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Topological Insulators are called ““topological’”’ because the wave
functions describing their electronic states span a Hilbert space that

has a nontrivial topology... they opened a new window for understanding
the elaborate workings of nature.

Consequence?... a gapless interface state necessarily shows

up when the insulator is physically terminated and faces an ordinary
insulator (including the vacuum).

Which invariant?
' (Time Reversal invariant)

Isolantes topoldgicos Z,=1 Berry connection
iy Isolantes triviais Z, =0

Berry curvature
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Why Jacutingaite-family ?

New candidates for topological materials:
(i) large topological gap.
(ii) structural stability.
(iii) accessible synthesis route.



@ Pt,HgSe; is a naturally occurring mineral

discovered in Brazil in 2008.

@ In 3D-form is predict a dual topology , weak topological
insulator and topological crystaline insulator.

@ Its monolayer form, a place for manifestation of the
Kane-Mele topological phase

@ Also Pt,HgSe; has been synthesized and also Pd-
based in the same structure Pd,HgSe;.
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Pt,HgSe;
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@ Pt,HgSe; is a naturally occurring mineral
discovered in Brazil in 2008.

@ In 3D-form is predict a dual topology , weak topological
insulator and topological crystaline insulator.

@ its monolayer form, a place for manifestation of the
Kane-Mele topological phase

@ Also Pt,HgSe; has been synthesized and also Pd-
based in the same structure Pd,HgSe;.



First theoretical paper \/\Nm

Prediction of a Large-Gap and Switchable Kane-Mele Quantum Spin Hall Insulator

and Discovery of Novel Materials (MARVEL), Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland

Energy [eV]

Antimo Marrazzo,* Marco Gibertini, Davide Campi, Nicolas Mounet, and Nicola Marzari'
Theory and Simulation of Materials (THEOS) and National Centre for Computational Design its monolayer(2D) form, a place for

manifestation of the Kane-Mele topological
phase. Whereas in 3D-form is predict a dual

0.3 =" topology , weak topological insulator and
topological crystaline insulator.
0.0 ppr w/o SOC
— DFT with SOC
_03 =
—0.6
a [
PRL 2018

Its atomic structure can be viewed as a the transition metal
dichalcogenide (TMD) PtSe2 with a structural phase where %
of the chalcogenides are replaced by Hg.
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Pt,HgSe, Jacuntingaite-family >>> |v|2NX3

Termodinamic and mechanical Periodic Table of the Elements

stables

27 materials

M= Ni, Pd, Pt;
N=Zn, Cd, Hg;
X=S, Se, Te




We employ density functional theory simulations (DFT)

ackage

>Spin-orbit coupling imulation

>PBE functional

NS ] PV WANNIER9O

>Localized basis Hamiltonial
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WannierTools

S ' eSta >Bloch to Wannier function transformation
Ballistic Electronic transport
>Topological invariant
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Jacutingaite-like share the same backbone geometry of TMD(MX,)-1T >--> M,NX;

PtSEZ> """ > PtzHgse3
(1/4) Se = Hg

‘...' ;
Lo o A

The chalcogenide atoms (X) are partially replaced by
transition metals (V ), M X:-> M:N X;, resulting in buckled N
-M -N bonds.




The lattice parameter of M,NX; ,
are pratically independent of transition metal

& %Q/&Q/Q/&Q/c‘o RZ l

The N atoms form triangular lattices on the opposite sides of
the MX:host, which in turn are rotated by 60- with respect
to each other, giving rise to a buckled hexagonal lattice.

* And the equilibrium lattice constant of Pt,NSe; for
N=Zn,Cd Hg differ by less than 9% compared with 1T
PtSe2
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Schematic band structure around |\/|2NX3 Mm

Fermi-energy
M< >K Direction
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No-SOC X SOC
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Then ...Pt,HgSe; -family

a) 12 Topological Insulators(Kane-Mele), 8 Topological Semi-Metal and 07
Trivial

b) The cleavage energies showed that these systems can be isolated in
monolayers by exfoliation methods.

