of empty and doubly (the bipolaron)
occupied atomic sites; this is the so-called bipolaronic insu-
lator ground state.>”3® Recently, the 213X 2\3R30° recon-
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struction, 23 for short, has been observed on K/Si(111):B.'
This doubling of the unit cell, in the two surface directions,
favors a two-dimensional bipolaronic insulator ground state
instead of the Mott state. Now the question arises whether
this behavior is specific to K or generic to all alkali/Si:B
interfaces. We present therefore a systematic study with dif-
ferent alkali species (K, Rb, Cs, and K-Rb solid solution),
combining low-energy electron diffraction (LEED) and pho-
toemission spectroscopy. The paper is organized in two sec-
tions. In the first one, we check the surface structure symme-
try as a function of alkali coverage. The 243 is observed
systematically at room temperature; a new feature is the 3
X 3 reconstruction forming below saturation coverage. In the
second section, we examine the surface electronic band
structure using ARPES. The main features found with K are
generalized; as a new point, we evidence that two subbands
having the lattice symmetry constitute the surface state. Fi-
nally, the ARPES line shape is analyzed in detail; we observe
fine temperature effects depending on the alkali, which are
interpreted within the bipolaron model.

II. EXPERIMENT

The experiments have been performed in a ultrahigh
vacuum set up which couples a preparation chamber
equipped with LEED and Auger spectroscopy and a high-
resolution ARPES chamber. The substrate is a highly boron-
enriched Si(111) sample, Si:B for short (p=~10~° () cm).
For such doping concentration, silicon turns out to be a de-
generate semiconductor’® with bulk sp bands crossing the
Fermi energy.**! After a long outgassing by direct resistive
heating, the sample is progressively flashed up to 1500 K.
During this step, pressure never exceeds 2X 107 mbar.
Then follows a long annealing at 1100 K which makes boron
atoms segregate to the surface. This procedure leads to the
V3 hexagonal surface reconstruction, as checked by LEED.
Alkali atoms—potassium (K), rubidium (Rb), and caesium
(Cs)—are provided by commercial getters from the SAES
firm; these are based on the thermally activated reduction of
an alkali chromate. The getters have been carefully out-
gassed so that the pressure keeps in the low 107° mbar (H,
mainly) during evaporation. The typical flow is 0.1 ML per
minute, where 1 ML stands for 1 atom per each 1X 1 unit
cell. When evaporating on a room-temperature substrate, al-
kali dosis saturates at the surface. The design of the evapo-
ration chamber allows to evaporate simultaneously two alkali
metals. Angle-resolved photoemission measurements are car-
ried out with a Scienta SES 200 analyzer. The photon source
is a Specs helium discharge lamp, which is monochroma-
tized on the He I (hv=21.21 eV) energy. Alkali-covered sur-
faces are subject to a quick contamination (the surface state
is killed after 30 min exposure to the UV beam), so we
perform ARPES measurements with pass energy 10 eV and
0.5 mm—width slits in order to have sufficient signal/noise
ratio for relatively short acquisition times (typically, 10 min
for the intensity maps presented in this paper). Under these
conditions, the energy and angle resolutions are 10 meV and
0.2°, respectively. Fermi energy is measured on a molybde-
num part on the sample holder. Complementary to valence-
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FIG. 1. (Color online) (a) Leed patterns taken at E=45 eV for
increasing potassium deposition at room temperature; the arrows
indicate the additional spots due to the surface reconstruction. (b)
Corresponding XPS K 2p spectra recorded at room temperature
(points); the plain lines are the Lorentzian fits, the integrated area of
which are proportional to the K coverage. Inset: structural phase
diagram as a function of K coverage.

band measurements, core-levels photoemission provided by
a x-ray source (Mg, hv=1253.6 eV) allows the chemical
analysis of the interfaces. Additional photoemission mea-
surements, including polarized-light band structure and high-
resolution core levels,*> have been performed on the Cas-
siopée beamline at Synchrotron Soleil. #>**

III. STRUCTURE OF THE ALKALI/SI:B INTERFACES
A. LEED and XPS results

It has been discovered only very recently'* that the depo-
sition of potassium, at room temperature, on the Si:B sub-
strate leads to the 2\3 surface reconstruction at saturation
coverage. Since former studies on this system, saturation
coverage is supposed to correspond to one potassium atom
per \3 unit cell;'>!® nevertheless we stress that this assump-
tion has not yet been demonstrated experimentally. By com-
bining LEED [Fig. 1(a)] and x-ray photoemission spectros-
copy (XPS) [Fig. 1(b)], we have explored lower coverages in
order to understand the growth of this interface and the ex-
istence of this new reconstruction. Alkali coverage is ex-
tracted as follows: we have subtracted a Shirley background
from the XPS spectra and fitted the resulting with two
Lorentzian functions which reproduce the 2p spin-orbit split-

165429-2



BIPOLARONIC INSULATOR ON alkali/Si(111):B-2...

