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Charge density wave in single-layer Pb/Ge(111) driven by Pb-substrate exchange interaction
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Single layer Pb on top of (111) surfaces of group IV semiconductors hosts charge density wave and
superconductivity depending on the coverage and on the substrate. These systems are normally considered to
be experimental realizations of single band Hubbard models and their properties are mostly investigated using
lattice models with frozen structural degrees of freedom, although the reliability of this approximation is unclear.
Here, we consider the case of Pb/Ge(111) at 1/3 coverage, for which surface x-ray diffraction and angle-resolved
photoemission spectroscopy data are available. By performing first-principles calculations, we demonstrate that
the nonlocal exchange between Pb and the substrate drives the system into a 3 × 3 charge density wave. The
electronic structure of this charge ordered phase is mainly determined by two effects: The magnitude of the
Pb distortion and the large spin-orbit coupling. Finally, we show that the effect applies also to the 3 × 3 phase
of Pb/Si(111) where the Pb-substrate exchange interaction increases the bandwidth by more than a factor 1.5
with respect to density functional theory +U, in better agreement with scanning tunneling spectroscopy data.
The delicate interplay between substrate, structural, and electronic degrees of freedom invalidates the widespread
interpretation available in literature considering these compounds as physical realizations of single band Hubbard
models.
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I. INTRODUCTION

The interplay between charge ordering and electron-
electron interactions in two dimensions is a subject of intense
research as it is at the heart of the physics of high-Tc

cuprates superconductors [1–3], transition metal dichalco-
genides [4–6], organic conductors [7], and group IV heavy
atoms (Pb, Sn) deposed on (111) surfaces of group IV light
semiconductors such as Si or Ge [8–11]. Its understanding is
primordial to unveil quantum phase transitions in nanoscale
and strongly correlated systems.

One of the crucial issues in these systems is the range of the
electron-electron interaction [12,13], as several scenarios have
been proposed to occur in charge ordered metals depending
on the spatial extension of exchange-correlation effects such
as d or p-wave superconductivity [14–16] as well as different
kinds of metal-insulator transitions (Mott, Slater,...) [17]. In
a Mott or Slater insulator, the gap opening is entirely due to
the competition between the electron-electron interaction and
the electronic kinetic energy, with practically no influence of
the lattice that is considered to be frozen. This assumption
justifies the use of low-energy Hamiltonian approaches based
on the (extended) Hubbard model with hopping parameters
fitted on density functional theory (DFT) calculations with
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semilocal kernels. However, it is often unclear to what extent
this assumption is valid in real materials as the disentan-
glement of electronic and lattice degrees of freedom can be
nonobvious (as in the case of Mott-Jahn-Teller insulators, for
example [5,18]).

Ideal single-band Hubbard model systems are not so com-
mon in nature mainly because real materials have, in most of
the cases, a multiband electronic structure with a complicated
interplay of localized and delocalized orbitals. Remarkable
exceptions are group IV heavy atoms (Pb, Sn) single-layers
deposed on (111) surfaces of group IV light semiconductors
(Si, Ge). At room temperature 1/3 monolayer coverage of Pb
or Sn grown on top of Si(111) or Ge(111) display

√
3 × √

3
reconstructions (α phase). The three Si (or Ge) dangling bonds
in the top substrate layer, next to the metal ad-atom, are satu-
rated and a free unsaturated electron is left at each Pb (or Sn)
atom, leading to a perfect single band system with a narrow
band dispersion. In the case of Pb/Si(111) this single-band has
a substantial spin-orbit splitting as large as 25% of the band
dispersion [19]. At low-T both Pb/Si(111) and Pb/Ge(111)
undergo a reversible 3 × 3 reconstruction [8,11].

The α-Pb/Si(111) phase has for a long time been con-
sidered a prototype of Mott-Hubbard insulator [11,20]. A
large number of papers [21–33] have studied this and similar
systems in the approximation where the lattice is frozen, the
substrate is not supposed to play any important role and, in
most cases, neglecting spin orbit.
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Only very recently, the importance of spin-orbit coupling
has been recognized and calculation in the high temperature√

3 × √
3 phase was carried out in Ref. [32], while both

the high and low temperature phases of α-Pb/Si(111) have
been considered in Ref. [19], where it was shown that the
α-Pb/Si(111) is a pseudogapped metal hosting a chiral spin
textured Fermi surface.

