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Importance of accurately measuring LDOS maps using scanning tunneling
spectroscopy in materials presenting atom-dependent charge order:

The case of the correlated Pb/Si(111) single atomic layer
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We address here general issues and show how to properly extract the local charge order in two-dimensional
systems from scanning tunneling microscopy/spectroscopy (STM/STS) measurements. When the charge order
presents spatial variations at the atomic scale inside the unit cell and is energy dependent, particular care should
be taken. We show that the widely used lock-in technique performed while acquiring an STM topography in a
closed feedback loop cannot be used to extract this local charge order from STS dI/dV differential conductance
maps. In such situations, the use of the lock-in technique leads to systematically incorrect dI/dV measurements,
giving a false local charge order. We show that a correct method is either to perform a constant height
measurement or to perform a full grid of dI/dV(V) spectroscopies, using a set point for the bias voltage outside
the bandwidth of the correlated material where the local density of states (LDOS) is expected to be spatially
homogeneous. We take as a paradigmatic example of two-dimensional material the 1/3 single-layer Pb/Si(111)
phase. As large areas of this phase cannot be grown, charge ordering in this system is not accessible to angular
resolved photoemission or grazing x-ray diffraction. Two previous investigations by STM/STS supplemented by
ab initio density functional theory (DFT) calculations concluded that this material undergoes a phase transition
to a low-temperature 3 × 3 reconstruction where one Pb atom moves up, the two remaining Pb atoms shifting
down. A third STM/STS study by Adler et al. [F. Adler, S. Rachel, M. Laubach, J. Maklar, A. Fleszar, J.
Schäfer, and R. Claessen, Phys. Rev. Lett. 123, 086401 (2019)] came to the opposite conclusion, i.e., that two
Pb atoms move up, while one Pb atom shifts down. We show that this latter erroneous conclusion comes from an
artifact induced by the lock-in technique. In contrast, using a full grid of dI/dV(V) spectroscopy measurements,
our results show that the energy-dependent LDOS maps agree very well with state-of-the-art DFT calculations,
confirming the one-up two-down charge ordering. We show that this structural and charge reordering inside the
3 × 3 unit cell is equally driven by electron-electron interactions and the coupling to the substrate.
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I. INTRODUCTION

The understanding of the structural and electronic proper-
ties of correlated materials represents an important challenge
in condensed matter physics. The interplay between Coulomb
interactions and electrons delocalization leads to the appear-
ance of new ground states often presenting charge, spin,
and/or lattice reordering [1–10]. Probing experimentally
these various orders with macroscopic and local probes is
essential to provide solid grounds for advanced theoretical
modeling. In addition, in the goal of reaching a quantita-
tive understanding of the theoretical properties of correlated
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electronic systems, it is highly desirable to find materials
exhibiting the greatest chemical simplicity. The ideal situation
is that of a small number of atoms in the unit cell possibly
leading to a single narrow band crossing the Fermi level,
isolated from other bulk bands and presenting strong on-site
Coulomb repulsion. Such a system would ideally implement
the single-band Hubbard model at the heart of the description
of strongly correlated materials [11].

For a single-band Hubbard model in two dimensions (2D),
depending on the precise lattice geometry and parameters
of the hopping integrals, on-site Coulomb repulsion, as well
as possible nonlocal repulsion terms, various phases are
theoretically predicted as ground states. These range from
paramagnetic metals with or without charge ordering to in-
sulating states with various magnetic ordering or spin-liquid
phases [12].
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Such a paradigmatic situation seems at first glance to be
realized in 2D in a class of surface crystals, called an α

phase, consisting of a low-density single layer of tetravalent
metal atoms (Pb or Sn) grown on tetravalent semiconducting
substrates like Si(111) or Ge(111) [2,13–15]. The atoms are
organized in a triangular lattice forming a

√
3 × √

3-R30◦ re-
construction in the high-temperature phase. Each metal atom
leaves a free electron at T4 sites, leading to a single half-filled
electronic band confined at the surface and isolated from bulk
bands. The α-phase compounds offer a nice chemical simpli-
fication since there are only two different atoms in the unit
cell having s-p hybridized orbitals. These materials are often
considered as a prototypical realization of the single-band
Hubbard model, despite the fact that this aspect has been
recently questioned [16,17].

The theoretical consideration of the explicit coupling be-
tween the electronic, lattice, and substrate degrees of freedom
seems mandatory for such surface-confined 2D materials,
as already established for denser systems [18]. It is nev-
ertheless at present taken into account only by ab initio
density functional theory (DFT) methods [9,10,14,16,17,19]
and is neglected in many-body ones (see, for instance,
Refs. [20,21]). Which methods among advanced DFT meth-
ods, like DFT+U [22], HSE [23,24], or many-body ones are
capable or not of describing the structural, electronic, and
magnetic ordering taking place in these compounds should be
looked at in detail by a precise comparison with all available
experimental results for each particular material.

