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ANeKTPOHHaA CTPYKTypa HaHoanmasa:

npoobnembl, MeToAbl U NepPCneKTUBLI

AHvppen 3MMuH

Buktopua CaBuyeHKO



[TocTaHOBKa NpobfieMbl

B HaHoanmase ecTb

COOCTBEHHbIe e ordereq Subsurface

sorderec
HecnapeHHbIle shell il
3MEeKTPOHbI, KOTOPbIE: 2

* HE CBA3aHbl C NMpnMecaMu

e OTBETCTBEHHbI 3a
napamMarHeTu3am

e pacnosioXeHbl B ob6nactu
MeXOy NOBEPXHOCTbLIO U
«arnvasHbiM» 90poM

* Fang, X. et al., 2009. Nonaromatic Core-Shell Structure of Nanodiamond from Solid-State NMR Spectroscopy. Journal of the
American Chemical Society, 131(4), pp.1426-1435 2



Bonpochl

1. Kak B CMHITIETHOMN CUCTEME MOXET CYLLLEeCTBOBaATb
HecnapeHHbIN CMNH?

o JOHeprus, Tpebyemasi Ans «pacnapmBaHusi» camomu
BEPXHEW 3NIEKTPOHHOW Napbl = LUMPUHE 3anpeLLeHHOU
30HbI (~5.5 3B)
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Bonpochl

2. [lovemy B HaHOAnNMase 3Heprma YacT OCTOBHbIX
9NIEKTPOHOB OKa3bIBAETCH BbILLE, YHEM B ODObIYHbIX
anmasax?

Excitation of an electron ... into an unoccupied state
from a core shell... above the Fermi-level

Density of States
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Bonpochl

2. [lovemy B HaHOAnNMase 3Heprma YacTn OCTOBHbIX
9NIEKTPOHOB OKa3bIBAETCH BblLLE, YEM B ODbIYHbIX
anvasax?
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* Belobrov, P.. et al., 2003. Electron spectroscopy of nanodiamond surface states. Applied Surface Science, 215(1-

4), pp.169-177.



Normalized intensity (a.u.)

Bonpockl
3. Novyemy nNukn B KonebaTterbHbIX CrEKTpax
HaHoanmasa He NOoXOXW HU Ha «rpaduToBbie» (G), HK
Ha «anmasHoie» (D)?

I: Larger scattering domain ;
lIl: Smaller scattering domain g
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Mochalin, V.N. et al., 2012. The properties and applications of nanodiamonds. Nature nanotﬁéﬁ‘nﬂo%‘f



Bo3MO)XHble OTBEeTh!

 PaccmoTpeHune psaga akcnepuMeHTarbHbIX AaHHbIX
(KpoMe BbilLeNPUBEOEHHbIX) HABOAUT HA MbICIlb O TOM,
YTO COCTOSAHME aTOMOB Yyrrepoaa B HaHoanmase
3aMEeTHO OTIYaeTCs OT «KHOpManbHOro»
PaCMNOSIOXKEHMUS. c

 BO3MOXHO, OH NPOCTO cXaT
C NOBEPXHOCTU




Bo3MoOXHble OTBETHI
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* Ecnn noBepxHOCTL
HaHoasyimasa cxarta, TO
COCTOSAHWNE ero
9NEeKTPOHOB OOIMKHO
N3MEHUTbLCH:

e [1lpaBas 4YacTb NNOTHOCTU
COCTOSIHUU
NENCTBUTENBbHO
CMon3aeT BIEBO MO
Mepe cXaTtugd
HaHoanmasa.



Bo3MO)XHble OTBEeTh!

* [lepBble 1 nocneaHne ceda3biBaloLLIME BOSTHOBbLIE
dOYHKUMU BbIXOOAAT B NOANOBEPXHOCTHLIN CIOMW:

8. CleHl-i[J-,. s = 0.00 h. C:g]_]H]_a__n, s =0.04 i. 6211H14n, s = 0.08

Kctatn, roe Tyt sp-rmbpugHble opoutann atomosB yrnepoga?



Bo3MO)XHble OTBEeTh!

« CnepoBaTeribHO, Ka4eCcTBEHHOE O0OBbACHEHUE
HabnogaemMblix SSBNEHU MOXHO NONYYUTb, eCNK
cuYMTaTb, YTO HAHOAIMa3 HaXoAUTCA B CXKaTOM
COCTOSIHUMN.

e Ho Tak nn oHO Ha camom aene?
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Bo3MO)XHble OTBEeTh!

e CXaTue HaHo4acTuLbl NpU oNTUMM3aLIUN e
reoMmeTpun — cyrybo KBaHTOBbIN 3O EKT.

MonekynapHaga MexaHuka He MOXET Mony4YnTb Takou
pes3ynbTar.
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[lanbHeunLne Bonpochl

XOT4a cxaTue U Bbl3BaHHOE UM CMeLLEeHNEe BOSTHOBbIX
dyHKUMX B NOANOBEPXHOCTHYIO 06nacTb MOXeET
Ka4yeCTBEHHO OOBACHUTL SKCMEPUMEHT, A0
KONUYECTBEHHbIX pe3ynbTaToB eLle Oaneko.