243x2v3 R30°
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FIG. 2. (Color online) LEED patterns taken at E=40 eV for Rb
and Cs/Si: B interfaces at saturation coverage. As for K, the surface
is 2y3—reconstructed. After a short annealing at 500 K, the 243 is
destroyed at the benefit of the 3 X 3 reconstruction, as shown in the
right picture for a Cs interface.

ting; then the integrated area of the fit is directly proportional
to the number of surface potassium atoms. In the “low” cov-
erage regime, i.e., less than 75% of the saturation coverage,
the interface preserves the \3 symmetry of the substrate. For
deposition times greater than 100 s, the integrated area of the
K 2p XPS line keeps constant showing that the amount of
potassium saturates at the surface. In this case, the 2\3 re-
construction takes place as in the previous experiments.'* An
interesting point comes from the intermediate coverages,
roughly between 75% and 100% of the saturation coverage.
In this range, the 243 is generally not observed so we con-
clude that this reconstruction is stable only at the saturation
coverage; still we observe a distinct ordered phase, namely,
the 3 X3 reconstruction. The structural phase diagram is
shown in the inset, Fig. l(b) The 3 X3 can be destroyed
easily at the benefit of the 213 by further potassium deposi-
tion. Reciprocally, the 2 3 can be destroyed at the benefit of
the 3 X3 by a few minutes annealing at 500 K which re-
moves a small fraction of potassium. Finally, the two pat-
terns are sometimes found to coexist. This set of observa-
tions suggests a subtle competition between these two phases
as a function of coverage.

Then we have extended the study to the two alkali mate-
rials which follow potassium in the first column of the peri-
odic table, namely, rubidium (Rb) and caesium (Cs) to check
if the 23 reconstruction is a generic property of alkali/Si:B
interfaces. For example, a systematic behavior has been al-
ready observed for alkali deposited on the Si(111) 7 X7 sur-
face, which reconstructs into the 3 X1 at 5 L ML coverage (for
a review, see Ref. 45). As shown in F1g 2, the 243 recon-
struction is recovered on saturated Rb and Cs/Si:B interfaces.
The 3 X 3 is recovered also by slightly annealing a saturated
interface at moderate temperature (500 K), for example, Cs/
Si:B in the figure. One step further is carried out by coevapo-
rating two different alkali’s (Fig. 3). We have evaporated
simultaneously K and Rb during a time that corresponds to
the saturation coverage of a single alkali species; however,
the total amount of alkali at the surface still corresponds to
that of a pure saturated interface. In Fig. 3(b), comparison of
the K 2p and Rb 3p XPS lines (green plain lines) with those
recorded on the respective pure interfaces (red dashed lines)
gives a saturated interface which composition is 40% K and
60% Rb. As for the pure interfaces, we observe the 2\3
reconstruction [Fig. 3(a)]. To check the quality of the crys-
tallographic order, the width of a 23 LEED spot is com-
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FIG. 3. (Color gnline) (a) LEED pattern taken at E=45 eV on a
Ko.4Rbg¢/Si:B-2V3 solid solution. (b) Corresponding XPS K 2p
and Rb 3p lines: the green plain line is for the K-Rb solid solution;
the red dashed lines are for pure K and Rb interfaces at saturation
coverage.

pared to that on the pure Rb interface. The width is nearly
identical so the coherence length—the size of the 213
domains—remains unaffected. Then the interface is likely to
be a homogeneous solid solution.

