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Surface enhanced electron correlation on the trivial quasi-two-dimensional bulk insulator 1T -TaS2
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While the prototypical quasi-two-dimensional charge density wave system of 1T-TaS2 has been known as a
Mott insulator with a possibility of quantum spin liquid, recent band-structure calculations and spectroscopic
works in parallel suggested a metallic system or a spin-singlet insulator due to the interlayer coupling. Here, we
carefully reinvestigate the out-of-plane electron dispersion, which reflects the interlayer electronic coupling,
with angle-resolved photoelectron spectroscopy. We identify two distinct branches for the topmost valence
band, which can be unambiguously related to the surface and the bulk layers with different band gaps. Density
functional theory calculations clearly indicate a trivial band insulator due to the interlayer coupling for the
bulk but the surface band gap affected substantially by the electron correlation. The surface-bulk electronic
dichotomy consistently incorporates most of the theoretical and spectroscopic results reported so far and has
wide implications for van der Waals materials with nontrivial interlayer interactions.
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I. INTRODUCTION

Charge density waves (CDWs) in layered transition metal
dichalcogenides host intriguing physics issues such as metal-
insulator transition [1,2], commensurate-incommensurate
transitions [3,4], hidden orders [5], and emerging super-
conductivity [6–8]. These issues are closely related to
functionalities such as ultrafast switching devices [9] and
memristors [10–13]. While monolayer systems in the two-
dimensional (2D) limit of these materials are attracting
updated interest [14,15], the interlayer coupling in their bulk
forms is often substantial but not clearly addressed with a
number of open questions [16–18]. Pinning down the effect of
the interlayer coupling is important for understanding not only
bulk properties but also layer-dependent properties in thinning
the materials to reach their 2D limit.

1T-TaS2 is a paradigmatic example with emerging many-
body physics from quasi-2D CDW and intriguing interlayer
coupling. It features an unusually rich phase diagram of var-
ious CDW states [5] and emerging superconductivity [6–8].
Upon cooling down from a metallic phase, 1T-TaS2 exhibits
an incommensurate CDW phase below 550 K and a nearly
commensurate CDW with a domain-wall network below
350 K and a fully commensurate CDW (CCDW) below 180 K.
The basic building block of nearly and fully commensurate
CDW structures is the so-called David- star (DS) cluster,
which is composed of 13 Ta atoms, each with a single 5d
electron [Fig. 1(a)]. In the CCDW phase, the DS clusters form
a (

√
13 × √

13)R13.9◦ superstructure. Due to the odd number
of electrons in this unit cell, the CCDW phase has a half-filled
band with its electrons localized on the central Ta atom of
each DS cluster and with a very small bandwidth reflecting the
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large unit cell. The sizable on-site Coulomb repulsion of the
5d electron and the small bandwidth naturally lead to the Mott
insulator model for the insulating phase below 180 K [19–22].
This model has been applied to explain various properties in-
cluding domain-wall electronic structures [23–25] and hidden
orders [26–31], and fueled the quantum spin liquid scenario
for the absence of a magnetic order [32,33].

Since this model is based basically on 2D monolayer
physics, it can be substantially affected by the interlayer
coupling. Recent experimental and density-functional theory
(DFT) studies favored the bilayer stacking order called the
AC stacking [Fig. 1(a)], where two neighboring layers are
stacked without a lateral translation (A) and each bilayer
is stacked with a half-unit-cell translation (C) [34,35]. This
stacking brings about strong interactions between half-filled
dz2 orbitals at the DS centers, which leads to the formation of
a interbilayer spin singlet. The insulating property can then be
explained by the trivial bonding-antibonding gap. However,
there are important unsolved issues too. While the bulk stack-
ing structure contains partial disorder [36,37], the disorder
itself is not fully characterized and the detailed temperature
dependence of the stacking order is not fully clear yet [38].
Moreover, the previous angle-resolved photoelectron spec-
troscopy (ARPES) experiments on the out-of-plane dispersion
is not fully consistent with the calculations; the experiment re-
ported a metallic band, which is consistent only with the other
type of the stacking order (so-called L stacking), where all
layers are translatively stacked [18,39]. More importantly, the
trivial band insulator model is apparently not consistent with
various spectroscopic signatures of strong electron correlation
[23–27,40–47].

