E OBbeau “'1'*;“ MIPT

AuvHamuueckue csoMctTea chniompaa sogopoaa
NpM BbICOKMX AaBlIEeHUAX

B.I. JlykbaHuyk, I'. A. Fnayaanuc, U. M. Cautos, H. M. lllenkaues, Hukonan KoHngpartiok

kondratyuk@phystech.edu

LleHTtp
BbluncnutenoHomn

'5 DU3NKN
X 1OV MOTU

KoHapariok, Nucapes, Ycnexu gpusndecknx Hayk (2023)

PaboTa BbinonHeHa npu nogaepxke MNporpammbl MUHUCTEPCTBA Hayku M Bbicllero obpasoBannst Ne075-03-2025-662 Gliaudelis, G., et al. Journal of Chemical Physics (2025)



dazoBbiu nepexopn Bo ¢rronae Bogopoaa

\V)
[

metallic fluid

Temperature [103 K]

|
coexistence line, DFT
X

(present work)

melting line, DFT
(Bonev 2004)

50% dissociated, DFT

* % (Tamblyn 2010)

Oo--a

00

+

o

experiments
experiments

liquid, QMC
(Attaccalite 2008)

melting line, DFT
(Morales 2010)

A A coexistence line, DFT

(Morales 2010)

(Morales 2010)

-

(Nellis 1999, Sesame) _|

(Nellis 1999, part. diss.)

coexistence line, QMC |

—_——
—
—
—

Pressure [Mbar]

da3oBas gnarpamma Bogopoaa Npu BbICOKUX AaBneHusax ns [1].
3enéHbIM npeacka3aH ¢pa3oBbi Nepexos *KUAKOCTb-XKUAKOCTb

iRz
%‘ (/5 ¢E5 BobiuncnuTensHoi
% S Duanku
B

THEEE



dazoBbiu nepexopn Bo ¢rronae Bogopoaa

Temperature [103 K]

\V)

—

% a:coexistence line, DFT
(present work)
melting line, DFT
(Bonev 2004) i
% 50% dissociated, DFT
(Tamblyn 2010)
o--g experiments
(Nellis 1999, Sesame) _|
. Experiments
OO (Nellis 1999, part. diss.)
+ liquid, QMC
(Attaccalite 2008)
melting line, DFT
(Morales 2010)
coexistence line, DFT
A=A\ orales 2010)

coexistence line, QMC |
>—o (Morales 2010)

—_—
——
- —

Pressure [Mbar]

da3oBas gnarpamma Bogopoaa Npu BbICOKUX AaBneHusax ns [1].
3enéHbIM npeacka3aH ¢pa3oBbi Nepexos *KUAKOCTb-XKUAKOCTb

%,

xg&\‘?.w‘g&

S %%, LieHTp

%%f g BbuamcnurensHom
%;, %@ Duanku
LN



\%\%lgg%o

2%,

55 22, Lentp

%%v % BbuamcnurensHom
’/;, “‘8%0 Dunankn
L

dazoBbiu nepexopn Bo ¢rronae Bogopoaa

3 1 1 . 1 1 I L 1 1 1 I 1 I 1 1 I 1 1 1 1 I ! I J I ! I '
; s - coexistence line, DFT
*.‘ a »*X (present work) 25 e—e 700K

% o ___ melting line, DFT —=a 1000 K
L * 2 o r?I:S':Jonew 2004) _
S 4. 50% dissociated, DFT 4+—+ 1500 K
* g (Tamblyn 2010) - ... 1000K
o _Ee(ﬁ:ée"ri?_leg;g, Sesame) _| (Morales 201 0)
experiments - 1((|3/|00 KI, CSEIMC
oraies

N
I

N

o

OO (Nellis 1999, part. diss.)
+ liquid, QMC
(Attaccalite 2008)
melting line, DFT
(Morales 2010)

coexistence line, DFT
A—A \orales 2010)

coexistence line, QMC |
>—o (Morales 2010)

T
Pressure [Mbar]

Temperature [103 K]
o
|
|

-

—_—
——
—_——

1 1 1 10 - 1 I 1 I 1 I 1 |
0 1 2 3 4 0.7 0.8 0.9 1.0 il
Pressure [Mbar] Density [g/cm3]

da3oBas gnarpamma Bogopoaa Npu BbICOKUX AaBneHusax ns [1]. N3oTepmbl XuaKoro Bogopoaa npu us [1]. Mnato curHanmnsmpyet o
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[1] Lorenzen W., Holst B., Redmer R. // Phys. Rev. B. 2010. V. 82. Ne 19.
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Evidence for supercritical behaviour of 3,000
high-pressureliquid hydrogen _

https://doi.org/10.1038/s41586-020-2677-y  Bingqing Cheng'**¥, Guglielmo Mazzola®, Chris J. Pickard®® & Michele Ceriotti’®

