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Silicon nano-crystals (NCs) are potential candidates for enhancing and tuning optical properties of

silicon for optoelectronic and photo-voltaic applications. Due to the high surface-to-volume ratio,

however, optical properties of NC result from the interplay of quantum confinement and surface

effects. In this work, we show that both the spatial position of surface terminants and their relative

positions have strong effects on NC properties as well. This is accomplished by investigating the

ground-state HOMO-LUMO band-gap, the photo-absorption spectra, and the localization and

overlap of HOMO and LUMO orbital densities for prototype �1.2 nm Si32–xH42–2xOx hydrogenated

silicon NC with bridged oxygen atoms as surface terminations. It is demonstrated that the surface

passivation geometry significantly alters the localization center and thus the overlap of frontier

molecular orbitals, which correspondingly modifies the electronic and optical properties of NC.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936310]

I. INTRODUCTION

The combination of non-toxicity, abundance, low cost,

and rather simple processing have made Si as the base-

material for semiconductor technology.1 Crystalline Si is not

suitable for optical applications, because of its indirect band-

gap. If the size of the system approaches the wavelength of

carriers, however, tails of electron and hole wavefunctions

partially overlap that give rise to quasi-direct transitions and

thus improving optical properties of silicon.2 In nano-

crystals (NCs) which are smaller than the exciton Bohr

radius of the material (�5 nm for Si), the optical gap is inver-

sely proportional to the dimension of the structure.3–5

However, due to the high surface-to-volume ratio in NCs,

surface effects become important. Intensive experimental

and theoretical studies on parameters that affect optical

properties of Si NCs have been performed over the past two

decades.6–11 Chemical nature of the surface including the

passivant material and its bonding type have shown to be

strongly effective on the optical properties of NC. Using

quantum Monte Carlo calculations, Puzder et al.8 have

shown that double bonded surface passivant groups, specifi-

cally oxygen atoms, significantly reduce the optical gap of Si

NCs, while single bonded groups have a minimal influence.

Nurbawono et al.6 have utilized time dependent density

functional tight binding (TDDFTB) model to demonstrate

that the absorption spectra of Si NCs can be tuned with small

molecule passivations such as methyl, hydroxyl, amino, and

fluorine. Effects of passivant species including oxygen,12

chlorine,13,14 fluorine,14,15 and nitrogen16 on the properties

of silicon NCs have been studied by various groups.

Furthermore, the effect of surface geometry on the optical

gap of Si NCs has been discussed in several references:

Puzder et al.17 have demonstrated that highly curved

surfaces can dramatically reduce the optical gaps of NCs,

Carrier18 has studied the effects of curvature on band gap for

sub-oxide interfaces in planar structures and nano-dots of

silicon and has shown that sub-oxides reduce the band-gap in

quantum dots, but this trend can be reversed when planar

surfaces are formed, Draeger et al.19 have investigated the

effect of oxygen on the silicon nano-structures with different

surface curvature and angular distortion of the bonds and

have reported reconstructions unique to highly curved nano-

structures which give evidence for larger optical absorption

gaps, and Shu and Levine20 have examined the effect of

oxidation state of defects on the oxidized surface of silicon

clusters and have demonstrated that conical intersections

facilitate the nonradiative recombination.

To the best of our knowledge, a comprehensive study of

the effect of the relative position of surface passivants on NC

properties is missing. In this work time, (in)dependent

density functional theory simulations have been utilized to

analyze the role of spatial position of surface passivants on

the optical gap of NC. Oxygen is now a well-established and

widely used material in the silicon technology,21,22 and its

effect on optical properties of silicon nano-structures has

been extensively studied in recent years.8,12,17,23 Moreover,

the interaction between oxygen and silicon NC has been

employed in novel applications recently, such as photosyn-

thesis of singlet oxygen21 and quenching of porous silicon

photoluminescence by molecular oxygen for application in

storing media.22 Oxygen atom with bridged bonding has

been studied for Si-SiOx interface.24,25

In this work, the effect of bridged oxygen atoms as

surface passivants for silicon NCs is comprehensively stud-

ied. The paper is organized as follows: Sec. II describes the

employed computational method, Sec. III discusses thea)Electronic addresses: pourfath@ut.ac.ir and pourfath@iue.tuwien.ac.at
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effect of spatial configuration of surface passivation on the

HOMO/LUMO density distributions and the optical absorp-

tion spectra of Si32H42 NC. Finally, concluding remarks are

presented in Sec. IV.

