KomMmnbloTepHbi AU3aH HOBbIX MaTepUuanos

ApTtem P. OraHos (CKontex u MUCuC, Poccun)

[TpeackasaHme KpUCTAIINYECKUX CTPYKTYP

[TOCTaHOBKW U pelleHna 3a4a4mM npeackasaHma
CTPYKTYP. ONTMM3aLMA GU3NYECKUX CBOMCTB.
[TpeacKkaszaHme cTabuibHbIX COEANHEHUNN.
OnTumm3auma puUandyeckmx ceoncts. ONTMMM3aLUA
no Napeto. MeHaeneeBCKMM MOUCK.



PacwudgppoBKa Kpuctannmyecknx CTpyktyp — ogHa us3
rmaBHbIX HAYy4YHbIX peBOSIHOUUN

TN
h (4

1,1’{ The Nobel Prize in Physics 1914

% The Nobel Prize in Chemistry 1985

"for their services in the analysis of crystal structure by means of X- "for their outstanding achievements in the develo ; rTI"‘rlt of direct

"for his discovery of the diffraction of X-rays by crystals" methads for the determination of crystal struct

Max von Laue Sir William Henry Bragg William Lawrence Bragg Herbert A. Hauptman Jerome Karle

(from http://nobelprize.org)
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CprKTypa .

Ondpakuus

Cophanepum ZnS.
OaHa u3 nepBbIX

CTPYKTYp, pacumdpo-
BaHHbIX B 1913 .




Teopusa cyHkumoHana nnotHoctu (W. Kohn, 1964-1965),

3HasA CTPYKTYPY, MOXHO C XOpOLUen TOYHOCTbIO
npenckKkasaTb MHOXeCTBO CBOUCTB

HoGeneBckasa npemus 1998 r.

E :EH—H[p] +IITH—ep(r)dr +EH[/O] +EXC[p] +Ekin[i//_> p]

YpaBHeHUA COCTOSAHUA U TepMmoanHaMuKa das - | ®
B cucteme MgO-SiO,: Teopusi U IKCNEePUMEHT o | : J?/N\ |
(Oganov, 2003-2005) Sl | T/
I VO, Jﬁﬁ IKO, gEha IKO) gmz IO o 0T ‘@@B\&
MgO G| [ s PaiapN
Theory 76.2 168.7 4.258 b ol ! |
Exp. 747 160.2 3.99 IRV
Stishovite i
Theory | 46.3 318.3 4.373 T KX T L X W L
Exp. 46 9 3129 48 Reciprocal space points
Me5i0s pero it Kone6aHus pewetkn MgO:
Theory | 163.3 261.4 4.032 Teopusi U IKCNEepUMEeHT
Exp. 162.3 259.5 3.69 (Oganov et al., J.Chem.Phys. 2003)
) | 505 MgSi0s - m
periclase stishovite perovskite F(T)= Ey+ j ! hoglodo+igT J In[1 -E.‘Xp(—ﬁ—m)]g(m)d&:l
theory Exp theory Exp theory Exp . 2 0 kT
Cy |3658 |3687 |413 42.2 80.73 77.3 _
S [26.81 27.13 24.6 25.9 57.14 57.2 G=F-V(dF/dV)
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Structure prediction drives materials

discovery

Artem R. Oganove 3=, Chris J. Pickard®**, Qiang Zhu® and Richard J. Needs’

Abstract| Progress in the discovery of new materials has been accelerated by the development
of reliable quantum-mechanical approaches to crystal structure prediction. The properties of a
material depend very sensitively on its structure; therefore, structure prediction is the key to
computational materials discovery. Structure prediction was considered to be a formidable
problem, but the development of new computational taols has allowed the structures of many
new and increasingly complex materials to be anticipated. These widely applicable methods,
hased on global aptimization and relying an little or no empirical knowledge, have been used to
study crystalline structures, point defects, surfaces and interfaces. In this Review, we discuss
structure prediction methods, examining their potential for the study of different materials
systems, and present examples of compurationally driven discaveries of new marterials—
including superhard materials, superconductors and organic materials — that will enable new
technologies. Advances in first-principle structure predictions also lead to a better
understanding of physical and chemical phenomena in materials.

Nature Reviews Materials (2019)
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Acc. Chem. Res. 1994, 27, 309—314

Are Crystal Structures Predictable?

ANGELO GAVEZZOTTI

“No”: by just writing down this concise statement, in what would be the first one-word
paper in the chemical literature, one could safely summarize the present state of affairs

Ome of the continuing scandals in the physical sciences is that it remains In
seneral impossible to predict the structure of even the simplest crystalline solids from
a knowledge of their chemical composition. Who, for example, would guess that
graphite, not diamond, is the thermodynamically stable allotrope of carbon at
ordinary temperature and pressure? Solids such as crystalline water (ice) are

still thought to lic beyond mortals” ken.

3apayva — Hanty MOBAJIbHbBIU MuHUMYM

J. Maddox
(Nature, 1988)

3Hepruum. lNepedbopom 3apavy

He peLnTb

| (Vi&)!

(V&) [(VIE) - N]IN!

N.ioms | Variants | CPU time
1 1 1 sec.

10 104 103yrs.
20 10%° 107 yrs.
30 1039 1031 yrs.

RESEARCH NEWS

Crystal structure prediction — evolutionary or revolutionary
crystallography?