In a correlated surface material, both electron-phonon (e-
ph) and electron-electron (e-e) effects can contribute to a
lattice reordering. Experimentally, a 3 × 3 reconstruction is
observed at low temperature for all α-phase compounds ex-
cept Sn/Si(111). The lattice reconstruction can be inferred
from surface x-ray diffraction (SXRD) only when the α-phase
can be macroscopically and homogeneously grown, as done
for Pb/Ge(111) and Sn/Ge(111) [25–27].

The situation is thus more challenging in Pb/Si(111),
where a 3 × 3 reconstruction is observed at low temperature
by scanning tunneling microscopy (STM) [5,16,28,29] but
where the small size of the 3 × 3 domains coexisting with
large

√
7 × √

3 regions prevents SXRD or x-ray photoelec-
tron spectroscopy (XPS) to be used to deduce the refined 3 ×
3 structure [5,30]. In this case, the atomic lattice reconstruc-
tion and the associated electronic charge ordering has to be
solely deduced from STM/scanning tunneling spectroscopy
(STS) or atomic force microscopy (AFM) experiments, which
necessitates an error-free protocol. With respect to this issue,
the recent studies undertaken in Pb/Si(111) by STM/STS are
illuminating as they present conflicting results and different
interpretations [16,29].

In Ref. [16], Tresca et al. showed that at 300 mK the
Pb/Si(111)-3×3 ground state is a correlated metal presenting
a charge order. This correlated metallic state is character-
ized by a vertical lattice distortion, having one Pb atom up
and two Pb atoms down (called one-up, two-down 1u2d in
the following for simplicity). This structural deformation is
accompanied by a local electronic ordering due to the fact
that in the 3×3 unit cell, two electrons among three local-
ize on the Pb up atom while the third unpaired electron is
shared among the two-down Pb atoms ensuring metallicity.

Note that the same 1u2d atomic ordering was deduced ear-
lier by Brihuega et al. from STM topography measurements
confronted to DFT calculations in the generalized gradi-
ent approximation (GGA) approximation [5]. Additionally,
SXRD measurements in Pb/Ge(111) and Sn/Ge(111) showed
the same atomic ordering [26,27]. Surprisingly, the recent
STM/STS study by Adler et al. of the local charge order
in Pb/Si(111) came to the opposite conclusion, promoting a
two-up, one-down (2u1d ) atomic ordering [29].

In the present paper, we solve the controversy by demon-
strating that it is related to an incorrect method to extract
information on local order via the lock-in technique.

II. EXPERIMENTAL RESULTS

The α-Pb/Si(111) single-layer phase was prepared using
a well-known procedure as described in Ref. [16]. This pro-
cedure results in the formation of a mixed phase consisting of
dense, metallic, and large

√
7 × √

3 domains having a Pb cov-
erage of 1.2 ML adjoining small

√
3 × √

3 regions of size less
than 100 nm having a Pb coverage of 1/3 ML. Below about
86 K, the

√
3 × √

3 regions transit to a 3 × 3 structure [5].
Our measurements were performed on 3 × 3 domains having
a lateral size larger than 25 nm at T = 0.3 K, 2 K, or 4.2 K
with metallic PtIr or W tips. For such range of domain sizes,
we have found that the spectral characteristics presented here-
after are well established. The I (V ) spectra were measured
far enough from boundaries with neighboring

√
7 × √

3 do-
mains to probe intrinsic electronic properties. The dI/dV (V )
spectra were obtained by numerical differentiation of the raw
I (V ) curves. Negative (positive) bias voltage corresponds to
occupied (empty) sample states.

Figure 1 shows a characteristic 3 × 3 domain measured
by STM at T = 4.2 K. We used the same tunneling current
(I = 20 pA) but two different bias voltages [Vbias = −1.0 V
in Fig. 1(a) and Vbias = +1.0 V in Fig. 1(b)]. Strikingly, a con-
trast reversal exists between Figs. 1(a) and 1(b). In Fig. 1(a),
the maxima of the z(x, y) signal of the STM constant current
topography features a triangular lattice of bright dots while in
Fig. 1(b) it forms a honeycomb lattice. Moreover, the location
of the bright dots in Fig. 1(a) corresponds to the location
of the darker dots in Fig. 1(b). This can be seen better by
inspecting Figs. 1(d) and 1(e), presenting a close-up of the
region situated in the white square. The point defect present in
this region features the absence of a bright dot in Fig. 1(d) and
a darker dot in Fig. 1(e). It is presumably a Pb vacancy. Going
away from this point defect enables a site-by-site comparison
between Figs. 1(d) and 1(e).