In Pb/Si(111) at 1/3 coverage, the DFT+U approximation
is able to reproduce the 3 × 3 charge density wave (CDW)
formation, the pseudogap feature in the electronic structure
and the scanning tunneling spectroscopy (STS) spectra, but
the band dispersion is underestimated by approximately a
factor of 2 as compared to STS data [19]. Underestimation
of the bandwidth is a typical correlation effect often due to
an improper treatment of correlation in semilocal functionals.
Some authors proposed that the intersite VPb−Pb Coulomb
repulsion could be very important for gap opening and band
dispersion increase [23,25,32] and the nonlocality of the
electron-electron interaction within the Pb layer has been
claimed to be at the origin of nonconventional superconduc-
tivity [14,15]. However, the Pb-Pb distance is approximately
6.7 Å and the lateral overlap between different local orbitals
on different Pb is weak (the lateral extension of the Wan-
nier functions is about 2.9 Å [25,32,34]). On the contrary,
it is known that the Wannier function is extended to the
lower Si substrate atoms up to the second/third Si bilayer
[25,32,34], opening the possibility of nonlocal Pb/substrate
electron-electron interaction, a yet unexplored effect in all
these systems. A recent work [23] questioned the capability
of DFT based approach to obtain the correct structure for
the Pb/Si(111) surface. However, it is difficult to assess the
quality of the structural and electronic properties for the α-
Pb/Si(111) phase both in the high-T and in the low-T 3 × 3
reconstruction, due to the extremely small size of the domains
that does not allow either for surface x-ray diffraction (XRD)
nor for angle-resolved photoemission spectroscopy (ARPES)
measurements. So far, STM provided contradictory claims on
the crystal structure [11,19,23].

The situation is different in Pb/Ge(111) where surface
XRD [35] and ARPES [36,37] data are available, both for the
high-T and low-T phases. Thus, the study of the Pb/Ge(111)
surface at 1/3 coverage could allow to determine if the struc-
tural properties are correctly reproduced and if these systems
can ultimately be described in the framework of single band
Hubbard or extended Hubbard models with a frozen lattice.
Theory side, few works are present in literature for this system
[8,38].

Here we study the Pb/Ge(111)
√

3 × √
3 and 3 × 3 re-

constructions as well as the Pb/Si(111) 3 × 3 reconstruction
using range separated hybrid functionals. By validating first-
principles calculations against XRD and ARPES, we show
that the mechanism for CDW formation in Pb/Ge(111) is
not related to a Hubbard-like interaction but it is a structural
effect driven by the Pb-substrate exchange interaction. Finally,
we show that the same effect strongly enhances the band
dispersion in Pb/Si(111).

The paper is structured as follows. After the description
of the computational details (Sec. II), we discuss the results
for the high-T

√
3 × √

3 phase (Sec. III). Then in Sec. IV we
move to the study of the low-T CDW phase highlighting the

key role of Coulomb repulsion and Pb-substrate interaction to
properly describe the system. Finally, in Sec. V we extend our
results on the similar Pb/Si(111) system and in Sec. VI we
summarize our results and draw our conclusions.

II. TECHNICAL DETAILS

We model the Pb/Ge(111) and Pb/Si(111) surfaces by
considering a layer of Pb atoms on top of 6 Ge or Si bilay-
ers. The bottom dangling bonds are capped with hydrogen.
The atomic position of the first five Ge(Si)-substrate layers
below the Pb single layer are optimized. The remaining seven
layers are fixed to the Ge (Si) bulk positions. The H capping
atoms are fixed to the relaxed positions obtained by capping
one side of the pristine Ge (Si) surface. More than 16 Å of
vacuum are included. The standard in literature is to use at
most three bilayers [19,39–41], as this leads to practically
converged results for the structural properties of the

√
3 × √

3
phase and it is sufficient to return the right physics of the
problem in Pb/Si(111). For Pb/Ge(111) this is not exactly
the case. In fact, we surprisingly find that even if by using
three bilayers we obtain the right Pb distance from Ge topmost
layer in the high-T phase, its high-T electronic properties and
the structural properties in the low-T 3 × 3 reconstruction are
inaccurate and not converged. In particular, due to an over-
estimation of the gap related to the modeling with three Ge
bilayers, this slab is not able to return either the correct ground
state configuration (see Sec. IV) or the Pb distance from the
top of the semiconducting slab, as shown in Table I. This is
related to the interaction between the Pb surface band and
the empty conduction states of Ge (Si) around �. It is evident
from Table I as the three Ge bilayers modelization fails instead
the six bilayers one is practically converged. On the contrary,
in the Si case, the gap is large enough to avoid, or greatly limit,
such effects. In fact, for Pb/Si(111) with six Si bilayers we
reobtain the ”same physics” already described in the literature
considering three Si bilayers. Thus, in the following, we will
use a six bilayer substrate that results to be converged with
respect to atomic distances and electronic properties around
the Fermi level, both in high and low-T phases.