In this paper, we carefully reinvestigate the out-of-plane
band structure of 1T-TaS2 by ARPES and DFT calculations.
We identify two predominent bands with distinct kz disper-
sions, that is, dispersive and nondispersive bands both with
clear band gaps. This rules out a metallic out-of-plane dis-
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FIG. 1. Reconstructed atomic and electronic structure of 1T-
TaS2. (a) Reconstructed Ta structure of a CDW unit cell in 1T-TaS2

and its popular stacking model. Dashed box denotes this ×2 AC
stacking order. Interbilayer spin (arrows) singlets are assumed.
(b) Bulk and surface Brillouin zone of 1T-TaS2. (c) Calculated in-
plane band structure of a six layer slab model shown in (a). Blue and
red circles denote the majority and minority spin, respectively. The
size of dots in (c) is proportional to the electron weight at the top
Ta layer. The three topmost bands are mainly localized on the first,
second, and third layers, respectively, from the bottom.

persion and the translatively stacked (L) model [18,39]. The
band-structure calculation identifies these two bands as a bulk
and a surface band, respectively. The bulk band is consistent
with the bilayer stacking with a trivial bonding-antibonding
gap but the surface layer is inherited with a substantial contri-
bution of the electron correlation in its band gap. The surface
layer is, thus, close to a Mott-Peierls insulator. Note also that
there can be another type of surface termination, the intrabi-
layer termination, which leads to a 2D-like Mott insulating
behavior [48–50]. We thus conclude that the Mott physics of
1T-TaS2 is restricted to the surface layers and possibly in the
bulk with a stacking disorder [38]. This paper suggests that the
major discrepancy between the experiments may largely be
due to the difference of surface and bulk probes. The enhanced
electron correlation on surface layers provides a general route
to the emergence of a unique electronic phase in the layered
materials.

II. METHODS

Commercial 1T -TaS2 crystals (HQ graphene) were grown
using the chemical vapor transport (CVT) method, whose
quality was confirmed by the resistivity and x-ray measure-
ments (see Fig. 1 in the Supplemental Material [51]). The
single crystal 1T -TaS2 was cleaved in ultrahigh vacuum for
ARPES experiments using horizontally polarized light from
the undulator Beamline 4A2 in the Pohang Light Source (Po-

FIG. 2. Photon energy dependence of in-plane band structure.
(a) ARPES intensity plots along the in-plane �-K direction of
1T -TaS2 taken at varied photon energies of 57, 65, 75, and 85 eV
taken at 10 K. (b) Second derivatives of the ARPES intensity maps
for the same data sets in (a). The coexistence of two different bands
near the Fermi level is indicated by dashed lines with red and blue
arrows for the data at 65 eV.

hang, Korea). ARPES spectra were measured with the photon
energy varied from 55 to 150 eV. The kz resolution is limited
by the inelastic mean-free path of photoelectrons, which is in
total better than 0.2 Å−1 and the energy (angular) resolution
were set to better than 10 meV (0.1 ◦). We performed DFT
calculations using VIENNA AB INITIO SIMULATION PACKAGE

[52] within the generalized gradient approximation [53] and
the projector-augmented wave method [54]. We used a plane-
wave basis set cutoff at 259 eV and the k-point sampling
on a 8 × 8 × 8 mesh for a

√
13 × √

13 × 2 unit cell.
All atoms were relaxed until the residual force components
are within 0.03 eV Å−1 but the interlayer distance was fixed
at the experimental value of 5.9 Å [55]. For the electronic
correlation, we included an on-site Coulomb energy U of Ta
5d as 2.3 eV, which was widely used in the previous works
[18]. The 1T -TaS2 surface was simulated with a slab thickness
of six layers and a vacuum spacing of about 15 Å [Fig. 1(a)].
The calculated bands in the superstructure were unfolded [56]
for comparison with the experiments.