Our detailed analysis of the experimental results, sup-
plemented by the state-of-the-art ab initio DFT calculations
presented below, allows us to conclude that the bright dots in
Figs. 1(a) and 1(d) are associated to the Pb-up sites while the
two bright dots forming the honeycomb lattice in Figs. 1(b)
and 1(e) correspond to the atomic sites of the two Pb-down
atoms. For clarity, green, and red dots are superposed on
STM topographies Figs. 1(d) and 1(e) to represent the ex-
pected locations of the up and down atoms, respectively.
Nevertheless, as we show now, this conclusion cannot solely
be deduced from STM measurements. Indeed, the charac-
teristic variation in height of the z(x, y) signal measured in
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FIG. 1. All measurements presented in this figure were carried out at T = 4.2 K. (a) STM topography of a 3 × 3 domain measured
with Vbias = −1.0 V and I = 20 pA. It shows the sample occupied states. (b) Same domain as in (a) but measured with Vbias = +1.0 V and
I = 20 pA. It shows the sample unoccupied states. (c) Top: Top view of the high-temperature

√
3 × √

3-R30◦ (red) and low-temperature 3 × 3
(blue) unit cells of α-Pb/Si(111). Bottom: Side view of the 3 × 3 1u2d and 2u1d phases. (d) Close-up of the area delimited by the white
rectangle in (a). It features a triangular lattice of dots associated to the Pb-up atoms. The colored balls indicate the theoretical location of the
Pb atoms associated with the 1u2d phase. (e) same as in (d) but for Vbias = +1.0 V and I = 20 pA. A characteristic honeycomb lattice is seen
associated with the two-down atoms. (f) dI/dV spectra measured by STS proportional to the LDOS of the three different Pb atoms present
in the 3 × 3 unit cell denoted Pb-up (black curve), Pb-down1 (red curve), and Pb-down2 (blue curve). Set point for STS Vbias = −1.0 V and
I = 100 pA.

Fig. 1(d) [respectively, Fig. 1(e)] is very small: it is only of
about 0.20 Å. This small value suggests that there could be,
in principle, two effects contributing to it. There could be
(i) a difference in the vertical height (i.e., in the direction
perpendicular to the surface) of the three Pb atoms inside
the 3 × 3 unit cell and/or (ii) a difference in their integrated
local density of states (LDOS) for the occupied (respectively,
unoccupied) states. As we show hereafter, only a detailed
comparison with advanced ab initio DFT calculations enables
us to conclude which effects take place and whether there is
or not an atomic reconstruction. Nevertheless, since we aim
at concluding whether or not there is an atomic reconstruction
accompanied by possible charge ordering on the various Pb
sites, we need to perform site-dependent STS measurements
to probe the corresponding spatial variations of the LDOS at
the atomic scale.

Site-dependent STS measurements are presented in
Fig. 1(f). The characteristic dI/dV spectra of the three dif-
ferent Pb sites seen by STM inside the 3 × 3 unit cell

are shown. These spectra are consistent with the spatially
averaged dI/dV spectrum presented in our previous work
(see Fig. 1(c) in Ref. [16]). In particular, all three spectra
reveal a strongly depressed DOS at εF not reaching zero,
which is a hallmark of the correlated semimetallic character of
the surface. This depressed DOS at εF is surrounded by two
prominent peaks located almost symmetrically with respect
to εF at −0.3 eV and +0.3 eV. At larger binding energy,
i.e., between −1.0 < V < −0.5 eV, the conductance strongly
increases due to the LDOS associated to Si bands [16]. In
the unoccupied states, a sharp drop in conductance occurs
above the main peak and negative differential conductance is
measured between � 750 meV and 1 V.

A. Probing charge ordering at the atomic scale through LDOS
maps with scanning tunneling spectroscopy:

Methodological considerations

Since we need and want to compare with one another the
LDOS measured on each of the three different Pb sites seen
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in the 3 × 3 unit cell by STM, we need to be sure that the
site-dependent dI/dV spectra are measured in a way that
enables such a spatial comparison. Ideally, according to the
Tersoff-Hamann theory of STM, the LDOS should be probed
at constant tip-sample height to enable such a correct spa-
tial comparison [31]. If this condition is fulfilled, then each
dI/dV (V ) spectrum measured over the surface is propor-
tional to the sample LDOS and a direct spatial comparison
is possible. Let us note that the contribution of the tip DOS
to the dI/dV (V ) signal is neglected in the Tersoff-Hamman
approximation: the tip DOS is assumed to be constant around
εF . Furthermore, it is also assumed that the spectroscopic
measurements are performed in a small enough energy range
around εF such that the transmission coefficient does not vary
appreciably in this energy range. This is typically verified for
an energy interval of [−1;+1] eV around the Fermi level and
a tip work function larger than 4 eV.

In practice, performing constant-height I (V ) spectro-
scopies with STM is challenging. The reason is that this
condition requires us to precisely determine a plane parallel
to the sample surface along which the tip can be scanned with
an open feedback loop. Due to the small thermal drift existing
along the z(x, y) direction, it is usually not possible with this
method to perform more than several hundreds of I (V, x, y)
spectra. Thus full 2D I (V, x, y) spectroscopy grids with high
spatial resolution over areas larger than a few nm2 are usually
impossible. It is nevertheless possible to perform STS mea-
surements under constant tip height using a lock-in technique
for a given voltage V . This is much less time-consuming and
has been demonstrated for a variety of systems. This issue was
first discussed in the context of surface states of noble metals
[32,33]. The LDOS above adatoms [33], single molecules
[34], or supramolecular networks [35] over small areas could
also be measured this way. An additional method going be-
yond constant-height measurements has also been proposed
to deal with the case of nano objects adsorbed on surfaces and
improve the deficiency of the constant-height method in this
case [36].