DFT calculations are performed with QUANTUM-ESPRESSO

[42,43] and CRYSTAL17 [44,45] codes. For plane wave cal-
culations, we used ultrasoft pseudopotentials including 5d ,
6s, and 6p states in valence for lead and 3d , 4s, and 4p in
valence for germanium while for silicon we use the same
settings of Ref. [19]. We used the local density approxima-
tion (LDA), the generalized gradient gpproximation (GGA)
and the GGA+U approximation with an energy cutoff up to
55 Ry. Integration over 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 such a
larger number of atoms are hardly feasible. Thus, HSE06
[47,48] (nonrelativistic) calculations were performed by us-
ing the CRYSTAL17 [44,45] code with Gaussian basis sets.
The basis sets used for these calculations have been directly
downloaded from the CRYSTAL site. For Pb and Ge we used
pseudopotentials [49,50] from the CRYSTAL distribution, while
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TABLE I. Structural parameters for Pb/Ge(111) and Pb/Si(111) as a function of the number of layers used for the substrate modelization:
The adsorption distance of the Pb ad-atom in the

√
3 × √

3 phase (h) and the height difference between Pb atoms in the 1u2d CDW phase
(�h). The acronyms NS means ”not stable”.

Pb/Ge(111):

3 Bilayers 6 Bilayers 9 Bilayers

h (Å) �h (Å) h (Å) �h (Å) h (Å) �h (Å)

LDA 1.88 0.01 1.89 0.18 1.89 0.18
GGA 1.99 NS 1.97 0.21 1.99 0.20
HSE06 1.88 0.37 1.89 0.32 1.89 –

Pb/Si(111):

3 Bilayers 6 Bilayers 9 Bilayers

h (Å) �h (Å) h (Å) �h (Å) h (Å) �h (Å)

LDA 1.87 NS 1.91 NS 1.91 NS
GGA 1.96 0.24 1.97 0.18 1.97 0.18
HSE06 1.91 0.32 1.92 0.30 – –

for Si and the capping H an all-electron m-6-311G(d) [51,52]
and triple-zeta valence polarized [53] have been, respectively,
adopted. Integration over 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. We verified that (i) the results with semilocal
functionals are consistent with plane waves and Gaussian
basis sets and (ii) our CRYSTAL17 HSE06 calculations on bulk
Ge are compatible with results in literature [54].

Relativistic effects are not implemented in the CRYSTAL17
code. To overcome this difficulty, we fit the nonrelativistic
HSE06 electronic structure and Fermi surfaces at HSE06 fixed
geometry in a DFT+U formalism with U on the l = 1 channel
both on Pb and Ge, and then apply noncollinear spin-orbit on
top at fixed atomic coordinates in a DFT+U+SOC calcula-
tion. This is possible because relativistic effects are negligible
in the atomic relaxation process [19], vice versa a good de-
scription of the energy gap of Ge is necessary for the structural
prediction. Large values of U on Pb and substrate states are
needed to reproduce the HSE06 electronic structure on the
HSE06 geometry mainly due to the inability of semilocal and
DFT+U functionals in explaining the gap opening in semi-
conductive substrate. Hereafter we will label this approach as
relativistic or spin-orbit coupling (SOC).

III. High-T
√

3 × √
3 phase in Pb/Ge(111)

We first consider the high-T
√

3 × √
3 phase in which all

Pb atoms have the same height (h) with respect to the last
Ge layer, see Fig. 1(a). We find, by using three Ge bilayers,
h = 1.88 Å both in LDA and HSE06, while a larger height of
h = 1.99 Å is obtained in GGA. The structure is converged
with respect to the slab thickness as in HSE06 by using six
Ge bilayers we obtain h = 1.89 Å, while in order to achieve
convergence on the electronic properties, six bilayers are nec-
essary, even in the high-T phase.