III. RESULTS AND DISCUSSION

The ARPES spectra obtained along the in-plane momem-
tum kx [�-K direction in Fig. 1(b)] are shown in Fig. 2.
The well-known topmost valence band is shown with a sinu-
soidal dispersion at −0.1 ∼ −0.2 eV. The band gap at the
Fermi level was attributed to a Mott gap [2] or a bonding-
antibonding splitting due to the interlayer coupling [34,35].
The energy gap below this band at around −0.25 eV has been
understood from the formation of the CDW superstructure
[4]. The spectra recorded with the photon energy varied sys-
tematically exhibit a strong variation of the dispersion; an
electronlike dispersion dominating for the photon energy of
57 eV around −0.2 eV of � but a holelike one for 85 eV at
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FIG. 3. Experimental and theoretical band structures along kz

direction. (a) Out-of-plane band dispersion of 1T -TaS2 along �-A
as measured by second-derivative normal emission ARPES spectra
taken at 80 K with the photon energy varied from 55 to 150 eV,
which is overlaid with bulk bands calculated for the A stacking with
DFT + U (yellow dashed line) [18], the AC stacking with DFT (the
extra electron correlation U excluded, orange dashed line) [34], and
the same AC stacking with DFT + U (red dashed line). We set the
values of the inner potential V0 = 17 eV and the work function
�0 = 4.5 eV, which yield consistent � points with the previously
reported ones [39,57]. (b), (c) The normal emission ARPES energy
distribution curves (EDCs) taken at 80 K with denoted photon ener-
gies. At least two spectral features (the red and blue arrow heads, P1
and P2, respectively) are needed to explain the EDCs.

−0.04 eV in Fig. 2. This indicates a strong kz dispersion of
the band, especially at �. The electronlike dispersion at low
photon energy is in good agreement with most of the previous
ARPES studies of the CCDW phase [17,39,44,58,59] and
the holelike dispersion at 85 eV was observed in the recent
ARPES result [34]. The latter work indicated that the band
touches the Fermi level with almost a zero gap and suggested
the AC stacking order to explain this kz dispersion [34]. Note
also that another recent ARPES study of the kz dispersion in-
dicates a fully metallic dispersion [39]. However, these are not
consistent with the present result of Fig. 2(a) and the more de-
tailed presentation of the kz dispersion in Fig. 3. The band gap
persists with its minimum value of about 40 meV below the
Fermi level. More importantly, we observe the coexistence
of two separate bands, an electron-like and a hole-like band at
the intermediate photon energies [see red and blue arrows in
Figs. 2(b) and 3(a)]. In particular, note the dispersion-less fea-

FIG. 4. Experimental and theoretical two spectral components.
(a) ARPES energy distribution curves taken along normal emission
(�) with different photon energies indicated. The curves are fit with
standard Voight line shape of photoelectrons with backgrounds and
a Fermi-Dirac distribution function. Two main components P1 and
P2 are indicated with different colors. (b) Layer-resolved partial
density of states calculated for the bulk or surface (or subsurface)
layer (BL/SL) are compared with the fitted spectral components of
the energy distribution curve at 57 eV (corresponding to the bulk
� point). The surface (P2) and bulk (P1) contributions are clearly
distinguished, although the slab calculation for the third layer still
contains finite intermixing with the upper layers.

ture extending from � at around −0.2 eV in the kz dispersion
[Figs. 3(a)]. This clearly indicate the existence of two com-
ponents of non-dispersive and dispersive bands for the photon
energy range scanned. This behavior cannot be explained by
the mere broadening of the strong spectral peak at � due to
its presence in almost a whole Brillouin zone. The existence
of two separate bands, one with a strong kz dispersion and the
other without [Fig. 3(a)], can be corroborated by the strange
shape of the ARPES EDC’s shown in Fig. 4(a). These curves
have to be fit with at least two spectral components (P1 and
P2) (see also Fig. 2 in the Supplemental Material [51]), while
the exact peak positions have uncertainty due to broad spectral
widths. We note that a very early ARPES study performed at
a much lower photon energy range reported two spectral fea-
tures [61], which are consistent with the present observation.
The discrepancies from the recent ARPES studies, the exis-
tence of the band gap and two split bands, provide important
insights into the complicated physics of 1T -TaS2 as discussed
below.