II. STRUCTURES AND APPROACH

In medium and large sized NCs, the crystallographic

planes form facets26 (see Fig. 1(a)). Thus, in this work, Si

NCs are defined as Wulff-constructions with (100), (110),

and (111) facets, cut out from the FCC crystal lattice of bulk

Si. The shape of NC determined by minimizing the surface

energy for the specified relative surface energies of the three

main cubic surfaces. The relative surface energies of (100),

(110), and (111) are 1, 0.8, and 0.86, respectively.27 The

studied Si32H42 to Si244H158 NCs have diameters in the range

of �1.2–2.4 nm with surface dangling bonds that are hydro-

gen passivated (see Fig. 1(b)).

Lattice structures have been relaxed using conjugate

gradient calculations within density functional theory (DFT)

as implemented in SIESTA code.28 Norm conserving

pseudo-potentials along with the numerical atomic orbitals

with double zeta polarized basis set and a mesh cutoff of

55 Ry have been used. The Kohn-Sham equations have been

solved in the framework of generalized gradient approxima-

tion (GGA) with Perdew-Burke-Ernzerhof (PBE) exchange-

correlation functionals generated using the Fritz-Haber

Institute fhi98PP code29 and employ the Troullier-Martins

type30 of norm-conserving pseudopotential. The super-cell is

chosen large enough to prevent interaction of neighboring

cells. The structures are relaxed until the magnitude of maxi-

mum force on each atom becomes smaller than 0.02 eV/Å3.

Relaxation is followed by DFT calculations for evaluating

the electronic structure. However, DFT is a ground state

theory and is not appropriate for systems under excitations.

According to the Runge-Gross theorem,31 the time depend-

ent charge density n(r, t) of a many-body system under exter-

nal time dependent potential (vextðr; tÞ) is a unique functional

of the potential. This allows the treatment of response

properties such as dynamic polarizability within DFT. Then,

the excitation energies and the oscillator strengths can be

obtained as the poles and residues of the dynamic polariz-

ability. By using a super-operator formulation of linearized

time-dependent density-functional theory, the dynamic

polarizability of an interacting-electron system is represented

as an off-diagonal matrix element of the resolvent of the

Liouvillian super-operator.32 The mean dynamic polarizabil-

ity is the spherical average (average of the diagonal ele-

ments) of the molecular dipole polarizability induced by the

perturbing potential

�a xð Þ ¼ 1

3
tra xð Þ ¼

X

I

fI

xI
2 � x2

; (1)

where the poles xI ¼ EI � E0 are vertical excitation ener-

gies, and the residues fI are the corresponding oscillator

strengths. The oscillator strength indicates the number of

electric dipole oscillators per molecule that are set in motion

by the light field and oscillate with the characteristic fre-

quency of the material.

In this paper, the optical absorption spectra are obtained

using the time dependent density functional perturbation

theory (TDDFPT) calculations. This method is particularly

well suited for large systems with large plane wave basis sets.

TDDFPT calculations are carried out within the adiabatic

approximation of exchange-correlation interactions, with linea-

rization of the density matrix response33 using the turbo-

lanczos code implemented in Quantum ESPRESSO package.34

The generalized gradient approximation with PBE exchange-

correlation functionals, ultra-soft pseudo-potentials generated

with Vanderbilt code version 7.3.5,35 and the DZP plane wave

basis set with a cutoff of 55 Ry have been used. The TDDFPT

calculations converged after 1000 lanczos iterations.

III. RESULTS AND DISCUSSION

It is well known that quantum confinement (QC) and

surface chemistry can modify the properties of NCs. If the

FIG. 1. (a) The model used for NC. (b)