The nonrelativistic electronic structure calculated using
semilocal LDA and GGA kernels is shown in Fig. 2 and
displays an entanglement of Ge and Pb bands around the
Fermi level, a result due to the underestimation of the Ge
gap with these approximations. Even if around the K point
of the BZ theory and experiment seems to be in good
agreement (except for an eventual rigid shift), both LDA and
GGA approximations even show an additional Fermi surface
around the BZ center that is incompatible with experimental
ARPES data (see Fig. 3 and Refs. [36,37]). Thus, the LDA and
GGA failures in describing the Ge electronic structure result
in a too large hybridization between Ge and the Pb surface
state.

FIG. 1. Top and lateral view of the α-Pb/Ge(111) and
Pb/Si(111) phases. Pb atoms are indicated in light gray, Ge/Si layers
are reported in pink scale from light (topmost layer) to dark (inner
layer). The unit cell of the pristine surface (green), of the high-T
phase (red) and of the low-T one (blue) are shown. The right panel
is a side view of the three possible reconstructions projected on
the vertical plane highlighted by the gray dashed line in figure: a)
(
√

3 × √
3)-R30◦; b) (3 × 3) 1up and 2down (1u2d ); c) (3 × 3) 2up

1down (1d2u).
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FIG. 2. Electronic structure of the Pb/Ge(111)
√

3 × √
3 phase

in the LDA (orange) and GGA (green) approximations. Black circles
are experimental ARPES data from Ref. [36] (with open circles
we report the original data, with filled symbols the shifted ones by
+0.075 eV, see main text).

The HSE06 approximation captures perfectly the elec-
tronic structure measured by ARPES [36,37], as shown in
Fig. 3, provided a small shift of +0.075 eV is applied to the
experimental ARPES binding energies. We attribute this small
shift to the difficulty in determining the Fermi level in ARPES
at room temperature (300 K ≈ 0.025 eV). A gap is opened
in Ge bulk states (see shaded regions) and the hybridization
between Ge and Pb states is substantially reduced with respect
to the LDA and GGA case. The agreement is even better when
spin-orbit effects are included in the calculation.

Finally, the calculated and measured ARPES Fermi sur-
faces are also shown in Fig. 3 for the case of the relativistic
theoretical bands with unshifted Fermi level (bottom-left
panel) or shifted by −0.075 eV (bottom-right panel). The
agreement is good, despite the fact that the features in ARPES
data are not very sharply defined and the Fermi surface is very
sensitive to Fermi level shifts in the 25 − 75 meV range from
the Fermi level.

IV. Low-T 3 × 3 RECONSTRUCTION IN Pb/Ge(111)

We then move to the low-T charge ordered 3 × 3 phase, for
which surface XRD experiments [35] are available. Experi-
ments [8,35–38] suggest that this low-T phase is characterized
by 3 × 3 periodicity with three inequivalent Pb atoms, one
of which is higher and the other two lower. For this reason,
this reconstruction is usually labeled 1 up and 2 down (1u2d)
[see Fig. 1(b)]. As mentioned, the internal coordinates were
determined by XRD and three inequivalent heights (h) of the
Pb atoms with respect to the topmost Ge layer were detected
(see Table II). As it is customary in literature, we label �h
the differences between the z coordinates of the topmost Pb
with the lower two Pb atoms. In XRD experiments it was
found �h = 0.42 and 0.38 Å [35] (see Table II). These mea-
surements are consistent with what was found in the similar
Pb/Si(111) system, which in the low-T phase, exhibits a 3 × 3
periodicity with a theoretically predicted 1u2d arrangement of
the Pb atoms [19,40], despite conflicting results in STM data
[11,19,23]. In fact, a recent work [23] claims that the low-T
Pb/Si(111) ground state would appear to be the 1 down and
2 up structure (2u1d) [see Fig. 1(c)]. For this reason, in the
following, we will also study the possible occurrence of the
2u1d structure.