The principle of lock-in in the detection technique is to
directly acquire the dI/dV (V, x, y) signal by adding a small ac
voltage Vaccos(ωt ) to the DC bias voltage V applied between
tip and sample. The dI/dV (V, x, y) signal is obtained from a
demodulation by the lock-in amplifier according to the first-
order approximate relation:

I (V + Vac, x, y) = I (V, x, y) + dI/dV (V, x, y)Vaccos(ωt ).
This technique can be used in constant height mode with an
open feedback loop, as mentioned above. In this case, it leads
to correct LDOS measurements since it fulfils the Tersoff-
Hamman condition. Nevertheless, stringent time limitations
exist for the STS measurements in a dense grid mode due
to the open feedback loop, as explained above. In contrast,
if the lock-in technique is used in a closed feedback loop
while scanning the STM tip in constant current mode, it
fails to reveal the true LDOS for energy-dependent and/or
site-dependent LDOS, as is usually the case for materials pre-
senting (strong) electronic correlations together with charge
ordering. An example of this failure is provided by the data
of Adler et al. presented in Ref. [29] and reproduced in the
present Fig. 2 for our correlated 2D Pb/Si(111) material. The
reason for this failure is that the constant current condition

dramatically changes and can even reverse the relative LDOS
weight of atomic sites presenting different LDOS energy de-
pendencies and/or charge ordering.

If one aims at performing a dense 2D and full I (V, x, y)
spectroscopy grid, as we need here, that typically contains
from several thousands to several tens of thousands of individ-
ual I (V, x, y) spectra (taking from about ten to several tens of
hours of measurement), the usual trick is to work under closed
feedback loop conditions by choosing an appropriate common
set point (I0,V0) for each I (V, x, y) spectroscopy. This last
method has been widely used in STS experiments for about
20 years, including, for instance, complex materials where
electronic correlations play an important role such as high-
temperature cuprate superconductors [37]. In this case, the
dI/dV (V, x, y) spectra are obtained by numerical differentia-
tion of the I (V, x, y) curves. It can directly be seen that for this
latter method to be correct, the choice of the (I0,V0) set point
should qualitatively reflect the constant-height condition.
Thus, in each particular situation and material, depending on
the energy range that is to be measured, care should be taken
regarding the choice of the (I0,V0) set point. Fortunately, for
many materials there often exists an energy range [eV1, eV2]
for which the LDOS is homogeneous over the area of in-
terest, which enables a postnormalization procedure of the
dI/dV (V, x, y) spectra. This corresponds to the procedure that
we have followed and that will be further explained below.

B. Probing charge ordering at the atomic scale through LDOS
maps with scanning tunneling spectroscopy: The case of 1/3

monolayer Pb/Si(111)

From Fig. 1, we see that the actual measured bandwidth
of the 3 × 3-Pb/Si(111) phase is about [−0.5;+0.5] eV. To
extract a meaningful local dI/dV (E , x, y) signal proportional
the intraunit cell LDOS, we have chosen to measure a 200 ×
200 grid of single I (V, x, y) curves between [−1;+1] eV with
a common set point for each STS spectroscopy at I0 = 100
pA, V0 = −1.0 V. This dense set of dI/dV (E , x, y) data is
obtained from numerical differentiation of the corresponding
single I (V, x, y) curves. The set point in voltage is chosen far
in energy from the 2D surface band of interest. In particular,
as our DFT calculations presented below show, this set point
is chosen well enough in the silicon bulk valence band so
no peculiar site dependence exists in the LDOS for E ≈ eV0.
This means that it is possible to postnormalize the measured
dI/dV (V, x, y) spectra at the energy E ≈ eV0. This is ex-
actly the procedure that we have followed here. One can also
note that the same normalization procedure was performed
in Fig. 1(f). As a consequence, our reference dI/dV (E =
−1eV, x, y) map shown in the first row of Fig. 2(a) presents
a homogeneous aspect. This spectroscopic behavior is well
reproduced by our optimized DFT calculations presented in
the first row of Fig. 2(b), evaluating the LDOS for the 1u2d
phase at a height of 3 Å from the topmost Pb atoms.