B. Discussion

In the following, we compare alkali/Si:B to similar sys-
tems which exhibit also a 23 or a 3 X3 reconstruction,
namely, Si/SiC(0001), Sn/Si(111), and Sn/Ge(lll) At room
temperature, these three interfaces are V3 reconstructed for a
1/3 ML coverage (see references in Sec I). In the case of
Si/SiC (Ref. 46) and Sn/Si,*’*8 a 2\3 phase appears when
slightly increasing the adsorbate amount. Such a behavior is
not observed in Sn/Ge(111) up to 1/2 ML.>> However, a 3
X 3 reconstruction is observed at low temperature (200 K).
To summarize, the 213 never forms at 1/3 ML on the similar
systems; depending on temperature, the common reconstruc-
tion is either the \3 or the 3 X 3. This questions about the
absolute coverage for alkali/Si:B. Its knowledge remains a
key question, since the ground state depends crucially on the
number of electrons transferred to the dangling bonds. For
that, we have carried out a comparative study*? by means of
LEED, STM, and XPS with a system whose absolute cover-
age has been determined experimentally and is widely ac-
cepted: K/Si(111) 3 X 1, whose absolute coverage is 1/3 ML
at saturation.*> Our conclusion is that the coverage corre-
sponding to the 243 is not 1/3 ML but 1/2 ML (£10%), that
is six alkali atoms per 243 unit cell. This result is thus con-
sistent with what observed on Si/SiC and Sn/Si. According to
our XPS calibration (Fig. 1), the 1/3 ML coverage could
correspond to the 3 X 3.
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With this new element, we can now discuss the following
puzzhng point: why previous studies did not evidence the
243 reconstruction? We propose this discrepancy may origi-
nate from different experimental saturation coverages and
point out two possible reasons for that. The first one could be
the different ways of detecting alkali saturation: in previous
studies,”"'? it was done mainly by monitoring the work func-
tion saturation whereas in our case, it is done with core-
levels saturation. It is possible that the two procedures do not
coincide; indeed, it is known that the work function can satu-
rate before the core levels.! However, we discard this hy-
pothesis because Weitering et al. mention'? that the work
function and the alkali core-level saturate at the same depo-
sition time in their experiments. The second, more likely
reason is that the saturation coverage depends on the sample
preparation. Specifically, the concentration of boron
vacancies,” which are very reactive because of their dangling
electrons, can be an important factor. The Si:B-y3 surface is
obtained either by decomposition of decaborane (B;yH;4)
(Ref. 12) or, as in our case, by annealing a highly doped
substrate; we believe the second procedure produces a sur-
face with much less boron vacancies, and then a higher alkali
saturation coverage. Consequently, it is possible that the
saturation coverage was below 1/2 ML in the previous stud-
ies. The substrate temperature when evaporating the alkali’s
is also determining. After outgassing the sample, it may take
a long time for the substrate to cool down; actually, it may
not be at room temperature during evaporation, leading to
the desorption of a fraction of the alkali’s

There is an alternative explanation, which assumes the
same 1/2 ML coverage in all experiments: the dependence of
the 213 stabilization temperature as a function of the con-
centration of defects. For instance, in charge-density-wave
(CDW) compounds, in which a lattice distortion is involved,
it is well known that defects destroy long-range order and
lower the transition temperature.*=' In the present experi-
ment, the 23 is always observed at room temperature. In the
previous study of Cardenas et al.,'* however, the 2v3 was
observed below 270 K; this could be the fact of a higher
concentration of defects. Therefore it is not excluded that
previous workers would have found the 243 if they had
cooled down the sample.

IV. ELECTRONIC PROPERTIES OF THE
ALKALI/Si:B-2v3 INTERFACES

A. ARPES results

In the case of K and Cs, literature!'~! states that the main

feature observed with ARPES is the appearance of one insu-
lating (fully occupied) surface state with 0.6-0.7 eV binding
energy and showing weak dispersion (the bandwidth is about
0.2 V). This state has been shown to derive from sp, dan-
gling orbitals; the latter are empty on the Si:B \3 substrate,
then filled by alkali’s ns electrons upon deposition. In addi-
tion, it was emphasized the important energy broadening of
the ARPES line and polaronic effects were invoked to ex-
plain this observation.!* Note that no 2y3 reconstruction was
observed during these photoemission measurements (see the

discussion, Sec. II). Together with the 243, Cardenas et al.'*
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evidenced an extremum of the surface-state band at the edge
of the 243 Brillouin zone, which was interpreted as the sur-
face reconstruction signature on electronic properties.