In order to model the transition between the high-T
√

3 ×√
3 phase and the low-T 3 × 3 CDW, we perform structural

optimization with LDA, GGA, and HSE06. We find that the
energetics, the structural parameters and the stability of the
different phases in the charge ordered 3 × 3 reconstruction
depend on the number of layers used in the calculation (see
Table I). We find converged results only for six Ge bilayers,
while the popular slab structure with only three Ge bilayers
leads to incorrect results (i.e., using the three Ge bilayers
slab in conjunction with the GGA approximation the 2u1d
structure is erroneously predicted to be the ground state). The
reason is the better description of the substrate energy gap
together with the large Pb-Ge orbital overlap extending deeper
in the substrate than for the

√
3 × √

3 high-T phase.
The results of the structural optimization are shown in

Table II. Both semilocal LDA, GGA functionals reproduce a
3 × 3 periodicity for the ground state, as both the 1u2d and
the 2u1d configurations are lower in energy with respect to
the

√
3 × √

3 phase. However, in these approximations, the
1u2d and the 2u1d reconstructions are practically degenerate,

TABLE II. Stability of the different phases of Pb/Ge(111) using a 6 Ge bilayers slab. The high-T phase is labeled
√

3 × √
3. The

experimental stable phase at low-T is the 1 up 2 down 3 × 3 reconstruction (1u2d). The energy differences in the first three columns
are reported with respect to the experimental (and theoretical) low-T phase (1u2d). In the fourth and fifth column we report the height
difference between each Pb atom with respect to the Ge layer below in the high-T and low-T phases. In the sixth column we show the
height difference between the Pb atoms (�hPb) for the 3 × 3 ground state and the comparison with experimental XRD data. As in the 3 × 3
reconstruction the three Pb sites are not equivalent, there are two �h values, the second one is reported in parenthesis.

Energy (eV/Pb) Structural parameters (Å)

Functional System
√

3 × √
3 3 × 3 (1u2d) 3 × 3 (2u1d) �hPb−Ge(

√
3 × √

3) �hPb−Ge(1u2d) �hPb(1u2d)

LDA +0.100 0.000 +0.001 1.89 1.95 (1.97;1.96) 0.18 (0.18)
GGA +0.105 0.000 +0.000 1.97 2.05 (1.95) 0.21 (0.21)
HSE06 +0.046 0.000 +0.093 1.89 1.99 (1.85) 0.32 (0.30)
EXP (XRD) [35] T > 250K T < 250K – – 2.01 (1.92) ±0.05 0.42(0.38) ± 0.01
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FIG. 3. Top left (top right) panel: Electronic band structure without (with) relativistic effects (see text for more details). Black circles
are experimental ARPES data from Ref. [36] (with open circles we report the original data, with filled symbols the shifted ones, shift of
+0.075 eV). The projected Ge bulk HSE06 band structure on the surface is plotted in light red areas. Bottom panels: Calculated Fermi surfaces
against ARPES experiments [36,37]. In the bottom right panel we shift the Fermi level in calculations by -0.075 eV to better compare with
ARPES [37] and show the strong sensitivity of the Fermi surface to small Fermi level shifts. The arrows show the chiral spin direction of
the different Fermi sheets. The color label the out-of-plane spin component: White arrows 100% in-plane polarization; blue and red arrows,
opposite out-of-plane components. The out-of-plane spin component is at most 10% of the in-plane one.

in disagreement with experiments finding a 1u2d stable in all
the sample and excluding the possible coexistence of the two
phases [35]. Finally, the internal parameters, and in particular
the �h, turn out to be substantially underestimated (almost a
factor of two for the LDA case).

The HSE06 hybrid functional corrects the failure of LDA
and GGA and (i) succeeds in predicting the stability of the
1u2d structure since the 2u1d CDW has an even higher energy
than the

√
3 × √

3 structure, (ii) leads to internal parameters
in much better agreement with experimental XRD data. These
results highlight the crucial role played by the nonlocal ex-
change interaction between the Pb layer and the Ge substrate
in determining the structural properties of the Pb/Ge(111)
surface in the charge ordered phase. To our knowledge, this
is a poorly explored effect in Pb/Sn single layers on top of
(111) surfaces of group IV semiconductors, as in practically
all existing calculations no geometrical optimization of the
substrate is performed with hybrid functionals.

The HSE06 structural data are globally in good agreement
with experiments, even if �h is still somewhat underesti-
mated. It is interesting to note that even if three different Pb
heights are allowed by symmetry in the simulation, not all

functionals lead to three different Pb heights. In experiments,
the difference between the z component of the coordinates of
the two down Pb atoms is ≈0.04 Å [35]. This small difference
is not present in calculations based on semilocal functionals,
while it is captured by HSE06, although slightly under-
estimated (≈0.02 Å). This highlights once more the better
performance of HSE06 in predicting the structural properties
of Pb/Ge(111), mainly because of a better description of the
Pb-substrate exchange interaction.