The panels in Fig. 2(a) present dI/dV (E , x, y) maps ob-
tained following this protocol for various energies E running
through the whole 2D correlated surface bands. Let us note
that the conductance color scale of each dI/dV (E , x, y) map
is identical (having conductance values between 0 and 2.5).
This enables a proper quantitative comparison of the LDOS
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FIG. 2. Comparison of the energy-resolved LDOS maps of the 3 × 3-Pb/Si(111) phase measured at 4 K by STS using two different
methods, confronted to DFT calculations for the optimized 1u2d (column b) and 2u1d (column d) phases. Column a) represents this work. It
shows dI/dV (E , x, y) maps numerically derivated from a grid of 200 × 200 I (V, x, y) curves acquired between [-1;+1] eV with a common
set-point for each spectroscopy at I0 = 100 pA, V0 = −1.0 V. Each row has a different bias adopted for the measurement, the corresponding
energy E being indicated in eV. The normalized conductance color scale is identical for all these panels and is shown by a vertical bar (having
dI/dV (E , x, y) values between 0 and 2.5) on the right of each map. Column b) is the theoretical LDOS for the 1u2d phase while in column d)
the theoretical LDOS for the proposed 2u1d system is reported. The theoretical panels are presented with a common color scale for each phase,
namely between 0 and 3 10−2 states/Ry for the 1u2d (respectively, 0 and 5 10−3 states/Ry for the 2u1d ). The colored balls in columns a) and
b) feature the theoretical location of the Pb atoms associated to the one up-two down phase. In column c) we reproduce the dI/dV (E , x, y)
maps by Adler et al. [29], for comparison. The measurements of by Adler et al. are obtained by using a lock-in technique and acquired in
closed feedback loop together with the STM topography at the corresponding voltage. In these measurements the conductance color scale vary
for each energy E , which we indicated accordingly. Note also that we have rotated by 90◦ these LDOS images in order to enable a direct
comparison with ours. For the energy E = −0.1 eV∗, the map in column a) was in fact obtained at an exact energy of −0.115 eV.
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measured at different energies. The three different Pb atoms
are superposed with lighter (green) color for the up atoms
and darker (red) color for the down ones. These experimental
dI/dV (E , x, y) maps can be directly compared to the panels
in Fig. 2(b) showing our optimized DFT calculations of the
LDOS for the 1u2d phase evaluated at a height of 3 Å from
the topmost Pb atoms.

At larger binding energy E ≈ −0.3 eV, close to the peak
observed in the LDOS of the occupied states, our measure-
ments show that the LDOS is maximum on the up atoms, in
agreement with Fig. 1(f). For this energy, the dominant LDOS
signal forms a triangular lattice of bright dots associated to the
Pb-up atoms. This LDOS behavior is precisely reproduced by
DFT calculations of the 1u2d phase, even if theoretically, the
LDOS maximum on the Pb up atoms is obtained for slightly
smaller energy E ≈ −0.2 eV. When the binding energy E
reduces for −0.3 � E � −0.115 eV, the experimental LDOS
on all sites reduces. Simultaneously, the relative LDOS weight
between the up and down atoms also reduces. When one
reaches E ≈ −0.115 eV, the LDOS becomes approximately
equal on all three Pb sites, as seen by the homogeneous color,
in agreement with Fig. 1(f). Theoretically, such behavior is
also predicted to occur around E = −0.1 eV, as shown by our
theoretical predictions.

For E � −0.115 eV, the relative LDOS weight reverses,
the LDOS becoming larger on the down atoms than on the
up ones, as expected from Fig. 1(f). This behavior is well
reproduced by DFT calculations. Between 0 � E � 0.3 eV,
the LDOS rises on all three Pb sites and the relative weight be-
tween the down and up sites also increases. This is illustrated
for E ≈ +0.2 eV, where one sees that the LDOS weight on the
two down atoms is almost equal and dominates. As a result,
the dominant LDOS signal forms a honeycomb lattice. This
honeycomb lattice presents a complete site-reversed contrast
with respect to the triangular lattice seen for E = −0.3 eV.
The theoretical results agree with this picture. When reaching
energies close to the upper band edge, both the LDOS and
relative weight between the up and down sites diminish. Fur-
thermore, slight inhomogeneities between sites of the same
type become visible, probably induced by disorder effects.
The theoretical bandwidth being slightly smaller than the
measured one, the comparison cannot be made for this latter
energy.

C. Probing charge ordering at the atomic scale through LDOS
maps with scanning tunneling spectroscopy: On artifacts

induced by the lock-in technique

Our atomically resolved LDOS measurements inside the
Pb-3 × 3 unit cell are in strong contrast with the previously
reported STS results by Adler et al. [29]. A detailed com-
parison is provided for similar energies in Fig. 2. For large
binding energies (E ≈ −0.3 eV), the LDOS map is similar to
ours, revealing a triangular lattice of bright dots. However, as
the energy increases, the LDOS contrast never qualitatively
changes in Adler et al.’s data. For instance, the LDOS weight
reduction around εF is not observed, nor the LDOS reversal
between the up and down atoms for E � −0.115 eV. Instead,
Adler et al.’s measurements suggest that the LDOS is always
dominated by the same type of atoms for all energies inside

the bandwidth. This is physically implausible. This is also
opposite to our experimental measurements and theoretical
analysis, the latter being detailed below in Sec.III, since in our
modeling we also considered the possibility of the formation
of the 2u1d phase.