S. L. Chaplot and K. R. Rao CURRENT SCIENCE, VOL. 21, NO. 11, 10 DECEMBER 2006

[Ty6rnivkauusa o Hawwem
metoae USPEX
(Oganov & Glass,
J.Chem.Phys. 2006)




Kpuctannunyeckume CTpykTypbl MOXHO npeacKkasbiBaTb!
NMpoekT USPEX (Universal Structure Predictor: Evolutionary Xtallography)

http://uspex-team.org

[Oganov A.R., Glass C.W., J.Chem.Phys. 124, 244704 (2006)]

«CoyeTaHue 3BOSIIOLMOHHOIO ariropMTMa U KBaHTOBOMEXaHU4YeCKUX pacyeToB.
«>8500 nonb3oBaTeneu.

‘PewsaeT «Hepeliaemylo» 3agavy npenckasaHus
CTPYKTYpbl BellecTBa

KBaHTOBOMEXaHU4YeCcKMe pacyeTbl
(Teopusa doyHKUMOHaANa NSIOTHOCTHU):

Energy landscape of AugPd,

5 v lple vy o] Lo, ) = 2.6,)

| Vp|
2k p(r) )p(r)ex[p(r)]

EGGaxc = Idr Fxe(p,



http://uspex-team.org/

MeTtoabl rmobanbHOU oNTUMMU3ALMUMA:
KeHrypy vLieT ropy dBepecT

SBOMIOLUMOHHbIE aNrOPUTMbI: COPOCUM AOeCaHT KeHrypy, Kaxabin
naeT Ha GnMxanwyr BepLUUHY U pa3MHOXaeTcs ¢ coceasaMm (He
nokasaHo no coety PocnoTtpebHap3opa...)



MeTtoabl rmobanbHOU oNTUMMU3ALMUMA:
KeHrypy vLieT ropy dBepecT

Y

& e
|

....HO BpeMsl OT BpeMeHU NMpuxoasT OXOTHUKN U
OTCTPeNnuBaloT TeX, KTO 3abparncs Hmxe Opyrux.




JBOJIIOLUMOHHLbIE pacyeTbl nocrieaoBaTesibHO POKYCUPYIOTCS
Ha Hanbonee NnepcneKTUBHOM OOacTN NPOCTPaHCTBA NOUCKA




JBOSIIOUMOHHbIE pacyeTbl nocneaoBaTesibHO (POKYCUPYHOTCH
Ha Hauboree nepcnekTMBHOMN 00facTuU NPoOCTpaHCTBA NOUCKa




JBOSIIOUMOHHbIE pacyeTbl nocneaoBaTesibHO (POKYCUPYHOTCH
Ha Hauboree nepcnekTMBHOMN 00facTuU NPoOCTpaHCTBA NOUCKa




JBOSIIOUMOHHbIE pacyeTbl nocneaoBaTesibHO (POKYCUPYHOTCH
Ha Hauboree nepcnekTMBHOMN 00facTuU NPoOCTpaHCTBA NOUCKa




JBOSIIOUMOHHbIE pacyeTbl nocneaoBaTesibHO (POKYCUPYHOTCH
Ha Hauboree nepcnekTMBHOMN 00facTuU NPoOCTpaHCTBA NOUCKa




[MpeackasaHne KpUcTannmuyeckKnx CTPyKTyp
ncxoas NMullb U3 3aKOHOB (PU3UKM - pearibHOCTb

[Bupeo]

Yrnepoa npu 100 I'Ma: ctrabunbHaa moancdpukauusa - anmas



USPEX
(Universal Structure Predictor: Evolutionary Xtallography)

(CnyuyalHble) HaYaNbHbIe CTPYKTYpDI
* PaHXXMpoBaHMe CTPYKTYp NO peNnakCUpPOBaAHHOM SHEpPrum

OTGOp HU3KO3HEepreTu4eCKnX CTPpyKTyp B Kayecrtee po,qmeneii HOBOro
noKoneHuA

* CTaHAapTHble BapuMaLMOHHbIe onepaTopbl:

.,% % 3 3 3
ﬁ'.. .:' W .V .00 00, /%
p %‘%. + WMot vt 0N, 5 3 -} :
.-‘t.:' : Wb b N, T oo oo .o E g
qi:o..%.gfz ° .”.ﬂ.”.”. o—q'EE V%E r{fs
slice from parent #1 slice from parent #2 l:noptim;sed off;pring (:ptimise.d offspr.ing

(1) HacneactBeHHOCTb

parent structure permutated structure

+—d

(2) CothTmyTauuma (3) MepmyTauusn

+(4) TpaHcmyTauums, +(5) PotayuMoHHasa mytauus, +...



NMNouyemy USPEX Tak xopowo paboTtaeTt?

formal dimensionality of full energy landscape: d = 3N +3

nelas intrinsic dimensionality of reduced landscape: 4% = 3N+3 —k

—

number of distinct structures: (% ~ exp(fd*)

Frequency

d* =109 (d=39) for AugPd,
d.=1 1 .Etd=gg} fDr Mg'|ED'|E
d*= 325 (d = 39) for Mg;N,H,

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Distance

Distribution of distances between randomly sampled local
minima in a binary Lennard-lones system ABa.

0

|. CoKpalieHue pa3MepHOCTU O0e3 BBeaeHUs
npou3Bosia — CUMMETPUMNHLIA U TOMONOrMYeCKUmn

reHepaTopbl CIy4YalHbIX CTPYKTYP.

Free energy

Order parameter(s)

Il. CokpaweHne acpheKTMBHON pasMepHOCTHU
3ajaum 6rnarogaps penakcaumm CTpyktyp (Takxke
yobupaeT «wym» n npeobpa3syet naHawadTt B bonee

YAOOHbIN).