As hybrid functional tends to stabilize magnetic phases we
searched also for possible collinear magnetic solutions, but
those are unstable suggesting the system to be nonmagnetic.

The electronic structure calculated with the HSE06 func-
tional is shown in Fig. 4. The occupied germanium states are
close to the Fermi level at zone center without crossing it.

The structural deformation which leads to the CDW phase
is accompanied by a strong charge rearrangement, a reduction
in symmetry and the removal of degeneracy of electronic
states, thus three Pb bands result from the lowering of the
symmetry in the 3 × 3 CDW phase. One completely filled
band (bonding) related to the highest of the three Pb atoms (Pb
up), while the other two have components on the two down Pb
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FIG. 4. In the left panel we report the electronic dispersions obtained for the HSE06 optimized 3 × 3 (red) and
√

3 (gray) phases plotted in
the 3 × 3 BZ. The band deformation labeled by the arrow is proportional to �h: It is a structural effect due to the CDW. In the right panel the
same but with SOC and using the DFT+U approximation that fits better HSE06 on the 3 × 3 structure at fixed ions (UGe = 3 eV; UPb = 6 eV).
In black dots we report the ARPES measurements [36,38] and in light red the HSE06 bulk bands projected on the surface. We report also the
density of states projected on Pb atoms highlighting the origin of the different bands. In the inset we plot the Fermi surface of Pb/Ge(111)
in the low-T 3 × 3 phase including relativistic effects. The arrows show the chiral spin direction of the different Fermi sheets. The color
label the out-of-plane spin component: White arrows 100% in-plane polarization; blue and red arrows, opposite out-of-plane components. The
out-of-plane spin component is at most 10% of the in-plane one.

atoms closer to the Ge surface. Of these two Pb-down bands,
one is completely empty (nonbonding) and one crosses the
Fermi level (labeled metallic).

The separation between the nonbonding and bonding Pb
bands is directly related to the �h parameter and in the limit
of �h → 0 one recovers the degeneracy of the three Pb bands
as expected from the calculation for the

√
3 × √

3 structure
(see the grey line in the left panel of Fig. 4). Most important,
the splitting of the bands and the bandwidth in the CDW phase
are not due to the Mott-Hubbard interaction, as commonly
accepted [21,22,55], but they are a structural effect determined
by the the nonlocality of the exchange electron-electron in-
teraction between the Pb layer and the Ge substrate. Finally,
we remark that this important result is strictly confirmed by
ARPES data as shown in Fig. 4. Indeed the HSE06 electronic
structure is in excellent agreement with ARPES, particularly
for the position of the bonding band that crucially depends on
�h revealing a pseudogapped system (see Fig. 4 right panel).

The inclusion of SOC produces the expected band split-
ting reported in Fig. 4 (right panel) and the consequent spin
polarized Fermi surface in the inset of Fig. 4. Thus, as it
happens in Pb/Si(111) [19], the 3 × 3 phase hosts a chiral
Fermi surface composed by two hexagons with different spin
polarizations, (the external one rotating clockwise and the
internal one counterclockwise). The out-of-plane component
is ten times higher in Pb/Ge(111) than in Pb/Si(111).

V. 3 × 3 PHASE OF Pb/Si(111)

The natural question arising is how general this effect is,
namely, how much the substrate and the nonlocality of the
exchange interaction affect the electronic structure.

To better clarify this issue, we consider the 3 × 3 low-
T CDW phase of Pb/Si(111). It is known [19,40] that the
LDA approximation does not stabilize a 3 × 3 CDW, while
the ground state in the GGA approximation is a 1u2d re-
construction with a �h ≈ 0.24 Å [19,40]. In the DFT+U

approximation, �h ≈ 0.32 Å [19] and both the pseudogap
and the surface band dispersion are roughly underestimated
by a factor of 2 when compared to STS data (see Ref. [19]
and Fig. 5). A similar result is obtained if HSE06 is used
on top of the DFT+U geometry (see Supplemental Material
in Ref. [19]). However, as we have seen for the case of
Pb/Ge(111), structural optimization with HSE06 is crucial to
obtain accurate structural parameters and electronic structure
for the 3 × 3 phase.