The out-of-plane band structure, especially for P1, in
Fig. 3(a) show the folded band at the A point, which clearly
indicates a doubled periodicity. This is consistent with the
AC stacking order with a bilayer unitcell [34,35] but not
compatible with the A or L stacking model of a primitive
unitcell. Moreover, the observed dispersion clearly rules out
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FIG. 5. Evolution of the in-plane band dispersions upon the surface adsorption of K atoms. (a), (b) Second derivative ARPES spectra along
�-M direction for pristine and potassium (K) adsorbed 1T-TaS2, respectively. The K coverage is about one in three DS unit cells. (c) Second
derivative ARPES intensity at � point as a function of the K coverage. Comparison of the theoretical band structures for (d) [(f)] the pristine
1T -TaS2 (a six layer slab as discussed above) for the first (third) layer with those of the K-adsorbed surface (e) [(g)]. The theoretical results are
overlaid on the corresponding experimental data. This result excludes the interpretation of probed two-peak feature from the one band along
kz due to the photoelectron final states effect [60].

the A stacking, which predicts a metallic kz dispersion. On
the other hand, the kz dispersion of the AC-stacked bulk is
qualitatively consistent with the observation. It is also very
obvious that any ordered stacking of layers cannot explain the
extra dispersion-less band of P2.

In fact, a very recent ARPES study observed a distinct band
with a little kz dispersion appearing at a narrow temperature
range around 225 K [38]. This state was attributed to a 2D-like
Mott insulating phase induced by the full disordering in the
interlayer stacking, which decouples bilayers in the AC stack-
ing. Since our measurement is well within the temperature
range of the CCDW phase where the bilayer AC stacking is
largely preserved, this interpretation cannot be applied. As
an alternative explanation, we note that the lack of kz dis-
persion usually indicates a surface-localized electronic state
and ARPES in this energy range is highly surface sensitive.
To confirm this idea, the surface and bulk layers are modeled
with a slab of three bilayers [Fig. 1(a)]. Figure 1(c) demon-
strates the corresponding result of DFT + U calculations. The
topmost valence band splits into three bands from each layer,
which are degenerated doubly due to the inversion symme-
try. The topmost band represents the most bulklike states in
our model calculation as originating from the third layer. Its

in-plane dispersion (holelike) is consistent with our ARPES
observation of the dispersive band P1. On the other hand, the
bottom and middle bands mainly comes from the first and sec-
ond Ta layers, respectively, with some interlayer hybridization
especially near the � point. While we cannot resolve these
two bands, the experimental dispersion of the extra band P2
agrees with those of the surface layers. It is thus clear that
the ARPES measurements reveal distinct bands originating
from the bulk and surface layers with smaller and larger band
gaps, respectively. In Fig. 4(b), the calculated LDOS of bulk
and surface states are compared with the decomposition of the
ARPES spectra (at 57 eV of � point). This comparison makes
it more convincing that the ARPES spectra probes both the
surface and bulk bands at higher and lower binding energies,
respectively.

The surface origin of the extra band can be corroborated
further. When the akali metal (K) is adsorbed on the surface,
the two bands P1 and P2 exhibit distinctly different amount
of energy shift to higher binding energies [Figs. 5(a)–5(c)].
These shifts can be well reproduced by DFT calculations
adopting the K adsorption site at the center of each DS unit
cell [Figs. 5(d)–5(g)], which was experimentally observed
[49].
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FIG. 6. Theoretical in-plane band structures of three different surface terminations. (a)–(c) A termination of six Ta layers, (d)–(f) C
termination of five Ta layers, and (g)–(i) B termination (translated from the C termination) of five Ta layers. (b), (e), and (h) are without
correlation effect and the circle size is proportional to the localized state at the first Ta layer. (c), (f), and (i) are for the denoted layers with
electron correlation effect. Blue and red circles denote the majority and minority spin, whose size is proportional to the localized states on the
denoted layer.

The origin of the bulk band gap is robustly clear as due
to the interlayer bonding-antibonding splitting and is not af-
fected substantially by the inclusion of the electron correlation
(Figs. 6(b) and 6(c) and also Fig. 3 in the Supplemental Ma-
terial [51]). This indicates unambiguously that the bulk is a
trivial band insulator. However, it is different for the surface
layer, as shown in Figs. 6(b) and 6(c). That is, roughly more
than one-third of the whole band gap comes from the extra
electron correlation in the topmost layer. It is clear that the
surface layers (namely, the top two layers coupled) of the AC
stacked 1T -TaS2 cannot be called as a simple band insulator.
This situation is somewhat similar to a Mott-Peierls insulator
[62] and the Peierls interaction corresponds to the interlayer
dimerization in the present case. Theoretically speaking, it is
now rather well-established that a correlated bilayer (dimer)
system has a phase diagram with the Mott insulating and
trivial insulator phases connected smoothly [62,63].