Ill. BapnauunoHHble onepaTopbl paboTaroT B
noAnpoCTpaHCTBaX MOHMKEHHOWU Pa3MepPHOCTMU.



CnMMeTpPUNHBLIUN reHepaTop CriyYauHbIX
CTPYKTYP

Kpuctannsbi: 230 npocTpaHCTBEHHbIX rpynn
MoneKynbl: ToYe4YHble rpynnbil

d < duin

d<dmin

Zhu, Oganov, et al, Acta. Cryst. B, 68, 215-226 (2012)



Tomosrornyeckuy reHepaTrop CJAy4YauHbIX CTPYKTYP
(Bushlanov, Blatov, Oganov, 2019)

YcKopeHue B ~3 pasa

(b) o 0.0 0.1 0.2 0.3 0.4 0.5 0.6 (C)

Energy, eV
Mpumep KN;: (a) Tononornyeckas cryyamHasa CTpyKTypa, (C) CMUMMeTpPpUUHO-

crlydamHas CcTpykTypa, (b) pacnpeneneHune aHepruu tononornydeckmx (TR) n
CUMMETPUMNHO-CITyYaUuHbIX («SYym») CTPYKTYp.

Cratuctuka 100 pacueroB ana MgAl,O, (28 atomoB/a4yeuky) npu 100 Ma

<Bpemsa pacyeTta> 1307 1069
[MpoueHT ycnexa 100% 100% 100%



be3 kakon-nmbo aMnNupuKn, metoa
Ha[OeXXHOo npeAcKka3biBaeT KpUcTannindyeckme CTpyKTypbl

L —— —e—-
lNMpo3payHbIin annoTpon HaTpus
(Ma, Eremets, Oganov, Nature, 2009)

HoBas cBepxTBepAaas CTpyKTypa bopa
(Oganov et al., Nature, 2009)



a-boron

EOPT~ 6706 oV atom MCKYCCTBEHHBIN MHTENIEKT BMECTO KBaHTOBOW
Atoms: 12,
Space group: R-3m, XUMUN: I'IyTb K 6b|CTp biM pa cyetam C
Core-hours: 103 AL-MTP vs. 3:103 DFT o
| EPFT — EMTP| = 28.6 meV/atom KBAHTOBOU TOYHOCTbIO

TBYES R

S8 S ;e B-boron approximant [E.Pod ryabinkin, E. Tikhonov, A. Shapeev, A.R.

4 = AN EDPFT= _6.704 eV /atom,
Atoms: 106, Oganov, Phys. Rev. B, 2019]

Space group: P1,
Core-hours: 7:103 AL-MTP vs. 6.6:107 DFT

y-boron

EPFT= —6.678 eV /atom

s  Moment tensor potential (Shapeev, 2016).
Core-hours: ZVWZL-MTP vs. 2.5-10*DFT

|EPFT — EMTP| = 58.1 meV/atom

* Pacuet HaxoamT a-, B-, y-, TS2 annotponsol
EPFT = —6.667 eV/atom,
Atoms: 54, 60 pa'

Space group: Im-3,
Core-hours: 3-103 AL-MTP vs. 3.5-105 DFT
| EPFT — EMTP| = 7.3 meV/atom

P
S
Qvﬁ‘
YAV Qv
’ .‘!éf.. '. L0 .. .‘ \
«
\/\/
,QV
$/\7

* MpepcKkasaHa HoBaA meTactabuabHana ¢asa c

BT 6,667 o Jatom, Kybuueckou c/54 cTpyKTypoi.

Atoms: 52,
Space group: P-42m,
Core-hours: 3:103 AL-MTP vs. 3.2-10° DFT

|EPFT - EMT?| = 37.3 meV/atom * YckopeHue B 100-10000 pas.

EPFT=—6.665 eV/atom,

Atoms: 26,

Space group: Cccm,

Core-hours: 2:103 AL-MTP vs. 2.1-10* DFT
| EPFT — EMTP| = 13.6 meV/atom




Cases of record complexity: Li-Si
-L1,:S1, with 152 atoms/cell

-disordered -boron with 106 atoms/cel

Force F . 1
—— Experiment
A 4 v | = Simulation

Diamond anvils,

i
!
Intensity (a.u.)

143d f f Fdd?2 i & & 10 T 14 16 18 2
20 (degrees)
Structural transformation of Li,:Si, at 7 GPa. New phase has more attractive properties

for usein Li-batteries. [Zeng & Oganov, Adv. Energy Mat., 2015]

Crystal structure of -boron at ambient conditions.
[Podryabinkin, Shapeev & Oganov, Phys. Rev. B, 2019]
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Lattice Energy (Kj/mol)
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USPEX moxeT paboTaTb U C MONEKYNAPHBIMU KPUCTANNAMMU:
npumep y-pesopuuHa

N

Lattice Energy Plot

Known phas_es

Unreported,
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Zhu, Oganoy, et al,
JACS, 2016




IIpeackaszanue MoJMMEPOB AJIA THOKUX KOHAECHCATOPOB
(Zhu, Sharma, Oganov: J.Chem.Phys. 2014, Nature Commun. 2014)
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TecT Ha NONU3TUINIEHe