Our purpose, here, is to extend the high-resolution surface
band-structure measurements to other alkali materials, in or-
der to compare with accuracy the binding energies, band-
widths, and linewidths. In principle, this would give further
insight about the polaronic effects, since the latter depend on
the polarizability and mass of the atoms.’?> Measurements
have been performed on alkali interfaces at saturation cover-
age only, both at low (55 K) and room temperatures. The
corresponding crystallographic structure was always the 23
phase. In Fig. 4, we present new data concerning the pure Rb
and Cs/Si:B-2\3 interfaces, taken at 55 K. I(E, 6) intensity

maps taken along the TK and T'M directions are given on top

of each panel. With a lattice parameter> a=6.65 A, M and K
points correspond to 15.5° and 17.5° emission angles, re-
spectively. First as expected, the fully occupied surface-state
observed with K (Refs. 14 and 53) is recovered on the Rb
and Cs interfaces, in the [-1.0 eV; —0.4 eV] energy range.
Superimposed on it and much more dispersive, an extra state

arises in the TM direction; it is indicated by the brown dotted
line. Actually, this state is not induced by alkali deposition
but it is one of the substrate bulk states. The yellow points
constitute the dispersion of the surface state; they are ob-
tained from a procedure which tracks, for each angle emis-
sion, the energy of the intensity maximum. At first glance,
we can note that for both Rb and Cs interfaces the amplitude

of the dispersion is weaker in the M direction than in the

'K direction. This is actually a generic feature of bands on
the triangular lattice. For Rb, corresponding energy-
dispersion curves (EDCs) are plotted below the intensity
maps with emphasized high-symmetry points (thick lines).
For Cs, two-band mappings taken at different binding ener-
gies are presented. At 0.62 eV, the surface state corresponds
to the bright pocket at the center whereas the bulk state cor-
responds to the six crescents around; at 0.4 eV, the tail of the
surface state is the only observed spectral feature, formmg a
hexagonal ring which lies at the edge of the 243 Brillouin
zone. Polarized-light measurements (horizontal and vertical
polarizations, see scheme) confirm that the Cs surface state
has the sp, symmetry, as in the case of K.'?

An important point to discuss is the surface-state symme-
try. For both interfaces and both high-symmetry directions
the surface-state clearly exhibits an extremum at the edge of
the 2v3 Brillouin zone, as indicated by the white dotted
lines. This result is consistent with previous results on K
interfaces: !+ i in these papers, it is argued this is the signa-
ture of the 2y3 surface reconstruction on the surface elec-
tronic structure. An inspection of the Brillouin zones (see

scheme on the Cs band mappings, Fig. 4) shows that the I?z\g

and K ;3 points correspond to opposite k vectors in the first
Brillouin zone. Thus a band having the 243 symmetry must
have the same energy at these two points. This is clearly not
the case if we interpret the data within a single band. In
addition when a reconstruction takes place, new bands must
arise from the diffusion of the unperturbated states by the
Fourier components of the reconstruction potential (umklapp
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FIG. 4. (Color online) Electronic band structure of the Rb and Cs/Si:B-213 interfaces at low (55 K) temperature. Top: photoemission

I(E, 6) intensity maps, for the K ;3 and FM directions of the Brillouin zone. First, a weaker dispersion is observed in the FM direction;
second, the surface-state band has an extremum at the edge of the 2\3 Brillouin zone. Bottom, left: selection of EDCs for the Rb interface,
extracted from the above intensity maps. Bottom, right: for Cs, two band mappings taken at different binding energies are plotted (see text
for details). Finally, polarized-light measurements (see scheme) confirm the Cs surface-state sp, symmetry.

mechanism); in particular, at the M é\g point, there must be a
band folding. In the present work, the discrepancy concern-
ing the surface-state symmetry is solved: a careful inspection
of the ARPES spectra show that two subbands—labeled by

“+” and “—"—having the correct, 23 symmetry constitute
what we called previously “the” surface state. In the present
case, the two-band surface-state analysis is carried out for the
Rb/Si:B-213 interface at 55 K, Fig. 5, with special focus on
EDCs taken along the Kz\s§—> Mz\s§—> K 3 segment (see band
mappings, Fig. 4). The EDCs line shape is reproduced by the
sum of two Gaussian functions (the plain and dotted lines
refer to the + and — subbands, respectively). At the K, ;3 and
E\g points, the energy of each subband is kept constant (E*
=-0.58 eV and E"=-0.86 €V). In addition at these points,
we can determine the linewidth of each subband (I'*
=0.34 eV and I''=0.40 eV) with accuracy because one con-
tribution is dominant. Between I?z\g and I?\g, the spectral
weight and the binding energy of each contribution is al-
lowed to vary, but the linewidth is kept constant. The + and
— subbands have important spectral weight in the Ez\g
HMé\g and A_lé\gel? 3 segments, respectively. When going