Furthermore, the dI/dV (E , x, y) maps presented by Adler
et al. are themselves in contradiction with their own site-
dependent dI/dV (V, x, y) spectra presented in Fig. S4 of the
Supplemental Material of Ref. [29]. Indeed, from Fig. S4, the
site-dependent dI/dV (V, x, y) spectra show a qualitative be-
havior similar to the one presented in Fig. 1(f). This shows that
for E � −0.1 eV their dI/dV (E , x, y) maps should be dom-
inated by the LDOS measured on what they called “center”
atoms (Pb up atoms in our case). Then an almost equal LDOS
weight should be observed around ≈ −0.1 eV between the
denoted center and corner atoms (Pb-down atoms in our case),
followed by an LDOS contrast reversal for ≈ −0.1 � E �≈
+0.3 eV. This expected energy dependence is clearly not what
is measured in the dI/dV (E , x, y) maps of Ref. [29], which
we reproduced in Fig. 2. This experimental artifact, leading
to erroneous LDOS measurements, is due to the improper
use of the lock-in technique in a closed feedback loop while
acquiring the STM topography for a correlated 2D material
presenting site-dependent LDOS and charge ordering, as we
explained before in Sec. II A.

Another unfortunate consequence of the artifacts induced
by the lock-in technique to acquire dI/dV (V, x, y) maps in
closed feedback loop deals with quasiparticle interference
(QPI) measurements. QPI measurements are a phase-coherent
manifestation of the scattering of elementary electron or hole
excitations by defects [38]. These QPI measurements are
typically obtained by performing the Fourier transform of
a dI/dV (V, x, y) map measured for a given energy. Since
we just saw that dI/dV (V, x, y) maps acquired in a closed
feedback loop are incorrect for site-dependent LDOS, one
deduces that QPI maps will also be incorrect. This is par-
ticularly important to note since this technique is broadly
used to infer information about order parameter symmetry,
topology, spin, and band-structure properties [39,40]. We thus
may consider with care the recent QPI experiments done this
way in α-phase materials [29,41]. Evidence for this situation
is provided by comparing the QPI maps at the Fermi level for
Pb-3 × 3/Si(111) obtained using our method (see Fig. 3 in
Ref. [16]) and Adler’s (see Fig. 3 in Ref. [29]).

To support the presented experimental STM/STS results
and their interpretation, we now present and discuss in detail
the theoretical investigations of the 1/3 ML α-Pb/Si(111)
phase using advanced DFT calculations.

III. THEORY: MODELING THE STRUCTURAL AND
ELECTRONIC PROPERTIES OF THE CORRELATED 1/3

MONOLAYER PB/SI(111)

A. Computational details

As in Ref. [17], we model the Pb/Si(111) surfaces by
considering a layer of Pb atoms on top of three or six Si
bilayers. The bottom dangling bonds are capped with hydro-
gen atoms fixed to the relaxed positions obtained by capping
one side of the pristine Si surface. The atomic position of the
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first five (four) Si-substrate layers below the Pb single layer
are optimized whereas the remaining seven (two) layers are
fixed to the Si bulk positions. More than 15 Å of vacuum is
included.

DFT calculations are performed with QUANTUM ESPRESSO

[42,43] and CRYSTAL17 [44,45] codes. For plane-wave cal-
culations, we used ultrasoft pseudopotentials with the same
settings of Ref. [16]. We used the following semilocal approx-
imations for the exchange and correlation kernel: the local
density approximation (LDA), the GGA, and the GGA+U
approximation with an energy cutoff up to 45 Ry. Integration
over the Brillouin zone (BZ) was performed using uniform
10(6) × 10(6) × 1 Monkhorst and Pack grids [46] for the√

3 × √
3-R30o(3×3) and a 0.001 Ry Gaussian smearing.

Hybrid-functional calculations in plane waves for cells
as large as those considered here are hardly feasible. Thus,
HSE06 [23,24] (nonrelativistic) calculations were performed
by using the CRYSTAL17 [44,45] code with Gaussian basis
sets exactly as in Ref. [17]. The basis sets used for these
calculations have been directly downloaded from the CRYSTAL

web site. For Pb, we used pseudopotentials [47,48] from the
CRYSTAL distribution, while for Si and the capping H an
all-electron m-6-311G(d) [49,50] and TZVP [51] have been,
respectively, adopted.

Integration over the BZ was performed with the same
k-mesh density as in the plane wave calculation and a Fermi-
Dirac smearing of 0.0005 Ha. The integration threshold was
set to 10−7 for integrals in the Coulomb series and 10−7,
10−15, and 10−30 for the exchange ones (see Refs. [44,45] for
more details).

In this framework, we optimize the internal coordinates.
Relativistic effects are not implemented in the CRYSTAL17

code. To overcome this difficulty, in analogy with Ref. [17],
we fit the nonrelativistic HSE06 electronic structure and
Fermi surfaces at HSE06 fixed geometry in a DFT+U for-
malism with U on the Pb and Si p states, and then apply
noncollinear spin orbit on top at fixed atomic coordinates in
a DFT+U+SOC calculation. This is possible because rela-
tivistic effects are negligible in the atomic relaxation process
[16,17], vice versa a good description of the energy gap of Si
is necessary for the structural prediction.