F——— Biherringbone
LYy -.-;‘,1-E8= 3.5 ev' 8' iy 5-7’ ee =4.0

Sha 1% Herringbone-diagonal
" E,=35eV, £=52,€,=41
> 3

_"tu.%3.  Alternating-diagonal

5 NE =376V, £,=52,€,=41

=
e Parallel-diagonal

L= e

E,=4.0eV, =57, €,=4.0

MNMpeackasaHue 3 HoBbIX high-k nonnmepos

| | B ®
e Lthemngbw\e % 7F B
b + A § Paraliel-diagonal B
Herringbone-diagonal | Herringbone £ S atonr-degonal ]
B Lomaceail gl l&=| % SW
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3Kcnepu MeHTalJibHO€e noaTBepXxXaeHune



CTpyKTYphI 0€JIKOB TaKKe MOKHO NPEACKa3bIBATh C IOMOIIBIO
USPEX [Rachitsky, Kruglov, Finkelstein, Oganov, submitted]

Chignolin (10* bba (28%)

Trp-cage (20%)

Sy

1shf (58*) 2a3d (73*)

* Ynucno aMMHOKUCNOTHBIX OCTaTKOB



CpaBHenne npeackasannii USPEX ¢ axcnnepumenTom
[Rachitsky, Kruglov, Finkelstein, Oganov, submitted]

chignolin



Kak npeackasatb cTabuibHble XMMUYECKUe
coegnHeHuna?




MpeacKasaHue cTabuUibHbIX COeAUHEHUUN — Yepe3 KOHCTPYKLUIO
MakcBenna («Bbinyknana ob6onouka», convex hull)

TepMO,DMHaMVI‘IeCKaFI CTabUNIbHOCTb B MHOFOKOMIMOHEHTHOU CUCTEMeE

04 -

Convex hull (Maxwell) construction Q
| Mg-Si-O (0.5 TPa)

0.2 -
_ +
: + +
L e -+ - -
3 + + 4+
E 0.2 + +
g AB,
.04} :’E
x

06 L 3-KOMMNOHEeHTHaA cucrtema

. 1 : 1 A L X ! " Mg‘S|‘O npu 500 I'Ma
A B (Niu & Oganov, Sci. Rep. 2015)

CtabunbHoe coeauHeHne — HMXKe Ndon NMHUKM pacnaaal



I'Ipumep: npeackasaHme u oTKpbiTueé HOBOro MMHeEpasia 30/210Ta

* Streltsov, Oganov, Khomskii (PNAS, * ManbaHoBa, ToacTbix, BopTHUkos (AAH,
2018): npeackasanu ctabunbHoctb AuTe. 2019), Tolstykh et al. (Min. Mag., 2018):
obHapyxunu AuTe B npoaBaeHnn FAUUHT
(KamuaTka) n B aKcnepumeHTax.

JOKTATB AKATEMFH HAVK, 2019, mow 487, N 4, c. 432-437

FEOXHMMUHA

VIK 661.8
CHHTETHYECKHE XAJTbKOTEHW/1bI 30JI0TA
B CUCTEME Au-Te—Se—S H UX ITPUPO/IHBIE AHAJIOTH
I A lla.'l.bﬂﬂusa"z‘*, H. 1. TU.']CIbl?sI'Z. B. 1. 3unnna’?, K. A. Kox"?,
10. B. Ci:p'émuu"z akasemuk PAH H. C. ]iup'mukuls"
e

Fig. 6. The crystal structure of AuTe. Thick solid and dashed lines
correspond to short and long Au-Te bonds, respectively.

lNpeackasaHHaa KpucTtannuyeckas
CTpyKTypa AuTe.

E_ g” GGA+sOC I

© : ”i e 0 Y 06 a8 10 6'“_—.1 52 00 T:r;‘_hnl "Mr'(i : 10 Au,;Te(S, Se),

O6nacTtb cTabunbHocTu AuTe yxe, ; §
yem y AuTe, (KanaBepuTa), NMpupoaHbIN (CneBa) U CUHTETUYECKUU
0COGEeHHO nocre yyeTa CruH- (cnpaBa) obpasubl, coaepxaiime gasy

op6uTanbLHOro B3aMMoAencTBUS. AuTe.



B IKCTPEMAJ/IbHLIX YCZTIOBUAX XUMUNA MEeHAETCA

Mpun 100 I'Ma kucnopon craHoBUTCSA

CBepXnpoBOAHUKOM!
K. Shimizu et al., Nature 393, 767-769
(1998).

MNMpun 200 NMa HaTpun cTaHOBUTCA
Nnpo3pavyHbIM HeMeTassiom

Y. Ma, M. Eremets, A.R. Oganov, Nature

458, 182-185 (2009).

199 GPa
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I
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— 1 — | I |

= . F - =1000 GPal; Ph
Na A] K Ti Feery, Mo Cd 3 a
M——D—ﬂ—od:m_————_-n_'wa
] | | — "

YbTa Au
Cesm br W o r0

K Ca pe Zn 3 In _SNd Eu
N C b e T ire—ou O,
Al e Ge 2 Mo Cd
Cs

= o=

= O

FeY
=
I

Atomic volume

[
=
|

20 40 60 B0 Z

NMepuoaonyeckumn 3aKoH nepectaeT pabortaTtb
NP CBEPXBbICOKUX AaBJIEHUAX

Anbtwynep J1.B., TpyHuH P.®., Ypnuu B.[1.,
®opToB B.E., dDyHTHKOB A.UN. YOH 169, 323-344
(1999)

[®opTOoB B.E. AkcmpemanbHbie cocmosiHusi eewjecmea. MockBa: Puamatnut, 2009]