We have to consider the fact that recent scanning tunneling
microscopy (STM) studies [48,49] reported different surface
terminations on the surface with a different band-gap size.
One termination is consistent with the present model and the
other termination corresponds to the intrabilayer termination
of the AC stacking. Our slab calculation for this termination
indicates a metallic band without extra U but a Mott insu-
lator with U in Fig. 6 (see also Fig. 4 in the Supplemental
Material [51]). For this case, the surface layer band gap is
solely decided by electron correlation and is thus consistent
with a Mott insulating single layer. This is consistent with
the case of a differently stacked interbilayer termination (so-
called B termination) in Figs. 6(g)–6(i). These results can
be straightforwardly understood if we consider the decou-
pled or undimerized dz electrons in this surface layer. The
surface-state band probed in the experiment thus can come
from different terminations with different origins (and also
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possibly different sizes) of the band gaps. This is consis-
tent with a very recent theoretical work, which treated the
electron correlation in a more sophisticated way [50]. This
paper further interpreted the two components in ARPES as
due to the contributions from surface areas with different
terminations. Note, however, that our own experience with
STM [49] and the very recent STM work [64] indicate that the
intrabilayer termination appears only as minor cases, which
seems to be due to the presence of domain walls within the
surface layers. The different sensitivity on alkali adsorbates
and the strong bulk dispersion supports the present interpre-
tation with the bulk and surface components. On the other
hand, The flat surface dispersion observed here cannot be
explained by the partial, orientational, disorder of the bilayers,
which was observed in the previous experiments [17,34,35].
Our DFT calculations (see Fig. 5 in the Supplemental Ma-
terial [51]) show that such an orientational disorder between
bilayers does not affect the bulk band dispersion substan-
tially, which is mainly due to the bilayer bonding-antibonding
splitting.

Finally, we comment on the possibility of out-of-plane
magnetic orderings. While the ferromagnetically ordered bi-
layer structure shown in Fig. 1(a) is the most simple structure,
a different superstructure is indicated with a periodicity dou-
bled in the z direction (see Fig. 6 in the Supplemental material
[51]). Such a larger superstructure can split the topmost band
as shown, which induces an extra branch and the reduction in
the bandwidth.

IV. CONCLUSIONS

This result seems closer to the observed band structure and
may explain the broad spectral feature between P1 and P2
bands observed (see Fig. 2 in the Supplemental Material [51]).
Considering the absence of a bulk magnetic ordering in the
previous experiments [65], further investigation on the local
out-of-plane magnetic ordering is requested. Such magnetic
orderings and the existence of different surface terminations
may contribute to the broad spectral widths observed in the
experiment while our major finding of mainly two different
bands from the bulk and surface layers remains unambiguous.

In conclusion, detailed photon-energy dependent ARPES
measurements reveal two distinct branches in the topmost
valence band of the CDW state of 1T -TaS2. With the aid
of extensive DFT calculations, we identify the extra branch
as originating from the surface layers. More importantly, the
origin of the band gaps is different as the interlayer bonding-
antibonding splitting in the bulk but a substantial electron
correlation in the surface layers. The bulk-surface dichotomy
explains the contradictory spectroscopic information from the
probes with different surface sensitivity and introduce a novel
route to highly correlated phases in layered materials.
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13, 1130 (2017).

[34] T. Ritschel, H. Berger, and J. Geck, Phys. Rev. B 98, 195134
(2018).

[35] S.-H. Lee, J. S. Goh, and D. Cho, Phys. Rev. Lett. 122, 106404
(2019).

[36] S. Tanda, T. Sambongi, T. Tani, and S. Tanaka, J. Phys. Soc.
Jpn. 53, 476 (1984).

[37] T. Ishiguro and H. Sato, Phys. Rev. B: Condens. Matter 44, 2046
(1991).