from I?z\g to K 3> the spectral weight is transferred progres-

sively from the + to the — subband. At A_lé\g, tlle two sub-
bands have same weight; in addition, the 2y3 symmetry
forces a band folding with an energy gap opening: experi-
mentally, we determine this gap is about 0.2 eV. Note the
amplitude of the subbands dispersion is extremely small
(only 50 meV). Unlike the energy eigenvalues, the spectral
weight of the two subbands is thus not periodic in the recip-
rocal space;* this explains our previous, erroneous
analysis.'*>? Lastly, let us discuss the total number of bands
one should observe with ARPES. A 23 unit cell contains
four Si adatoms so four bands must arise from the unpertur-
bated dangling-bond surface state. With a 1/2 ML saturation
coverage and assuming all ns electrons are transferred to the
dangling bonds, each 2v3 unit cell contains six electrons.
Thus three bands should be filled; we observe two of them
but have no clear evidence for the last third. It is possible
that the lacking band is blended with the two subbands. The
fourth, unoccupied band may be related to the “S,” state,
observed by Weitering et al. with inverse photoemission.'?
In Fig. 6, we compare the surface-state dispersion for the
different alkali’s. For this, we compare EDCs taken at the

I_(z\g (thick lines) and K ;3 (thin lines) points on K, Rb, and
Cs pure interfaces. Room (left panel) and low (55 K, right
panel) temperatures have been considered. From these EDCs
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FIG. 5. (Color online) Two-band surface-state analysis. Sample is Rb/Si:B-213 at 55 K. (a) ARPES intensity map focusing on the

Ky5— A7I£\§—> K 5 segment. (b) Deconvolution of the EDCs with two Gaussian functions; see text for details. (c) Dispersions (dashed lines)
and spectral weights (filled circles, which radius and darkness increase as the spectral weight) of the + and — subbands, extracted from the

fits. They are very weakly dispersive (=50 meV) and separated by a 0.2 eV gap at the 11712\:3 point.

we determine the binding energy Ej of the so-called +
surface-state subband. We define it as the maximum of the
state dispersion, that is EEEEJ’(I_Q@); it is indicated by the
dotted vertical line. According to Fig. 5, the surface-state
bandwidth is integrated over the two subbands; thus we have
W=E(K7)-E*(K,3). Let us discuss first the binding en-
ergy. At room temperature, Ej, is higher for K, and it is
roughly the same for Rb and Cs interfaces. At 55 K, the
surface state shifts systematically toward higher binding en-
ergies. However the shift amplitude depends on the alkali: it
is rather weak (50 meV) for Rb and Cs, but more pro-
nounced for K (120 meV). K still exhibits the highest bind-
ing energy at low temperature, and a closer inspection with
better statistics shows that Cs has actually a binding energy
30 meV smaller than Rb (see bottom of Fig. 6). Concerning
bandwidth, at room temperature, W is 0.22, 0.26, and 0.28
eV for K, Rb, and Cs, respectively. At 55 K, the bandwidth
remains the same for the three alkali’s. Since the experimen-
tal energy increment is 20 meV for these measurements, we
can conclude that K has the smallest bandwidth but cannot
distinguish between Rb and Cs.

In order to confirm that the band features evolve system-
atically when moving across the alkali column, we present
ARPES data (300 K) concerning the K, 4Rb 4 alloy (Fig. 7).
This choice of alloy is motivated by the fact it has been
possible to observe clear differences between K and Rb sur-
face states (Fig. 6). On the left panel, the series of EDCs

taken along the I'K direction exhibits the typical band extre-
mum at the I?z\g found in the pure K and Rb interfaces. On

the right panel, we compare the EDCs taken at high-
symmetry points for the alloy (plain lines) and the pure in-
terfaces (pink dotted and red dashed lines are for K and Rb,
respectively). First, the line broadening of the alloy surface
state is very similar to pure interfaces meaning that no sig-
nificant disorder is induced when forming the alloy; this cor-
roborates the LEED observation [Fig. 3(a)]. Second, the al-
loy surface state is located half way between the K and Rb
surface states, as shown at the I?z\g, 1\715@ and I?\;g points.
From this observation, we can conclude fairly that the
surface-state binding energy is changed continuously in the
alkali series.