B. Determination of the ground state

As known, at low temperature the α-Pb/Si(111) shows
a charge density wave (CDW) transition between the

√
3 ×√

3-R30o periodicity to the 3 × 3 ordering with three in-
equivalent Pb atoms [2,5,16,25,29,30,52–55]. For years, the
3 × 3 phase in Pb/Si(111) has been interpreted as a defor-
mation in which one Pb atom is higher and the other two
closer to the substrate, in analogy with the similar Pb/Ge(111)
[2,17,25,52,54]. This reconstruction is usually labeled one up
and two down (1u2d ). Our previous works [16,17] showed
that the electron-electron interaction is important in this sys-
tem and, in particular, the nonlocal exchange interaction
among the Pb electrons and the Si substrate [17]. Further-
more, we have shown that the spin-orbit interaction plays an
important role. As mentioned, this aspect has been recently
questioned by an experimental/theoretical work claiming that

the low-temperature Pb/Si(111) ground state would appear to
be the two-up and one-down structure (2u1d ) [29].

To reconcile this disagreement, as a first step, we studied
the stability of both 1u2d and 2u1d CDWs with different func-
tionals and different substrate thickness modelization. Results
are summarized in Table I.

At the semilocal functional level (LDA and GGA), for the
1u2d CDW phase, we obtain the results already known in
literature [16,55,56] and we find that the 2u1d phase is not
stable.

We repeated the calculation by including a moderate
and strong Hubbard term on Pb sites (2 and 8 eV, respec-
tively). The specific values adopted for U are not physically
representative—just serve as a computational knob to study
the correlation effects in high and low regimes. As summa-
rized in Table I, the only case able to describe the 2u1d CDW
phase as a ground state is the inclusion of a correlation term
of 8 eV on Pb atoms. As mentioned, the eventual physical
justification for such a high value is far from trivial and makes
this hypothesis a mere stylistic exercise. Furthermore, in such
a case the height difference found between up and down Pb
atoms is ∼1.9 Å, a completely unrealistic value.

On the contrary, predictions with hybrid functionals
(HSE06) have proven to be extremely accurate for the similar
compound α-Pb/Ge(111) [17] due to the strong hybridization
of the Pb valence electronic wave functions with the ones of
the substrate atoms, as also noticed previously for Sn/Ge(111)
and Sn/Si(111) [57,58]. In the α-Pb/Si(111) case, the HSE06
calculations predict the 1u2d CDW to be the ground state.
The 2u1d phase is never stable. Even starting from the 2u1d ,
during the relaxation process, the system escapes from this
configuration to adopt the 1u2d deformation.

However, even assuming a doubtful failure of the well-
known predictive power of the DFT, we tried to calculate the
electronic properties of the hypothetical 2u1d system, using a
structure as close as possible to that experimentally declared
in Ref. [29]. Therefore, we model the system considering the
substrate in its ideal positions and three Pb adatoms in the T4
site: one at 1.90 Å and two at 2.57 Å from the Si substrate,
thus using the distortion (�h) reported in Ref. [29] for the
2u1d phase.

Comparing our theoretical DOS prediction for the 2u1d
proposed system (see Fig. 3, top) with the experimental Pb-
resolved STS spectra [see Fig. 1(f)], one sees that a double
up contribution higher in the filled state region and lower in
the empty state region should be observed in contrast with
the experimental data showing an exact opposite behavior.
This qualitative difference is also reflected in the experimental
LDOS behavior presented in Fig. 2. This set of arguments
strongly supports our interpretation and modeling in terms of
the 1u2d structure.

Another important aspect discussed already in Sec. II B
is the presence of a balanced point: by this term, we mean
the energy for which the partial DOS contributions from
the different Pb atoms are approximately equal in the unit
cell. Therefore, at this energy, the LDOS map should appear
(almost) flat and homogeneous. We identify this balanced
point to be ∼ + 0.07 eV in the ideal 2u1d structure and
∼ − 0.13 eV for the HSE06-relaxed 1u2d one. The balanced
point is predicted to be positive in 2u1d and negative in the
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TABLE I. Stability of the different phases of 1/3 monolayer Pb/Si(111) simulated with three and six Si bilayers. The high-temperature
phase is labeled

√
3 × √

3. The energy differences are referred with respect to the ground state (in bold). All energies are expressed in eV/Pb.
The acronym NS means not stable.