Hydrogen passivated Wulff-construc-

tions: Si32H42 NC with a diameter of

1.2 nm and Si244H158 with a diameter

of 2.2 nm. (c) HOMO-LUMO band-

gaps based on DFT calculations for

hydrogen passivated Si NCs with

diameters in the range of 1.2–2.2 nm.
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size of NC becomes comparable to the Bohr radius, carrier

energy gets quantized with a size-dependent trend similar to

that of a particle in a box.3–5 In strong confinement regime

(r < a�Bohr), the band-gap of NC is inversely proportional to

the diameter5,36

EQD
g dð Þ ¼ Ebulk

g þ A

d2
; (2)

where d is the diameter of NC in nanometer, and A [eV nm2]

is the fitting parameter.5 We examined HOMO-LUMO

(ground-state) band-gap variations for hydrogen passivated

Si NCs with diameters in the range of 1.2–2.2 nm. Fig. 1

clearly shows the inverse proportionality of the band-gap

with the NC size. For the given diameter range and A¼ 3.57

(strong confinement regime5), Eq. (2) predicts energy gaps

in the range of 1.85–3.59 eV, and our numerical analysis

indicates bandgaps in the range of �1.5–3.25 eV which are

in good agreement with previous works.6,36–38

Since NC facets have different surface energies, they

interact differently with the passivant atoms.39 In addition,

dissimilar facet boundaries and the broad range of inter-

nuclear distances between the passivant and surface atoms of

NC lead to various external potential profiles (vextðr; tÞ) for

the Kohn-Sham equation, which accordingly result in new

eigenstates for the system. Thus, it is anticipated that the

position of the surface passivants affects the optical and elec-

trical properties of the NC. First, we examine the effect of a

single passivant atom placed at different positions of the

surface of a Si32H42 NC with a diameter of 1.2 nm. A Si

atom on a (100) facet is considered, and its two bound hydro-

gen atoms are replaced with a bridged oxygen followed by

the structure relaxation. The calculated HOMO-LUMO

band-gaps are presented in Fig. 2 that show a variation of

�0.15 eV for various positions of a single oxygen passivant.

The optical responses of the discussed structures are

calculated using the TDDFPT method. For single bridged

oxygen atom on a (100) facet, TDDFPT predicts an average

optical gap of �6.5 eV with variations of the order of

�0.55 eV for various passivation position (see Fig. 3). The

smaller HOMO-LUMO band-gap in comparison with the op-

tical gap is due to the well-known bandgap underestimation

of DFT simulations.38,40,41

To study the role of relative spatial position of surface

passivants, four configurations are considered in which three

bridged oxygen atoms with different relative positions are

placed on the (100) facets of a Si32H42 NC, see the first col-

umn of Fig. 5. The relative position of terminants in O0,5,23

configuration is symmetric, but with respect to the whole NC

structure the surface termination is not symmetric (see sub-

plots 1 and 4 in Fig. 5). The O0,5,8 configuration is similar to

the previous structure, but less symmetrical with respect to

the relative position of the oxygen atoms (see subplots 16,

17, and 19 in Fig. 5). O0,5,26 and O0,5,31 configurations are

similar with respect to the whole NC, while the relative

position of passivants is mirrored.

The optical absorption spectra are calculated using

TDDFPT simulations (see Fig. 4). As expected, similar to the

single-oxygen case, the optical transition energies are differ-

ent for various surface passivation configurations. In this

case, the peak absorption energy varies �0.25 eV between

the O0,5,26 and O0,5,31 configurations which show the maxi-

mum and minimum absorption peak energy, respectively.

FIG. 2. The HOMO-LUMO band-gaps of Si31H40O NCs with a single

bridged oxygen surface passivant at various (100) facets.

FIG. 3. Optical absorption spectra that are calculated using TDDFPT for

Si31H40O NCs with single bridged oxygen passivant atom at various (100)

facets. a.u. represents atomic units.

FIG. 4. TDDFPT predicted optical absorption spectra for Si29H36O3 NCs

with various relative positions of three bridged oxygen passivants on (100)

facets. a.u. represents atomic units.
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The referred structures are similar, except a mirrored

relative position of oxygen atoms. As HOMO is the main

electron donor, examining its density distribution can clarify

the effect of relative position of passivants. For the four con-

sidered configurations, the HOMO iso-surfaces with density

iso-value of 0.033 electron/Å3 are plotted in Fig. 5. In the

subplots 3 and 8, the relative position of passivants is sym-

metric, where the HOMO spreads over all oxygen atoms.