To finish with the electronic properties of the
alkali/ Si:B-2v§ interfaces, we have studied the temperature
effect on the surface-state linewidth (energy broadening). In
the following we note I" the full-width at half maximum. In a
general way, broadening may arise from experimental reso-
lution but mainly from disorder and many-body processes.>
In our case, the spectral structures are so broad that experi-
mental contribution is completely negligible. In Fig. 8 (left

panel), EDCs taken at the K, 5 point at room (plain red line)
and low (55 K, dotted blue line) temperatures for each alkali
are compared. On these graphs, we have set E;=0 for all
alkali’s. At room temperature, ['/2~=0.2 eV for K, Rb, and
Cs. For Rb and Cs, a clear narrowing (I'/2=0.12 eV) is
observed upon cooling the sample to 55 K; this effect is
much weaker with K. In the right panel, same spectra (for K
and Cs) are plotted differently to enhance the alkali substitu-
tion effect.
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300K

W =0.28eV

IIIIIIIIIIIIIIIIII IIIIIIIII‘II‘IIIIIII

-1.5 -1.0 -0.5 00 -15 -1.0 -0.5 0.0

K, K RbCs

E-E_(eV)

FIG. 6. (Color online) Surface-state dispersion analysis at 300
and 55 K. Top: the thick and thin lines are EDCs taken at the 1?2\3
and K 5 points. The vertical dashed lines indicates Ej, the maxi-
mum of the + subband dispersion. A smaller bandwidth is observed
with K whereas it is the same for both Rb and Cs interfaces. At low
temperature, the surface state shifts systematically toward high
binding energies; the effect is more pronounced for K. Bottom:
ARPES spectra taken on same samples with better statistics show
that the Cs surface state has actually a smaller binding energy.

Let us summarize the main results of this section: (i)
whatever the alkali, the electronic structure of the
alkali/Si:B-2v3 interfaces is characterized by a two-band
surface state, which is insulating, weakly dispersive and very
broad, (ii) as substituting the alkali from K to Cs, the binding
energy reduces while the bandwidth increases, and (iii) upon
cooling, a systematic shift of the surface state toward higher
binding energies is observed together with a narrowing of
the ARPES line; we have shown that the largest shift and
smallest narrowing are found with K. All numerical values
can be found in Table L.

B. Spectral function analysis in the bipolaron model

This bipolaron model*’* has been proposed by us to de-
scribe the physics of the K/Si:B-2y3 interface.'* Before dis-
cussing the results in the framework of this model, just recall

PHYSICAL REVIEW B 82, 165429 (2010)

K, ,Rb,  alloy

K W \K\/3 Ly K

e
SR
F%

-1.5 1.0 -05 0.0 -1.5 -1.0 -0.5 0.0
E-E, (eV) E-E, (eV)
FIG. 7. (Color online) Electronic band structure of the

K0A4Rb0‘6-2\s“‘§ solid solution at room temperature. The dispersion of
the surface state is sandwiched between those of the pure K and Rb
interfaces. The linewidth is similar to pure interfaces, indicating a
homogeneous solid solution instead of K and Rb domains.

the former interpretation—the Mott insulating ground
state—proposed by Weitering et al.'>'® Assuming saturation
coverage to be % ML, alkali atoms provide one electron per
each \3 unit cell leading to a half-filled sp, surface band.*
However, ARPES indicates clearly a fully occupied state.
The Harrison criterion’ for Mott insulating ground state (%

E-E, (eV)

FIG. 8. (Color online) Surface-state linewidth analysis at low
(55 K) and room temperatures. Left panel: the plain blue and dotted
red lines refer to low and room temperature, respectively. Right
panel: the plain and dotted lines refer to K and Cs/Si:B-2v3 inter-
faces, respectively. For K, the ARPES line broadens slightly when
increasing temperature whereas for Rb and Cs the effect is more
pronounced.
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TABLE 1. Experimental b1nd1ng energies (Ej), bandwidth (W)
and half-width at half maximum ( ) for K, Rb, and Cs/Si:B- 2\3
surface state at 55 K. Values in 1tahcs refer to room-temperature
measurements.

E} w 5
(eV) (eV) (eV)
K 0.75 (0.64) 0.20 (0.22) 0.18 (0.20)
Rb 0.60 (0.52) 0.28 (0.26) 0.12 (0.18)
Cs 0.57 (0.52) 0.26 (0.28) 0.12 (0.20)

=2) was estimated using the experimental bandwidth W
~(0.2 eV and a typical on-site repulsion U=1-2 eV and
found to be strongly satisfied on this surface.!”> The very
broad ARPES line, attributed to strong electron-phonon in-
teraction, was already emphasized and the bipolaronic
ground state was even suggested. It was discarded, however,
because no doubling of the unit cell was observed in LEED.