Kak bygeT BbIrnsiAeTb 30HHAs1 CTPYKTypa HaHoanmasa
N €ero KomnoamTa ¢ NUMPoyrriepoaom, BeayLimnm cebs
KaK NonynpoBOaHUK?

BO3MOXHO NN, YTO KOPPEKTHLIN OTBET BYAET nony4veH
NULLb B paMKax pensaTMBMCTKOro nogxoaa?

[lanblLue Mbl 03HAKOMUMCSH C HEKOTOPbIM HOBbLIMHU
noaxogamMmu 1 2



Basis sets in real space: Wavelet basis sets

Properties of wavelet basis sets:

@ localized both in real
and in Fourier space

@ allow for adaptivity
(for core electrons)

@ are a systematic basis set

Introduct 15— — '
T o)
BIQDFTFL{LH 1r - .
Atom pq_sji[_c_:_ns:
Basis set 05 | -
Pseudopotential
. .
SCF Loop i

. 05 | ¥ .
Performances P
Poisson Solver R %f -
Relaxation i e I : E
HPC GIRE I s - 1.5 ' ' ' ' ' ' '

- -6 -4 -2 0 2 4 6 8

Perspectives *
Order N
A basis set both adaptive and systematic, real space based

Conclusion



«PaclwimnpeHHbIe» NNOCKNE BOJSHbI

« BooopogonogobHblie pyHKUMK B cdpepax,
OKpPY>KaloLLMX aTOMbI U NMMOCKNE BOSHbI B
NPOCTPaHCTBE MeXAY HUMMN:
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BigDFT
http://bigdft.org

Introduction

BigDFT run

Atom positions

Pseudopotential
XxC
SCF Loop

Performances

Poisson Solver
Relaxation

HPC

Perspectives
Order N
Resonant states

Conclusion

Adaptivity of the mesh

Resolution can be refined following the grid point.
g i The grid is divided in:

o resolution pts
(SF, 1 DoF)

@ High resolution pts
(SF + W, 8 DoF)

Points of different resolution
belong to the same grid.

Data can thus be stored in compressed form.

Empty regions must not be “filled” with basis functions.
Optimal for big inhomogeneous systems, O(N) approach.
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HapyLwieHne n BocCTaHOBNEHNE CUMMETPUN

A HIERARCHY OF APPROXIMATIONS

Restricted Hartree-Fock (RHF)

All spin and space symmetries are preserved
Double occupancy / e-densities: circularly symmetric
Single Slater determinant (central mean field)

Correlations

Total Energy

A4

Unrestricted Hartree-Fock (UHF)

Total-spin and space symmetries (rotational or
parity) are broken / Different orbitals for different spins Non-linear equatiﬂns
Solutions with lower symmetry (point-group symmetry)
Lower symmetry explicit in electron densities

Single Slater determinant (non-central mean field)

Bifurcations

EMERGENT

Implementation of UHF: Pople-Nesbet Eqgs.
N g ‘ PHENOMENA

2D harmonic-oscillator basis set
Two coupled matrix Eqgs. (for up and down spins)

¥

Restoration of symmetry via projection techniques

Superposition of UHF Slater det.'s {beyond mean field)

e-densities: circularly symmetric . . .
Good total spin and angular momenta Restoration of |II"IEEH'I1’3I

Lower symmetry is INTRINSIC (or HIDDEN) of many-body equatons
Detection of broken symmetry:

CPDs and rovibrational excitations of quantum dots

Y CPDs and dissociation of quantum dot molecules

Y

Yannouleas, C. & Landman, U., 2007. Symmetry breaking and quantum correlations in finite systems: studies of quantum dots
and ultracold Bose gases and related nuclear and chemical methods. Reports on Progress in Physics, 70(12), pp.2067-2148.
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HapyLleHne n BoOCCTaHOBIEHNEe CUMMEeTPUU

(a) RHF  (b1) (b2) UHF (d)

. 21.44
(44.3%) (57.2%)

21.06

—

OT1 RHF K TO4HOMY peLueHntio Yepes nocrieayouee «MetToabl CNMHOBOM NPOEKLMN»

Yannouleas, C. & Landman, U., 2007. Symmetry breaking and quantum correlations in finite systems: studies of quantum dots 1 9
and ultracold Bose gases and related nuclear and chemical methods. Reports on Progress in Physics, 70(12), pp.2067-2148.



Figure 6. The UHF solution exhibiting breaking of the circular symmetry for N = 3 and
§, = 1/2at Ry = 10 and B = 0. (a) and (b) Real orbitals for the two spin-up electrons.
(c) Real orbital for the single spin-down electron. (d) Total electron density (ED). (e) Spin density
(SD, difference of the spin-up minus the spin-down partial electron densities). The choice of the
remaining parameters is iwg = SmeV and m* = 0.067m,. Distances along the horizontal x- and
y-axes are in nanometres. The real orbitals are in 10> nm~! and the densities (electron density
and spin density) in 107 nm™2. The arrows indicate the spin direction.
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