¢) Pt,ZnSe; and Pt,ZnTe;, present larger values of
topological band gap compared with that of jacutingaite
(Pt,HgSe,) .
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Topological insulating phase arising in transition metal \/\[\m
dichalcogenide alloy

PtSe, is a semiconductor with trivial bandgap
>-> 25% of Se substituted by Hg >>->>>
Pt,HgSe; is a topological insulator with a large bandgap

r Ordered
PtSe, monolayer -> Hg._ -> Pt(Hg Se ,_), alloy

Random



Ordered alloys M amua

Pt(Hg,Se,. ), with x=0.25, 0.50, 0.75 and 1.0

Pt GRAY
Hg PURPLE
Se GREEN

X=0.75 X=0.25 X=0.0

Pt,HgSe;



Pt(Hg, Se,.), with x=0.25, 0.50, 0.75 and 1.0

x=1.00 X=0.75 x=0.50 X=0.25 x=0.00
1|| ., — T YT W
_ ‘\e\ l!!/'l“\é _:_
B,‘u‘;‘ge‘ang 1% M|
wosp / \/’\‘\ / .\\ /“\-\?\;’/"\m 3
- :% =5 ’A\\ Ab/k\ A\'/A

FI\/IKII' F I’fr

Black No-SOC and Red with-SOC PtS
PtHg, €,

Metallic - Topological phase arise due to hybridization of the Hg s-orbitals with the Pt-dorbitals ‘ Insulator
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N YAYA
Pt(HgySei—x)>

Semiconductor QSH QSH QSH Metallic
Trivial
PtSe, PtH g,
x = 0.00 0.50 1.00

SQS 1st-neighbor,,2st.,3st pair
correlation exactly random.

(x = 0.25,0.33,0.44,0.50,0.56, 0. 66,0.75)




Random distribution

[NV,

Pt (Hg,Se, ), >>> Hg.. presenving the host 1T

*To provide a more realistic description of random alloys > SQS (special quasi random)

approach
from x=0.25 to x=0.75 (Zunger et al PRL 1990)
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'] (i) PtSe, energetic preference for KzgT<15meV

(ii)Above ~ KgT > 40meV PtHgSe random present lowest free

] energy
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For a non-periodicity of the random alloy, we have computed a real space invariant :
Spin Bott-index, which is equivalent to the spin-Chern number.
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For a non-periodicity of the random alloy, we have computed a real space invariant :
Spin Bott-index, which is equivalent to the spin-Chern number.






Topological limit \/\I\m

*x--->0 will lead the Pt(Hg,Se, ), ---> PtSe, trivial phase

** We will look at a NON-Trivial <> Trivial based on electron percolation limit

) = C+ — C—. (Chern number, integration over a closed surface of Berry connection)

%A(J) dk fi@ = i(n, E,O\Vk\n, E,a}

occup

>fully localized wave functions are P — ZV
eigenfunction of the position operator: k

OCCUp Non-zero Chern number requires the electronic states

to NOT be completely localized (necessary but not
dk O sufficient).... For QSH phase.

' Cy = xn
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>Mathematically it can be found a

threshold of rigid disk concentration
where a random distribution guarantee

a percolation in hexagonal lattices.

0,=1-¢" =06

Using the disks-diameters 11A aWe stimated limit
concentration..

P.Suding and R.M.Ziff
Phys.Rev. 60, 275 (99)
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>Mathematically it can be found a
threshold of Hg concentration where a
random distribution guarantee a
percolation of the electrons hopping
the Hg wave functions (i.e. a non

localization limit)
0. =1-e7™ =0.69
n. = Ar/Ayc

>This sets the necessary
topological limit for
random alloy at x ~ 10%
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Conclusion

*Based on ab initio calculations, we have studied the energetic stability
and trivial > non-trivial topological phase transition in single-layer PtSe,
mediated by substitutional Hg,, atoms, Pt(Hg,Se, ), alloys.

** We found an energetic preference for a random distribution of Hg
with x= 25% (jacutingaite’s stochiometry), with respect to the PtSe, host
ruled by the configurational entropy, for KT> 15meV and

Random alloys with x=50%, PtHgSe , become more stable for KT>32meV

*** The QSH phase against the random distribution of Hg, substitutional
atoms has been verified for alloy concentration between 25% and 75%

*k*x*_ With percolation model we estimated a threshold concentration of
about 9% for topological non-trivial>trivial transition in Pt(Hg,Se,, ),
random alloys
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Vacancies centers is the simplest defect but can provide
drive exotic effects ..... as charge density waves in indium

(In) nanowires,ferromagnetism on trasition metal

dichalcogenides(TMD) ,transitions Metal-Insulators in

GeSbTe( IV-VI) , negative U in Si....etc ‘ * * *
We investigate the trivial 2D semiconductor * x ‘
PtSe2

NANO.. . 5

pubs.acs.org/NanoLett .
mmmm overimental
Atomic-Level Dynamics of Point Vacancies and the Induced

Stretched Defects in 2D Monolayer PtSe, .
Jun Chen,J‘ Jiang Zhou,J' Wenshuo Xu, Yi Wen, Yuanyue Liu,* and Jamie H. Warner*

Se vacancy formation on PtSe, can controlled

\/\I\\m by electron radiation...recent advances on controlled
Atomic positioning on surfaces by AFM/STM TIPS



Chalcogens vacancies: universal schematic of band structure of \/\,\W

each semiconducting phase, respectively, with and without spin-orbit
corrections.
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1T-PtSes (Vs
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e)

3

Se vacancy introduces localized states in the host PtSe2 bandgap
Three lone pairs arise in the Pt atoms neighboring the vacancy.