However, in subplots 10 and 15, which lack symmetric posi-

tions for oxygen atoms, the electronic cloud is only localized

on the two closer oxygen atoms and the third oxygen atom

has not a significant contribution to the HOMO state. It is

known that oxygen atom can disturb the sp orbital network

of a Si NC and results in the localization of the frontier

molecular orbitals.8,9,12 This is in agreement with our results

that the HOMO electron cloud is mainly localized on

oxygens. The comparison of subplots 3 and 18 (symmetric

arrangement of oxygens) with subplots 8 and 13 (asymmetric

arrangement of oxygens) reveals that the localization center

of HOMO is mainly determined by the relative position of

surface terminants. On the one hand, the localization center

of orbitals determines the overlapping conditions, and on

the other hand optical transitions are determined by the over-

lap of frontier molecular orbitals. Thus, we examined the

HOMO/LUMO overlap in more details for the O0,5,26 and

O0,5,31 configurations. The density iso-surfaces of HOMO-3

to LUMOþ4 are depicted in Fig. 6.

The HOMO similarly (with opposite polarity) spreads

across the two NCs, whereas the UMO distributions are

different. As a result, the overlap of HOMO and UMOs

and the corresponding coupling strengths are different in the

two structures. In O0,5,31 configuration, the LUMO, amongst

the UMOs, has the most significant overlap with HOMO.

The HOMO-1 is localized on top of the NC and has small

overlaps with all considered UMOs. In both configurations,

HOMO-2 and HOMO-3 are spread almost uniformly over

the NC. In O0,5,31 configuration, the first strong overlap takes

place between HOMO and LUMO, which corresponds to the

lowest-energy transition. In O0,5,26, HOMO is localized at

the bottom of the NC, but LUMO distribution is altered such

that it has a small overlap with HOMO. In fact, all consid-

ered UMOs are localized at the center of NC and have small

FIG. 5. The first column shows the cross-section of NC in the plane of the three oxygen atoms to represent their relative arrangement. Other columns show the

density distribution of HOMO orbital and the corresponding cross-section of the NC. The column “view 1” displays the plane on which the HOMO spreads.

The column “view 2” displays the view normal to the “view 1,” representing the plane on which the HOMO is localized. The density iso-surfaces are plotted

at 0.033 electron/Å3.
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overlap with the HOMO that prevents the lowest energy

transition. In addition, HOMO-1 is localized at the top of

NC, and similar to HOMO it has a small overlap with all

considered UMOs that prevents the second lowest energy

transition. Thus, the first significant overlap occurs between

HOMO-2 and LUMO. As coupling strengths are propor-

tional to the overlap between molecular orbitals, it can be

inferred that in the O0,5,31 configuration a larger overlap

between low-energy frontier MOs leads to a red shift in the

photo-absorption spectra compared to the O0,5,26 configura-

tion. It is worth-nothing that the difference in allowed transi-

tions of O0,5,26 and O0,5,31 is caused by the changes in the

relative position of oxygen surface passivants.

IV. CONCLUSIONS

The effects of the spatial position and the relative posi-

tion of bridged oxygen passivants on the absorption spectra

of hydrogen passivated Si NC are investigated. Examination

of the HOMO-LUMO band-gap, optical absorption spectra,

and the frontier molecular density distributions demonstrates

that the spatial position of each surface passivant and the

relative position of passivants can significantly affect the

localization center of frontier orbitals, which results in

the variation of their overlap and the modification of optical

transition energies. Previous studies have focused on chemi-

cal nature of surface passivation on NC properties. Our pre-

sented results, however, show that the role of spatial position

and the geometrical arrangement of surface passivants

cannot be neglected.

ACKNOWLEDGMENTS

This work partly supported by Iran National Science

Foundation (INSF). The computational results presented have

been achieved in part using the Vienna Scientific Cluster

(VSC). Discussions with Professor Shams Mohajerzadeh are

acknowledged.

1A. Feltrin and A. Freundlich, Renewable Energy 33, 180 (2008).
2H. Huff, Into the Nano Era: Moore’s Law Beyond Planar Silicon CMOS,

Springer Series in Material Science (Springer, Berlin, Heidelberg, 2008).
3J. Derr, K. Dunn, D. Riabinina, F. Martin, M. Chaker, and F. Rosei,

Physica E 41, 668 (2009).
4V. Kumar, K. Saxena, and A. Shukla, Micro Nano Lett. 8, 311 (2013).
5E. G. Barbagiovanni, D. J. Lockwood, P. J. Simpson, and L. V.