We then perform structural optimization using the HSE06
functional. We find that the nonlocal exchange Pb-substrate
interaction leads to a substantial structural deformation

FIG. 5. Pb/Si(111) electronic band structures obtained with the
HSE06 (red) and GGA+U performed on the HSE06 relaxed struc-
ture (USi = 4; UPb = 6 eV) (green) with SOC. In the right panel
we report the comparison between the density of states obtained
in GGA+U (GGA+U calculation performed on the HSE06 relaxed
structure) (green), experimental STS spectra (black), and the density
of states obtained in the GGA+U approximation including SOC
from Ref. [19] (violet dashed).
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favoring even more the 3 × 3 1u2d CDW with an enhanced
�h ≈ 0.30 Å with respect to semilocal functionals (a value
very close to the one obtained in 3 × 3 phase of Pb/Ge(111)).
In line with what happens in the case of Pb/Ge(111), the
result of a larger �h is a substantial enhancement of the
surface band dispersion (more than a factor 1.5) with respect
to the DFT+U, as shown in Fig. 5. The calculated density of
states is in much better agreement with STS data, particularly
for the unoccupied states, confirming once more the crucial
importance of structural effects on the electronic structure.
Even in this case, a fixed atoms approach based on a lattice
model is completely inappropriate. Indeed, if the electron-
electron interaction is included in the calculation without
allowing the lattice to relax correspondingly, it is impossible
to disentangle the CDW contribution to the gap opening from
the one due to the Hubbard-like interactions.

VI. CONCLUSION

The range of the electron-electron interaction has been
advocated as a possible mechanism both for charge density
wave formation [23] and stabilization of exotic pairing states
in single layer Pb [16] on (111) semiconducting surfaces. This
statement is supported by several studies on this and similar
systems [21–32] relying on a frozen atom modeling in the
framework of Hubbard and extended Hubbard model. The re-
liability of these approaches is unclear, as the lattice degrees of
freedom are frozen, spin-orbit is in most of the case neglected
and the adatom-substrate interaction absent. Moreover, in the
well studied system Pb/Si(111) at 1/3 coverage, different
STM/STS experimental papers lead to contradictory results
for the 3 × 3 charge density wave structure [11,19,23] and the
smallness of the samples does not allow for reliable XRD and
ARPES data.

In an effort to clarify the main mechanism leading to a 3 ×
3 reconstruction in single layer Pb on top of (111) surfaces of
group IV semiconductors, we have studied the case of single
layer Pb/Ge(111) at 1/3 coverage. For this system surface
XRD [35] and ARPES measurements [36,37] are available so
that a clear benchmark of the accuracy of density-functional
based techniques in determining the structural and electronic
is possible. The availability of several experimental data for

Pb/Ge(111) contrasts the paucity of theoretical calculations
published in literature.

We demonstrated the inadequacy of the GGA and LDA
semilocal functionals in describing Pb/Ge(111) both in its
high and low-T phases. The inclusion of screened exchange
corrects this failure and allows for a sound description of
structural and electronic properties in both high-T and low-T
phases.

For the high-T phase, our HSE06 calculation with com-
plete optimization of the crystal structure reproduces all
available experiments [36,37]. We have shown that, as in the
case of Pb/Si(111), relativistic effects are large and affect the
electronic structure substantially. The relativistic spin polar-
ized Fermi surface is in excellent agreement with ARPES
experiments [36,37].

Our main result is that the nonlocal exchange between
Pb and the Ge(111) substrate drives this system into a 3 × 3
reconstruction adopting the 1 up 2 down geometry, with struc-
tural parameters in agreement with experiments [35]. Even
in this case, semilocal functionals underestimate the magni-
tude of the structural distortion substantially. The electronic
structure of this charge ordered phase is mainly determined
by two effects: The magnitude of the Pb distortion and the
large spin-orbit coupling.

Finally, we show that the effect is more general than ex-
pected as in the 3 × 3 phase of Pb/Si(111), the Pb-substrate
exchange interaction increases the band dispersion by more
than a factor 1.5 with respect to DFT+U, in better agreement
with STS data.

The delicate interplay between structural and electronic
degrees of freedom in these compounds invalidates the
widespread interpretation available in literature consider-
ing them as physical realizations of single band Hubbard
models.
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