Increasing the vacancy density, those states can interact forming
energy bands.

Orbitas with major contribuition from Pt dxz/dyz with its
interactions mediated by the host Se p orbitals

PtSe, is a trivial semiconductor with an energy gap of
1.2 eV.
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Amorphous Bi,Se; structural, electronic, and topological nature from first principles
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spin Bott index 1s defined as

Noce/2 — l _
Pe= Y |o) )], (5) By = 2(B+ B_),

n

where |¢F) are the eigenstates of P, with eigenvalues Si.
In the case of 2D systems, for each spin sector one then
constructs the projected position operators

Us = Pre™ P 4+ (I — Py), (6)

Vi =P 'P. + (I —Py), (7) 1 o
By = EIm{Tr[log(Vj:Uﬂ:Vj:Ui)]}-

where X and Y are diagonal matrices with the x and y com-
ponents of the spatial coordinate of each orbital site rescaled



For a non-periodicity of the random alloy, we have computed a real space invariant :
Spin Bott-index, which is equivalent to the spin-Chern number.

been explained in the literature [18,19,24,30,31]. First, one
constructs the projector operator of the occupied states below

Given the method of calculating the Bott index, now we
give a general construction of the spin Bott index. One begins
by introducing a projected spin operator

P. = P§,P, (%)

where §, = %oz is the spin operator (o, is the Pauli matrix).
For a spin-conserving model, §, commutes with the Hamil-
tonian H and P,, the Hamiltonian as well as eigenvectors
can be divided into spin-up and spin-down sectors. Thus,
the eigenvalues of P, consist of just two nonzero values
:I:%. For systems without spin conservation (for example, the
Kane-Mele model with nonzero Rashba terms which will
be discussed later), the §; and H no longer commute. The
spectrum of P, spreads toward zero. However, as long as
the spin-mixing term is not too strong, the eigenvalues of P,
remain two isolated groups which are separated by zero. Since
the rank of P, is Ny, the number of positive eigenvalues
equals to the number of negative eigenvalues, which is one
half of Ny.. The corresponding eigenvalue problem can be
denoted as

P:|£¢i) = Sx|Edi). (6)
In this way, one can construct new projector operators
Noce/2
Pr= " |+ (£, (7)

which satisfy P = P, @ P_, and projected position operators

Uy = Pre®* Py + (I — Py), (8)
Vi = PV P 4+ (I — Py), 9)

The Bott indices for two spin sectors are now given by
[27-29,32]

1 N~ o~
B = 5 —Im{uflog(VoUs VUL (10)

Finally, we define the spin Bott index as the half-difference
between the Bott indices for the two spin sectors

B, = 3(By — B_). (11)

Similar to the spin Chern number [8-10,25,26] the spin Bott
index is a well-defined topological invariant. The spin Bott
index is also directly related to the Z, topological invariant.
Its robustness is due to the existence of two spectral gaps: the
insulating gap of the Hamiltonian and the spectral gap of the
projected spin operator P,. As long as the two gaps persist,
the computational formalism of the spin Bott index can be
applied. The spin Bott index is applicable to quasiperiodic and
nonperiodic systems, which provides especially a useful tool
to determine the electronic topology of those systems without
periodicity.

FIG. 1. (a) Topological phase transition in the Haldane model. The parameters are t = —1 and , = 0.15¢~""/3. (b) Topological phase
transition in the Kane-Mele model. The parameters are t = 1, Aso = 0.3, and Ax = 0.25. The Bott B (spin Bott B,) index is consistent with
the Chern number (Z, invariant) except around the phase transition point. This is because we use a relatively small supercell to calculate the
Bott index. The small divergence would disappear if a larger supercell is used in the calculation of (spin) Bott index. The calculated (spin) Bott
index with SVD shows a better performance than the one without SVD.

Huang H and Liu F 2018 Theory of spin Bott index for
quantum spin Hall states in nonperiodic systems Phys. Rev. B
98 125130






>The Hg wavefunctions are interacting \/\I\W

with each other up to ~1nm, defining a
localization length

>Spacial localized wave functions are
topologically trivial:

¥ =cy —c

occup

Co = Z égg’)-dlg

A;(f) = i(n, E,a\vkm, k. o)

>fully localized wave functions are
eigenfunction of the position operator:
T =1V

occup

Co = an]idkzo