HeobbluHaa xumua camoro ob6bIMHOro Bel,ecTBa Na-Cl

Na,Cl, Na,Cl, Na;Cl,, NaCl, NaCl,, NaCl, yctoiumebl nog, aasneHvem
[Zhang W., Oganov A.R., et al. Science 342, 1502-1505)]

cl CI(Cmca) | | (Immm)
(OF28) &
NaClg+Cl, 60 GPa
P 3 4000 -
m . Experiment
NaCI, Pnma s — LeBail fit

3000 4 —— Experiment x10
—— LeBail fit x10

2%  Pm3n ¥

NaCl,
NacCl
Na,Cl,

P4/m(9
Na,Cl, i), Imma(121

| Nacl,
| ¢,

Intensity (arb. units)
n
o
5

0 i J{M__J

BT L
8 10 12 14 16 18 20
Diffraction angle 26 (degrees)

Na,ClI Cmmm(10) 4
NaCl P4/mmm(10) PZIIc$10! R3m‘12)

Total
Na
e ]

(nP4)

Na Na(bce)  [(fccy (c/16) | (tH79)

50 100 150 200 250
Pressure, GPa

OGnacT yCTOM4YUMBOCTU XFNTIOPUAOB HaTpUA

Discovered
" »
New Unexpected "

Energy (eV)

/\ Forms of

| Sodium Chioride - [ |

\
X

-

XuMmunyeckue aHomManum: S N
[ByxBaneHTHbIN xnop B Na,Cl. DOS (eV")
CocyLlecTBoBaHMEe MeTarNIMYeCKUX U MOHHbIX NaCl,: atToMHasi n anekKTpoHHas
6nokos B Na,Cl. CTPYKTYypa, n AudpakUMOHHbIU CNEKTP

[Zhang, Oganov, et al., Science (2013)]
[Saleh & Oganov, PCCP (2015)]
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Pressure-induced metallization of dense

(H2S)2H2 with high-T. superconductivity

Defong Duan'?, Yunxian Liv', Fubs Tian', Da Li', Xiacl Huang', Zhonglong Zhao', Hongyu Yu',
Bingbing Liv', Wenjing Tian® & Tian Cui’

S Ky Losboratory of Supsrhard Moterids, Callage of physics, ilin University, Changehun, 130012, PR, China, ?Sios Kay
Lobaratory of Supmmalaculor Structum and Motediak, ilin University, Changchun, 130012, P.R. China.

The high pressure structures, metallization, and superconductivity of recently synthesized H;-containing
compounds (H38):H; are elucidated by ab initio calcnlations. The ordered arystal structure with P1
symmetry is determined, supported by the good agreement between theoretical and experimental X-ray
diffraction data, equation of states, and Raman spectra The Ceom structure is favorable with partial
hydrogen b-nand.afmnmmﬁ.unabDvc 37 GPa. Upon further compression, H: molecules disappear and two
intriguing m ic structures with R3m and Im-3m symmetries are reconstructive above 111 and 180 GPa,
respectively. The predicted metallization pressure is 111 GPa, which is approximately one-third of the
currently suggested metallization pressure of bulk molecular hydrogen. Application of the
Allen-Dynes-modified McMillan equation for the Im-3 m structure yiekls hi.% T values of 191 K to 204 K
at 200 GPa, which is among the highest values report r Hy-richvan der Waals compounds and MH; type

“Rydride thus far.
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Conventional superconductivity at 203 kelvin at
high pressures in the sulfur hydride system
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A superconductor is a material that can conduct electricity without resistance below a
superconducting transition temperature, T .. The highest T . that has been achieved to date is in
the copper oxide system1: 133 kelvin at ambient pressure2 and 164 kelvin at high pressuress. As
the nature of superconductivity in these materials is still not fully understood (they are not
conventional superconductors), the prospects for achieving still higher transition temperatures by
this route are not clear. In contrast, the Bardeen—Cooper—Schrieffer theory of conventional
superconductivity gives a guide for achieving high T . with no theoretical upper bound—all that is
needed is a favourable combination of high-frequency phonons, strong electron—phonon coupling,
and a high density of states*. These conditions can in principle be fulfilled for metallic hydrogen and
covalent compounds dominated by hydrogen5- § as hydrogen atoms provide the necessary high-
frequency phonon modes as well as the strong electron—phonon coupling. Numerous calculations
support this idea and have predicted fransition temperatures in the range 50-235 kelvin for many
hydrides’. but only a moderate T of 17 kelvin has been observed experimentally®. Here we
investigate sulfur hydride®, where a T of 80 kelvin has been predicted’?. We find that this system
transforms to a metal at a pressure of approximately 90 gigapascals. On cooling. we see signatures
of superconductivity: a sharp drop of the resistivity to zero and a decrease of the transition
temperature with magnetic field, with magnetic susceptibility measurements confirming a T of 203
kelvin. Moreover, a pronounced isotope shift of T in sulfur deuteride is suggestive of an electron—
phonon mechanism of superconductivity that is consistent with the Bardeen—Cooper—Schrieffer
scenario. We argue that the phase responsible for high-T . superconductivity in this system is likely
to be HyS, formed from HoS by decomposition under pressure. These findings raise hope for the
prospects for achieving room-temperature superconductivity in other hydrogen-based materials.