Goncharova, J. Appl. Phys. 111, 034307 (2012).
6A. Nurbawono, S. Liu, and C. Zhang, J. Chem. Phys. 142, 154705 (2015).
7G. Seguini, C. Castro, S. Schamm-Chardon, G. BenAssayag, P. Pellegrino,

and M. Perego, Appl. Phys. Lett. 103, 023103 (2013).
8A. Puzder, A. Williamson, J. C. Grossman, and G. Galli, Phys. Rev. Lett.

88, 097401 (2002).
9A. D. Zdetsis, S. Niaz, and E. N. Koukaras, Microelectron. Eng. 112, 227

(2013).
10Y. Gao, D. Neuhauser, R. Baer, and E. Rabani, J. Chem. Phys. 142,

034106 (2015).
11D. Bandyopadhyay, J. Appl. Phys. 104, 084308 (2008).
12I. Vasiliev, J. R. Chelikowsky, and R. M. Martin, Phys. Rev. B 65, 121302

(2002).
13Y. Ma, X. Chen, X. Pi, and D. Yang, J. Phys. Chem. C 115, 12822 (2011).
14S. Chopra and B. Rai, J. Nanostruct. Chem. 5, 195 (2015).
15E. Ramos, B. M. Monroy, J. C. Alonso, L. E. Sansores, R. Salcedo, and A.

Martinez, J. Phys. Chem. C 116, 3988 (2012).
16S. M. Lee, K. J. Kim, D. W. Moon, and H. Kim, J. Nanosci. Nanotechnol.

12, 5835 (2012).
17A. Puzder, A. Williamson, F. Reboredo, and G. Galli, Phys. Rev. Lett. 91,

157405 (2003).
18P. Carrier, Phys. Rev. B 80, 075319 (2009).
19E. W. Draeger, J. C. Grossman, A. J. Williamson, and G. Galli, J. Chem.

Phys. 120, 10807 (2004).

FIG. 6. The density iso-surfaces of HOMO-3 to LUMOþ4 states of

Si29H36O3 NCs. The surfaces are plotted at 0.033 electron/Å3. Hydrogen

atoms are not displayed for the sake of clarity. The khaki, red, and white col-

ors are used for silicon, oxygen, and hydrogen atoms, respectively.

205303-5 Nazemi et al. J. Appl. Phys. 118, 205303 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

2.177.120.119 On: Mon, 30 Nov 2015 15:58:03

http://dx.doi.org/10.1016/j.renene.2007.05.024
http://dx.doi.org/10.1016/j.physe.2008.11.008
http://dx.doi.org/10.1049/mnl.2012.0910
http://dx.doi.org/10.1063/1.3680884
http://dx.doi.org/10.1063/1.4918588
http://dx.doi.org/10.1063/1.4813743
http://dx.doi.org/10.1103/PhysRevLett.88.097401
http://dx.doi.org/10.1016/j.mee.2013.05.008
http://dx.doi.org/10.1063/1.4905568
http://dx.doi.org/10.1063/1.3000657
http://dx.doi.org/10.1103/PhysRevB.65.121302
http://dx.doi.org/10.1021/jp203064m
http://dx.doi.org/10.1007/s40097-015-0150-5
http://dx.doi.org/10.1021/jp212013a
http://dx.doi.org/10.1166/jnn.2012.6388
http://dx.doi.org/10.1103/PhysRevLett.91.157405
http://dx.doi.org/10.1103/PhysRevB.80.075319
http://dx.doi.org/10.1063/1.1738633
http://dx.doi.org/10.1063/1.1738633


20Y. Shu and B. G. Levine, J. Phys. Chem. C 119, 1737 (2015).
21D. Kovalev and M. Fujii, Adv. Mater. 17, 2531 (2005).
22M. Balaguer and E. Matveeva, J. Nanopart. Res. 12, 2907 (2010).
23A. Puzder, A. Williamson, J. C. Grossman, and G. Galli, J. Chem. Phys.