[38] Y. D. Wang, W. L. Yao, Z. M. Xin, T. T. Han, Z. G. Wang,
L. Chen, C. Cai, Y. Li, and Y. Zhang, Nat. Commun. 11, 4215
(2020).

[39] A. S. Ngankeu, S. K. Mahatha, K. Guilloy, M. Bianchi, C. E.
Sanders, K. Hanff, K. Rossnagel, J. A. Miwa, C. Breth Nielsen,
M. Bremholm, and P. Hofmann, Phys. Rev. B 96, 195147
(2017).

[40] J.-J. Kim, W. Yamaguchi, T. Hasegawa, and K. Kitazawa, Phys.
Rev. Lett. 73, 2103 (1994).

[41] J.-J. Kim, I. Ekvall, and H. Olin, Phys. Rev. B 54, 2244
(1996).

[42] F. Zwick, H. Berger, I. Vobornik, G. Margaritondo, L. Forró, C.
Beeli, M. Onellion, G. Panaccione, A. Taleb-Ibrahimi, and M.
Grioni, Phys. Rev. Lett. 81, 1058 (1998).

[43] F. Clerc, C. Battaglia, M. Bovet, L. Despont, C. Monney, H.
Cercellier, M. G. Garnier, P. Aebi, H. Berger, and L. Forró,
Phys. Rev. B 74, 155114 (2006).

[44] S. Hellmann, T. Rohwer, M. Kalläne, K. Hanff, C. Sohrt, A.
Stange, A. Carr, M. M. Murnane, H. C. Kapteyn, L. Kipp, M.
Bauer, and K. Rossnagel, Nat. Commun. 3, 1069 (2012).

[45] H. Sato, M. Arita, Y. Utsumi, Y. Mukaegawa, M. Sasaki, A.
Ohnishi, M. Kitaura, H. Namatame, and M. Taniguchi, Phys.
Rev. B 89, 155137 (2014).

[46] D. Cho, Y.-H. Cho, S.-W. Cheong, K.-S. Kim, and H. W. Yeom,
Phys. Rev. B 92, 085132 (2015).

[47] I. Lutsyk, M. Rogala, P. Dabrowski, P. Krukowski, P. J.
Kowalczyk, A. Busiakiewicz, D. A. Kowalczyk, E. Lacinska,
J. Binder, N. Olszowska, M. Kopciuszynski, K. Szalowski,
M. Gmitra, R. Stepniewski, M. Jalochowski, J. J. Kolodziej,
A. Wysmolek, and Z. Klusek, Phys. Rev. B 98, 195425
(2018).

[48] C. J. Butler, M. Yoshida, T. Hanaguri, and Y. Iwasa, Nat.
Commun. 11, 2477 (2020).

[49] J. Lee, K.-H. Jin, and H. W. Yeom, Phys. Rev. Lett. 126, 196405
(2021).

[50] F. Petocchi, C. W. Nicholson, B. Salzmann, D. Pasquier, O. V.
Yazyev, C. Monney, and P. Werner, Phys. Rev. Lett. 129,
016402 (2022).

[51] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.106.155406 for details of experimental data
and theoretical results, which includes Refs. [6,17].

[52] G.-M. Zhang and A. C. Hewson, Phys. Rev. B 54, 1169 (1996).
[53] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,

3865 (1996).
[54] P. E. Blöchl, Phys. Rev. B 50, 17953 (1994).
[55] F. L. Givens and G. E. Fredericks, J. Phys. Chem. Solids 38,

1363 (1977).
[56] V. Popescu and A. Zunger, Phys. Rev. B 85, 085201 (2012).
[57] R. Manzke, O. Anderson, and M. Skibowski, J. Phys. C 21,

2399 (1988).
[58] T. Pillo, J. Hayoz, H. Berger, M. Grioni, L. Schlapbach, and P.

Aebi, Phys. Rev. Lett. 83, 3494 (1999).
[59] K. Rossnagel, E. Rotenberg, H. Koh, N. V. Smith, and L. Kipp,

Phys. Rev. Lett. 95, 126403 (2005).
[60] E. E. Krasovskii, K. Rossnagel, A. Fedorov, W. Schattke, and

L. Kipp, Phys. Rev. Lett. 98, 217604 (2007).
[61] T. Pillo, J. Hayoz, D. Naumović, H. Berger, L. Perfetti, L.
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