Pekopa Tc=135 K (Schilling, 1993) nobuT: Teopetuku (rpynna T. Cui, 2014)
npeackKasanu HoBoe BelecTBO H;S ¢ Tc~200 K. 3To ObINIO NOoATBEPXKAEHO

akcnepumeHTtamu (rpynna M. Epemua, 2015).
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CBA3b cBepxnposoagnMOCTN U XUMUN. TUNOTE3a N TeCT

Ha Ac-H n Th-H [Semenok & Oganov, JPCL, 2018]
[Semenok & Oganov, Curr. Opin. Solid State & Mater. Sci., 2020]

203 LaH,,: pekopa (260 K @ 190 'Ma)
? (Somayazulu et al., 2019).
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Cyneprugpug tTopua ThH,, (T = 159-161 K)
[Semenok et al., Materials Today 2020]

CoepunHenune ThH,,bbI10 NpeackaszaHo Hamu B 2018 roay
N yXKe Yyepes roa CMHTe3npoBaHo npu 174 MMal

Teopuanpn 174 Tla paet Tc=167-183 K. IkcnepumeHT: Tc = 161 K.
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Cyneprugpug ntrpus YH; (T = 224 K)
[Troyan et al., Advanced Materials, 2021]
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TeKkywmn pekopa.

LaH,, (Tc = 250 K npu 170-180 IMa)
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NonupoBaHue:
-HemarHuTHble npumMmecu He BJIUAIKOT Ha Tc:

Aans (Lag 7Y 33)H10 Tc=253 K (Semenok, Troyan,
Oganov, Adv. Mat. 2021).

-MarHuTHble npumecu noaaBnsoOT
cBepxnpoBoauMocTb: Ans (Lag o;Ndj og)H; o Tc=148

K, ans >15% Nd T-=0 K (Semenok, Troyan, Oganov, Adv.
Mat. 2022).

-9T0 cornacyeTcsi ¢ TeopeMoi AHOEepCOHa.




BuHapHble rmapuabl nogowwam 6M3Ko K KOMHaTHOM
cBepxnposoammocTu. HapexKaa Ha TpoiMHble ruapuabi!
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Kakne HaHo4YacTULbl/MoneKybl Hanbonee BepoATHbI?



Prediction of Stable Molecules is a Very Different
Problem



CTtabunbHOCTbL HaAHOYaCTUL: YCITOBHOE NMOHATUE

Binding energy per atom, LJ-units
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Stability of molecules does not follow from
straight comparison of energies

Example of boron clusters (Anisimova & Oganov, submitted)

=304

40/ 1. Energy falls almost
o as < monotonically with number
B ol of atoms.

LE Ry s
RO OO OO

2. Infinite crystal always
B I R S a-boron_ - . y y
) 5 T 5 P 5 5 wins by energy.

Number of atoms

3. Correct comparison of

2_
\ s energies —only with
%) 1- sneighborcompositions.
- oo _
NE 4. A°E is a proper measure.
—1-




AE > 0 indicates the most abundant (“magic”) molecules
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Binding energy grows with the size of cluster. We define stability relative to
neighboring compositions. Stability is due to filled shells (electronic, atomic).



Let’s look at pure elements: Boron
(Anisimova & Oganov, submitted)
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Let’s look at pure elements: Phosphorus

(Rybkovskiy & Oganov, submitted)

* Magic — ONLY even clusters (electronic).
e Structural magic numbers k = 18+12n.
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Let’s look at pure elements: Sulfur
(Fedyaeva & Oganov, submitted.)

 Magic — mostly even clusters (structural).

« Starting from Sg, ring structures evolving towards spiral chains.

« Sgis special.
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Na-Cl

Predicting stable Na-Cl molecules

(NacCl),, ridge of stability.

Numerous minor islands of
stability.

(result of M. Fedyaeva and S.V. Lepeshkin)



Map of stability of Si-O clusters Si-O
[Lepeshkin & Oganov, J. Phys. Chem. Lett. 2019]
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Unusual compositions of transition metal oxide clusters
[Yu & Oganov, Phys. Chem. Chem. Phys., 2018]

CegOg (Dgp: °A CegOq (O 'Arg)  Ce30;; (G, °A)

B0

FegO, (Ta'Ay) FesOg (Cs, °A) Fe,Og (Cavi 'A) Fo,05(C, °A)  Fe, 04y Dy, 'A)

Do crystals grow from such particles (“inorganic synthons”)?
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“Phase diagrams” of oxide clusters.

Example of CeyO,, Fe,O,, TigO, clusters.
[Yu & Oganov, Phys. Chem. Chem. Phys., 2018]
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New tool: map of stability of molecules
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Why Is organic chemistry so diverse?
(Lepeshkin & Oganov, J. Phys. Chem. Lett. 2022)
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O

Which hydrocarbons are stable?
(Lepeshkin & Oganov, J. Phys. Chem. Lett. 2022)

-Homologous series: alkanes etc.
-Huge diversity, explaining the diversity of organic chemistry.

Homologous series (HS) in CnHm molecules
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MHuorokpurepuajbHas ontumuszanus (Ilapero) HaXoauT HOBYIO
TepModJieKTpuUYecKy0 moaudukanuio Bi,Te,

Computer Physics Communications 222 (2018) 152-157

Efficient technique for computational design of
thermoelectric materials

Maribel Nufiez-Valdez , Zahed Allahyari, Tao Fan, Artem R. Oganov
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BbICTpbIe M TOUHBbIE PACYETHI TEPMONICKTPUUYECKUX CBOMCTB —

nporpamma AICON (Fan & Oganov, 2020, 2021).

Computer Physics Communications 266 (2021) 108027

Computer Physics Communications
Volume 251, June 2020, 107074

Contents lists available at ScienceDirect
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AICON: A program for calculating thermal

conductivity quickly and accurately ¥, #+  AICON2: A program for calculating transport properties quickly and
accurately "
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HoBble IICPCIICKTUBHLIC TCPMOJJICKTPUKHU

(Fan & Oganov, J. Mater. Chem C, 2021).