117, 6721 (2002).
24N. B. Nguyen, C. Dufour, and S. Petit, J. Phys.: Condens. Matter 20,

455209 (2008).
25K. Seino, F. Bechstedt, and P. Kroll, Phys. Rev. B 82, 085320 (2010).
26D. J. Lockwood and L. Tsybeskov, J. Nanophotonics 2, 022501 (2008).
27G. H. Lu, M. Huang, M. Cuma, and F. Liu, Surf. Sci. 588, 61 (2005).
28J. M. Soler, E. Artacho, J. D. Gale, A. Garcia, J. Junquera, P. Ordejon, and

D. Sanchez-Portal, J. Phys.: Condens. Matter 14, 2745 (2002).
29M. Fuchs and M. Scheffler, Comput. Phys. Commun. 119, 67 (1999).
30N. Troullier and J. L. Martins, Phys. Rev. B 43, 1993 (1991).
31E. Runge and E. K. U. Gross, Phys. Rev. Lett. 52, 997 (1984).
32D. Rocca, R. Gebauer, Y. Saad, and S. Baroni, J. Chem. Phys. 128,

154105 (2008).
33O. B. Malcioglu, R. Gebauer, D. Rocca, and S. Baroni, Comput. Phys.

Commun. 182, 1744 (2011).

34P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D.

Ceresoli, G. L. Chiarotti, M. Cococcioni, I. Dabo, A. D. Corso, S. de

Gironcoli, S. Fabris, G. Fratesi, R. Gebauer, U. Gerstmann, C.

Gougoussis, A. Kokalj, M. Lazzeri, L. M. Samos, N. Marzari, F. Mauri, R.

Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia, S.

Scandolo, G. Sclauzero, A. P. Seitsonen, A. Smogunov, P. Umari, and R.

M. Wentzcovitch, J. Phys.: Condens. Matter 21, 395502 (2009).
35D. Vanderbilt, Phys. Rev. B 41, 7892 (1990).
36L. Brus, J. Phys. Chem. 90, 2555 (1986).
37K. Dohnalova, A. N. Poddubny, A. A. Prokofiev, W. D. de Boer, C. P.

Umesh, J. M. Paulusse, H. Zuilhof, and T. Gregorkiewicz, Light: Sci.

Appl. 2, e47 (2013).
38A. J. Williamson, J. C. Grossman, R. Q. Hood, A. Puzder, and G. Galli,

Phys. Rev. Lett. 89, 196803 (2002).
39H. G. Liao, D. Zherebetskyy, H. Xin, C. Czarnik, P. Ercius, H. Elmlund,

M. Pan, L. W. Wang, and H. Zheng, Science 345, 916 (2014).
40V. Kocevski, O. Eriksson, and J. Rusz, Phys. Rev. B 87, 245401 (2013).
41I. Vasiliev, S. €Og€ut, and J. R. Chelikowsky, Phys. Rev. Lett. 86, 1813

(2001).

205303-6 Nazemi et al. J. Appl. Phys. 118, 205303 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

2.177.120.119 On: Mon, 30 Nov 2015 15:58:03

http://dx.doi.org/10.1021/jp5114202
http://dx.doi.org/10.1002/adma.200500328
http://dx.doi.org/10.1007/s11051-010-9881-x
http://dx.doi.org/10.1063/1.1504707
http://dx.doi.org/10.1088/0953-8984/20/45/455209
http://dx.doi.org/10.1103/PhysRevB.82.085320
http://dx.doi.org/10.1117/1.2910994
http://dx.doi.org/10.1016/j.susc.2005.05.028
http://dx.doi.org/10.1088/0953-8984/14/11/302
http://dx.doi.org/10.1016/S0010-4655(98)00201-X
http://dx.doi.org/10.1103/PhysRevB.43.1993
http://dx.doi.org/10.1103/PhysRevLett.52.997
http://dx.doi.org/10.1063/1.2899649
http://dx.doi.org/10.1016/j.cpc.2011.04.020
http://dx.doi.org/10.1016/j.cpc.2011.04.020
http://dx.doi.org/10.1088/0953-8984/21/39/395502
http://dx.doi.org/10.1103/PhysRevB.41.7892
http://dx.doi.org/10.1021/j100403a003
http://dx.doi.org/10.1038/lsa.2013.3
http://dx.doi.org/10.1038/lsa.2013.3
http://dx.doi.org/10.1103/PhysRevLett.89.196803
http://dx.doi.org/10.1126/science.1253149
http://dx.doi.org/10.1103/PhysRevB.87.245401
http://dx.doi.org/10.1103/PhysRevLett.86.1813