Three bilayers Six bilayers√
3 × √

3 3 × 3 (1u2d) 3 × 3 (2u1d)
√

3 × √
3 3 × 3 (1u2d) 3 × 3 (2u1d)

LDA 0.000 +0.000 +0.000 0.000 +0.000 +0.001
GGA +0.005 0.000 +0.004 +0.001 0.000 +0.001
GGA+U (U = 2 eV) +0.008 0.000 +0.007 +0.003 0.000 +0.003
GGA+U (U = 8 eV) +0.296 +0.141 0.000 +0.155 +0.137 0.000
HSE06 +0.026 0.000 NS +0.023 0.000 NS

1u2d case. This negative value of ∼ − 0.13 eV for the bal-
anced point of the 1u2d phase is in excellent agreement with
our experimental results where it occurs around ∼ − 0.115 eV
[compare first the spectra in Fig. 1(f) with the ones in Fig. 3,
bottom, and then look at the homogeneous conductance map
seen in Fig. 2(a) for E = −0.1 eV].

To enable a direct comparison between theoretical atom-
projected DOS and experimental LDOS maps, we evaluated
the ab initio theoretical LDOS at a height of 3 Å from
the topmost Pb atom(s). The results are summarized in
Fig. 2(b) for the 1u2d phase and Fig. 2(d) for the 2u1d
one.

FIG. 3. Predicted Pb atom-projected DOS for the ideal 2u1d
CDW (top) and for the 1u2d one (bottom). In the top panel, the high
peak at ∼ − 0.42 eV is an artificial structure due to the impossibility
of relaxing the system. Blue curves features the Pbup contributions,
orange the Pbdown ones. Please note that the balanced point, defined
as the energy around which the projected DOS of the up atom(s)
cross the one of the down atom(s), is located at opposite energies for
the 2u1d and 1u2d CDW (positive and negative, respectively). Also,
these results were obtained at the GGA+U+SOC level (as described
in Sec. III).

These results confirm once more the correctness of our
measurement method and the fact that low-temperature α-
Pb/Si(111) adopts the 1u2d CDW phase. In fact, the 1u2d
theoretical results are in good agreement with experiments,
apart from the absolute values of the bias at which we make
the comparisons. This last aspect is due to a nonperfect de-
scription of the electronic renormalization, but the general
trend is properly described: for low energies, (see Fig. 2) we
observe a triangular lattice linked to the filled Pb-up states.
Near the balanced point, the intensity of the LDOS map is
small and rather homogeneous. For larger energies, the tran-
sition to the honeycomb pattern, linked to the Pb-down states,
is evident.

For what concerns the ideal 2u1d configuration, the tri-
angular lattice is evident around −0.2 eV. However, the
honeycomb pattern, related to the two Pb-up atoms, appears
immediately for higher energies and remains extremely evi-
dent up to energies very close to the Fermi level. Furthermore,
a contrast reversal in the LDOS map should also occur in this
case due to the existence of a balanced point.

Finally, thanks to our ground-state DFT predictions (see
Table I) and to the spectroscopic results in good agreement
with the DFT ones, we can definitively conclude that the
correlated α-Pb/Si(111) low-temperature CDW phase is the
one-up, two-down reconstruction.

IV. CONCLUSION

In this paper, we addressed general issues and showed
correct ways to extract the local charge order in 2D systems
from STM/STS measurements. We showed that particularly
important care should be taken when the charge order presents
spatial variations at the atomic scale inside the unit cell. In
such situations, we showed that the widely used lock-in tech-
nique, performed while acquiring an STM topography in a
closed feedback loop, fails to extract this local charge order
from STS dI/dV differential conductance maps. In contrast,
a correct method is either to perform a constant height mea-
surement or to perform a full grid of dI/dV(V) spectroscopies,
using a set point for the bias voltage outside the bandwidth of
the 2D material where the LDOS is expected to be spatially
homogeneous.

We have demonstrated our ideas using as a paradigmatic
example of 2D material the 1/3 single-layer

√
3 × √

3-R30◦-
Pb/Si(111) phase, which presents strong electron-electron
interaction. As large areas of this phase cannot be grown, the
charge ordering in this system is not accessible to macroscopic
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probes like ARPES or grazing x-ray diffraction, but can be
determined only by local probes.

Our combined experimental and theoretical study enabled
us to establish definitely that the low-temperature charge or-
dering in

√
3 × √

3-R30◦-Pb/Si(111) is associated with the
one-Pb-up two-Pb-down 3 × 3 atomic reconstruction. The
detailed comparison between STS energy-dependent LDOS
maps and state-of-the-art DFT calculations agrees very well.
Additionally, we show that this structural and charge re-
ordering inside the 3 × 3 unit cell is equally driven by
electron-electron interaction and the coupling to the surface.
An important output of our results is that theoretical many-
body approaches, neglecting the coupling to the substrate
degrees of freedom, miss a proper description of these 2D cor-
related systems located at the surface plane of bulk crystals.

The described procedure and our considerations are fully
general. They should be applicable to any material presenting
a local atom-dependent charge ordering measured using the

STM/STS technique, i.e., oxides like manganites [59] or iri-
dates [60], quasi-1D or quasi-2D organic conductors [61,62],
Mott insulators [8], ultrathin films or monolayers of transition
metal dichalcogenides [9,10], twisted graphene bilayers [63],
and so on.
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