Tablel Compounds with calculated maximum ZT values larger than 1in temperature range 300-1000 K. The entry id corresponds to its Materials ID in

the Materials Project

Formula Entry id Doping type PFrax (W em ™' K 7) ZTmax

CoAsS mp-16363 p-Type 90.58 1.14

CoAsSe mp-1226036 p-Type 101.91 1.25

PtSnSe mp-1218926 p-Type 63.22 1.51

RhAsSe mp-1228724 p-Type 103.27 1.13

RhPSe mp-1102531 p-Type 105.54 1.21

I1BiSe mp-1103228 p-Type 73.27 1.18

IrSbTe mp-1102430 p-Type 96.18 1.43

CdSe, mp-1095493 n-Type 21.77 1.35

KAcTe, mp-863710 n-, p-type 11.05(n), 12.61(p) 2.17(n), 2.24(p)
RbAcTe, mp-862797 n-, p-type 13.51(n), 13.11(p) 2.93(n), 2.72(p)
CsAcTe, mp-867341 n-, p-type 10.35(n), 12.22(p) 2.84(n), 3.07(p)
GaAcTe, mp-861884 n-, p-type 29.58(n), 7.68(p) 6.99(n), 3.05(p)
InAcTe, mp-867112 n-, p-type 29.83(n), 10.89(p) 2.99(n), 1.67(p)
TlAcTe, mp-865028 n-, p-Type 36.01(n), 23.03(p) 4.27(n), 3.26(p)
Hg,Al,Seg mp-1103510 p-Type 67.72 1.63
Cd,In,Se,S, mp-1226914 p-Type 27.29 1.12

Hg,In,Sg mp-22356 p-Type 41.04 1.30
NbeSb,Te;q mp-569571 p-Type 37.13 1.11

MgTe mp-1008786 p-Type 52.55 1.32



Kak yayymmurs KIII TepmodiiekTpuyeckux npudoopos?

“He Hago paboTtaTtb Hag nonynpoBogHUKaMu, 3TO rpsisb U 6apaak; KTo 3HaeT,
CYLLECTBYHIOT JI1 BOOOLLE NOSYNpOBOAHUKM»”
-B. lNaynu, e nucbme P. Natepncy (1931)
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MenpeneeBckoe uucno (Pettifor, 1984). NMNpepckaszaHus
CTabUNbHOCTUN, CTPYKTYPbI U CBOUCTB MaTepuanos
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Mpyumep: NOUCK HOBbIX CTAaOUNIbHbIX HATPUAOB
(Sun, 2019)
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CBOMCTBA aTOMOB HEMN/1I0XO U3BECTHbI

AneKkTpooTpuLaTerIbHOCTbL — CNOCOOHOCTL aToMa nepeTarnBaThb 3N1IeKTPOHbI Ha
ce6s1. ATOMbI C pa3HbIMM 3f1IEKTPOOTPULIATENIbHOCTAMU 00pPa3yoT BbIroAHbIe
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KaKk nocTpoutb Xumuueckoe npocTpaHcTBo?

[Allahyari & Oganov, J. Phys. Chem. C, 2020]

3akoH lNonbawmuaTa (1929, 1955): Kpuctannuyeckas CTPyKTypa

onpeaensaeTca ctexmomMmeTpmeun n CBOMCTBaMm aToMoB (pa3mepamum,

NONAPU3YEMOCTAMU, INEKTPOOTPMNLATESNIbLHOCTAMM).

MpocTpaHCTBO «pa3mep-aneKTPooTpmLaTenbHOCTb-

(nonsipusyemMocTb)» — CUNIbHO BbITAHYTOE obnako. Ero rmaBHas

KOMMNOHEeHTa — Haully4uiee ornmcaHue CBOUCTB 3J/IEMEHTOB O4HUM

napameTpomMm — " eCTb MeHAaesieeBCKoe Yncno.
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Heamnupuueckoe meHaeneeBcKoe ynucao paboraer ayuile, yem
aMmnupuyveckue [Allahyari & Oganov, J.Phys.Chem. C., 2020]
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Number of clusters

Number of clusters

CTaTUCTUYECKHH aHAJIU3 IIOKA3bIBAET, YTO HAIIIE

MeH/AeJ/ieeBCKoe YUCJjio pa60TaeT JIydlie€ OCTaJIbHbIX
[Allahyari & Oganov, J.Phys.Chem. C., 2020]
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Elements

MeHaeneeBcKnit NOUCK — meToa NnpeAacKa3aHMA ONTUMA/IbHbIX

MaTepuanoB cpeaun Bcex BO3SMOXKHbIX coeaAnHEeHUMN
[Allahyari & Oganov, NP/ Computational Materials, 2020]
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[IpeackasatenbHble MOAENU CrOXHbIX CBOUCTB: TBepaocTu [Chen

H_ (GPa)

100

YnyJyweHue 3TUX Mmopenem:

et al., 2011] v TpewmHHocTouKocTHn [Niu & Oganov, 2019]
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MeHpaeneescKkuii NOUCK camoro TBepaoro matepmana:

HaXoauT aaAimas n 1oHcaeunur!
[Allahyari & Oganov, NPJ Computational Materials, 2020]
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A KaK }Xe maTtepuanbl TBepKe aamasa?
Npumep «neHTaanmasa».

* Fujii (PRL, 2020): no ynpyrum moaynam «neHTaazsimas» B pa3bl MPEeBOCXOAAT a/IMas3.