From a theoretical point of view, the simplest way to
tackle both strong electron-electron and electron-phonon in-
teractions is to consider the Holstein-Hubbard (HH) model
(for a review, see Ref. 56). A fundamental parameter which
emerges from it is the effective on-site repulsion U,;=U
—2g%hw,, where g is the electron-phonon coupling constant
and fiw, is the typical phonon energy. The reason why elec-
tron repulsion U is renormalized into U, is that carriers are
polarons, that is electrons which are self-trapped in a lattice
deformation; when two polarons encounter, in addition to the
Coulomb repulsion, each feels the attractive potential of the
other one. At half-filling, the Mott insulator is the ground
state if U, remains positive. If U< 0, however, polaronic
effects dominate electron repulsion so that electrons can bind
into localized pairs associated with a lattice distortion: the
bipolarons. At half filling on the one-dimensional (1D)
chain, the corresponding ground state is the so-called bipo-
laronic insulator,*® which can be visualized as an enhanced
Peierls CDW (Refs. 57 and 58) (see top of Fig. 9). The set of
results reported in this paper for both structural (the 23
reconstruction) and electronic (the gap, the band-folding and
the broad line) properties, common to all alkali/S:B inter-
faces, are consistent with the bipolaronic ground state. In
Fig. 9 (bottom), we propose a simple charge-ordering pattern
for the alkali/Si: B-2v3 interfaces. There are four Si adatoms
(blue bowls), and then four empty sp. dangling bonds per
23 unlt cell Moreover, our determination of the absolute
coverage*? indicates six alkali atoms (not represented in the
figure) in the same cell. Assuming the six ns electrons are
transferred to the dangling bonds, we can form three doubly
occupied sites (the bipolarons) and one empty site.

ARPES measures basically the one-electron spectral func-
tion A(k,E) in the occupied part of the excitation spectrum.?
When electron-phonon coupling is strong, the HH spectral
function is approximated by the Lang-Firsov expression
(zero-bandwidth limit).5% In this case, there is no k depen-
dency. For U< 0, i.e., the bipolaronic insulator, the spec-
tral function consists in two broad Frank-Condon polaronic
structures separated by a total gap 2A= Ugff+2g2ﬁw with
the Fermi level midgap*3®! (see Fig. 10). For very strong
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1D Bipolaronic insulator

FIG. 9. (Color online) The bipolaronic insulator. Top: sketch of
charge ordering and lattice distortion in the 1D bipolaronic insulator
at half filling. Bottom: bipolaron charge-ordering pattern. proposed
for alkali/Si:B- 2\3 the thick black line indicates the 2y3 unit cell.
There are six electrons per unit cell; equivalently, the dangling bond
is 3/4 filled.

coupling, these incoherent structures tend to Gaussian func-
tions. The zero-phonon peaks—the quasiparticle states—are
separated by —U,; and show very weak spectral intensity
because coupling is very strong. In Fig. 11, the experimental
ARPES spectra presented in Fig. 8 are analyzed within this
theoretical result. The EDC is chosen at the extremum of the

band (K, 3 point) because this is where the CDW gap is
defined usually.®® A Shirley background has been removed
(see insets); by doing so, we recover a symmetrical spectral
feature related to the +, dominant state (see Fig. 5). We as-
sume the typical phonon to be the vibration of the surface Si
tetrahedron; its energy is %Awy=55 meV according to
electron-energy-loss measurements**%? performed on the
Si:B substrate.

First examine the room-temperature data for both K and
Cs/Si:B-2y3 interfaces (red lines). This choice is motivated
by the fact that Cs and K exhibit the weakest and strongest
polaronic effects, respectively. Although not shown here, Rb
would give very similar results as for Cs. For K, the best fit

A(E) 20= - U+ 2g°hw,

hwo ‘
..||||‘ ||I.. ..Il‘ M‘lh..
T | T

-1.5 -1.0 -0.5 0.5 1.0 1.5
E- (eV)

FIG. 10. One-electron spectral function A(E) for negative U,
in the zero-bandwidth Holstein-Hubbard model.
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K T=55K T=300K
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hasasnrns il | ( 9=32 (|75 g=3.0
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Cs T=55K T=300K

A\

st / \9:2.95

- E-E, (eV)

FIG. 11. (Color online) Spectral function simulation of the K and Cs/ Si:B—2\f§X2\5§R30° surface state at low (55 K) and room
temperatures. The typical phonon energy is Aw=55 meV, according to Refs. 40 and 62. The deduced Hubbard term is U=0.78 eV for both
alkali and temperatures. We emphasize here that by decreasing the e-ph coupling constant when increasing temperature, it is possible to
reproduce the energy shift of the surface state. Insets: substraction of a Shirley background from the raw data.

(red vertical bars) which reproduces both the ARPES line-
width and maximum intensity position is obtained with g
=3.0 and U=0.78 eV; this corresponds to a very strong
electron-phonon coupling and to a negative effective Hub-
bard term U,;=-0.35 eV. With the same U and %iw,, we
found that a lower value g=2.85 is necessary to fit well the
Cs interface; this gives U,;=—0.11 eV. Thus the Cs/Si:B
interface is close to metallization (that is, U= 0), as already
suggested by Weitering et al.' in their analysis of electron-
energy-loss spectra.®® In addition, this is consistent with the
systematic observation of a less sharp 243 LEED pattern
with Cs (Fig. 2). Concerning temperature effects, this ex-
plains probably why a stronger linewidth variation with tem-
perature is observed experimentally for Cs (Fig. 8). Indeed in
the polaron theory, one shows®! that the width of the Frank-

Condon incoherent structures is I = gfiwy \/%coth(%) in the
strong-coupling limit. In addition, the larger g may be re-
sponsible for the smaller bandwidth observed on K/Si:B
(Table 1), since the polaron bandwidth is renormalized>® as

¢¢". We do not have simple explanation why g is higher in
K; naively, this is even unexpected since for alkali halides
(the prototypical polaronic materials) the contrary occurs.>”
On the other hand, the same is observed on the much more
similar alkali/GaAs(110) interfaces.3>3¢ Polaronic effects are
reduced with increasing alkali atomic number while the Hub-
bard term U does not depend on the adsorbate,* as in our
assumption. The values of U,z are —0.61 eV and —0.35 eV
for Na and K, respectively; in the case of Cs, electron-
energy-loss measurements® suggest that the weakening of
the electron-phonon coupling even allows U, to become
positive, leading to the Mott state. Although not considered
here, another way to reduce the gap is assuming that the
phonon energy lowers from K to Cs.

Now turn to the low-temperature measurements (55 K,
blue line). Two systematic effects have been noticed in the
previous section: (i) the narrowing of the ARPES line and

(ii) a shift of the surface state toward higher binding ener-
gies. If we use the same fitting parameters as before, the
narrowing of the spectral function is not well reproduced. In
both cases, it is necessary to increase the electron-phonon
coupling constant (3.0—3.2 and 2.85—2.95 for K and Cs,
respectively). Although surprising, this has been evidenced
already on heavily doped diamond samples,® in which hole
careers are strongly coupled (g=1.2) to a 150 meV optical
phonon. It is reasonable to assume that this property should
be extended to Si:B since both are degenerate (metallic)
semiconductors. Interestingly for our purpose, this leads to a
shift of the Frank-Condon structure toward higher binding
energies when decreasing temperature (we recall that its po-
sition with respect to the Fermi level is A=2g2ﬁwo—%}).
These values of g give an energy shift of 135 and 65 meV for
K and Cs, in good agreement with the 110 and 50 meV
values given by direct measurement (Table I). In conclusion,
the bipolaron model gives a consistent explanation for the
observed temperature effects, which magnitude depends on
the alkali. Our analysis shows that K exhibits stronger po-
laronic effects than Cs, as already demonstrated on similar
alkali/semiconductor interfaces.

V. CONCLUSION

In conclusion, we have presented a systematic study of
the alkali/Si:B interfaces, including solid solution, in order to
confirm previous results concerning K. By combining LEED,
XPS, and ARPES, we show that physics are basically the
same for all interfaces at saturation coverage. The 23 sym-
metry is found to be a common property, for both structural
and electronic properties. From a theoretical point of view,
the spectral function of the insulating surface state is ana-
lyzed within the bipolaron model, which is appropriate for
systems with strong electron-phonon coupling. This allows
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to reproduce the systematic, fine temperature effects ob-
served on the linewidth and binding energy; K is shown to
exhibit stronger polaronic effects than Rb and Cs. Finally, a
new 3 X 3 reconstruction is evidenced for a coverage that is
possibly 1/3 ML; it would be interesting to know whether or
not this phase is common to that observed on Sn/Ge.
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