* MawunHHOoe 06byuyeHMe U KBAHTOBbIE pacuyeTbl onposeprau 3tu pesyabratbl (Brazhkin &

Oganov, arxiv.org). https://uspex-team.org/online_utilities/elasticml/

‘ ‘ n TOPICS~  MAGAZINE~  COLLECTIONS~  VIDEOS JOBS Q@
CHEMICAL & ENGINEERING NEWS

Pentadiamond outshines the original

A theoretical material made of carbon pentagons is lighter and stiffer than a standard diamond

by Sam Lemonick

Table 1. Calculated elastic properties of pentadiamond in comparison with Y. Fujii et al. [1].

Property Y. Fujii et al. [1] This work (Quantum This work (VASP) This work
ESPRESSQ) (machine learning)
a, A 9.195 9.184 9.191 9.195
E-E(di ,
gggé%ﬁ%g% 275 263 267 -
C11, GPa, 1715.3 539 537 409
Ci2, GPa -283.5 105 106 118
Cy. GPa 1187.5 141 143 200
B. GPa 381 250 249 215
G, GPa 1113 172 169 176
Y. GPa 1691 420 413 415
G -0.241 0.22 0.22 0.18
H.. GPa 210 20 20 26




HoBble AdJITOPUTMbI NO3BOJIAIOT NpeaAcKa3biBaTb HOBbI€
MaTepuasbl U TOMOraroT NO3HAaTb Npupoay

HeoObI4HbIE XMMUUyeckue HoBble pekopaHble HoBble cBepxTBepable
coeanHeHuA CBepXnpoBOAHUKMU MaTepuarnbl
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MpenckasaHue CTPYKTYpPbl MeX3epPeHHbIX rpaHuL

lNpeackasaHue CTPYKTYpbl 6enkoB



[lomallHue 3a4aHuUA

[locMOTpeTb BUAEONEKLMN:

https://www.youtube.com/watch?v=hYSmMAOQOx8Ic

https://www.youtube.com/watch?v=4zLaP Ael4M

https://www.youtube.com/watch?v=0iGWbOHemhg

https://www.youtube.com/watch?v=rMIxH7rCW20

https://www.youtube.com/watch?v=kUMP xa9HHCc

Coenante oavH mn3 pacdetoB: nmbo no kpuctanny MgAl,O, (EX02), nnbo no
JleHHapa-[>xoHcoBckon HaHovacTtuue (EX08), nubo pacyeTr ¢ nepeMeHHbIM
COCTaBOM Aansa cucrtembl «Mo-B». llocMOTpuUTE Ha CTPYKTYpbl C MOMOLLbBIO
nporpamMmbl VESTA — OHa, KCTaTh, YMeEET cMOTpeTb (hansbl nporpamMmmbl USPEX
C MHOX>XECTBOM CTPYKTYP.

[lpoBeanTe NMOMCK CaMbIX TBEPAbIX U CaMblX CTabunbHbIX a3 B cucteme «Mo-
B», ucnonb3ysa ontmmmsauuto no lapeto.


https://www.youtube.com/watch?v=hYSmMA0x8lc
https://www.youtube.com/watch?v=4zLaP_AeL4M
https://www.youtube.com/watch?v=oiGWbOHemhg
https://www.youtube.com/watch?v=rMIxH7rCW2o
https://www.youtube.com/watch?v=kUMP_xa9HHc

[1paKTU4YeCcKmne 3aHATUA

NMporpammbil:
GULP Ipybbie pacyemesl HaQ OCHO8E MOMEHUUAI08 MEXAMOMHO20 83aumodelicmaus.

VASP Haubonee nonynapHaa 8 mupe rnpocpamMmma 0718 K8AHMOBO-MEXAHUYECKUX pacyemos
Mamepuasos ¢ MoOMOWbH meopuu pyHKYUOHAA MNA0MHOCMU.

Cynepkomnbiotep Oleg moeit nabopatopum, BXxoa ANA NPAKTUYECKUX 3aHATUIA HALWLEro Kypca:

C MOMOLWbK NMPOrpaMmmbl PUttVZ
IP address: 195.133.216.203

Login: teacher

Password: 17d3265f

NocnenoBaTenbHOCTb AENCTBUN:

1. CkonupymnTe nanky Oganov B nanky c Bawen pamununen (Hanpumep, UBaHoB):
cp —r Oganov Ivanov

2. 3anaunTe B Nanky c Bawei pammnuven (Hanpumep, MBaHOB)
cd Ivanov

3. 3aTem 3anamTe B HYXHYIO Bam nanky An1a BbiNO/JIHEHMA PacvyeToB MAM NPOCMOTPa Hannos.
module load python/python36, a noTom B 3aBUCMMOCTU OT NPOrPamMmbl, KOTOPYHO XOTUTE UCMO/1b30BaTb:
module load uspex/uspex-10.5

module load gulp/gulp

module load vasp/6.1.1

4. 3anycKaTb Ha40 KOMaHAO0W
sbatch jobscript



BaxHO

B cKkpunTe jobscript Hy>XHO nponucarb:
module load gulp/gulp

3anyckK 3agau
sbatch jobscript

MpoBepKa 3agay B ouepeam (AaeT TakKe Homep3aaaum - jobid)
squeue —u teacher

YpaneHue 3apaumn
scancel jobid

PykoBopactso nporpammbl USPEX:
https://uspex-team.org/online utilities/uspex manual release/EnglishVersion/uspex manual english/



https://uspex-team.org/online_utilities/uspex_manual_release/EnglishVersion/uspex_manual_english/