N
o
o
o

Received: 28 June 2019

Accepted: 10 July 2020 Hydrogen, the simplest and most abundant element in the Universe, develops a
Published online: 9 September 2020 remarkably complex behaviour upon compression'. Since Wigner predicted the
dissociation and metallization of solid hydrogen at megabar pressures almost a
century ago’, several efforts have been made to explain the many unusual properties
of dense hydrogen, including a rich and poorly understood solid polymorphism®~,
an anomalous melting line® and the possible transition to a superconducting state’.
Experiments at such extreme conditions are challenging and often lead to
hard-to-interpret and controversial observations, whereas theoretical investigations
are constrained by the huge computational cost of sufficiently accurate quantum
mechanical calculations. Here we present a theoretical study of the phase diagram of
dense hydrogen that uses machine learning to ‘learn’ potential-energy surfaces and

M Check for updates

Temperature (K)

1,000

Celliersetal.’® ® O
Knudsonetal.!" @
Ohtaetal.’? O
Zaghooetal.45y A ]
McWilliams et al.’® X 1

| -
i -
o

0.8

interatomic forces from reference calculations and then predict them at low

computational cost, overcoming length- and timescale limitations. We reproduce Cc

both the re-entrant melting behaviour and the polymorphism of the solid phase. -

Simulations using our machine-learning-based potentials provide evidence fora F
[ Y

continuous molecular-to-atomic transition in the liquid, with no first-order transition Vs
observed above the melting line. This suggests a smooth transition between
insulating and metallic layers in giant gas planets, and reconciles existing »
discrepancies between experiments as a manifestation of supercritical behaviour. P 21/ c-8

Cheng, B., Mazzola, G., Pickard, C.J. and Ceriotti, M. Nature 585.7824 (2020): 217-220.
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Isotope Quantum Effects in the Metallization Transition in Liquid Hydrogen
Sebastiaan van de Bund®, Heather Wiebe®, and Graeme J. Ackland
School of Physics & Astronomy, The University of Edinburgh, Edinburgh EH9 3FD, United Kingdom
: | ' | L I - I
™ (Received 13 September 2020; revised 12 November 2020; accepted 21 April 2021; published 2 June 2021) This work, H (PIMD BLYP)
This work, D (PIMD BLYP) = € -

i 2500 a) Geng et al., H (MD PBE)
Quantum effects in condensed matter normally only occur at low temperatures. Here we show a large Geng et al., H (MD vdw2)
. . . . - . . \ i i
quantum effect in high-pressure liquid hydrogen at thousands of Kelvins. We show that the metallization X E::;::gm :: g::: g Eggma
transition in hydrogen is subject to a very large isotope effect, occurring hundreds of degrees lower than the \ %agﬂoo eE a:.. g
. " . . . . . . . . . aghoo etal.,, D =+
equivalent transition in deuterium. We examined this using path integral molecular dynamics simulations 2000 Ce?liers etal.,

which identify a liquid-liquid transition involving atomization, metallization, and changes in viscosity,

H
Celliers et al., D
Knudson etal.,,D

specific heat, and compressibility. The difference between H, and D, is a quantum mechanical effect that
can be associated with the larger zero-point energy in H, weakening the covalent bond. Our results mean

2
g
th i i : 3 Metallic
at experimental results on deuterium must be corrected before they are relevant to understanding = 1500 F s e
hydrogen at planetary conditions. © Iqui
8_ | Molecular
DOI: 10.1103/PhysRevLett.126.225701 £ Liquid
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Van De Bund, S., Wiebe, H., & Ackland, G. J. (2021). Physical Review Letters, 126(22), 225701.
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MLIPs are changing the way of atomistic simulations N Constertin

Better descriptors, more physical constraints

Increased data and model size
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UNLOCKING ATOMISTIC SIMULATION POTENTIAL: A TUTORIAL ON DEEPMD-KIT FOR ACCURATE
MACHINE-TRAINED MODELS
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Computer Physics Communications 228 (2018) 178-184

Contents lists available at ScienceDirect COMPUTER PHYSICS
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Computer Physics Communications

journal homepage: www.elsevier.com/locate/cpc

DeePMD-kit: A deep learning package for many-body potential M
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To describe the interactions in the hydrogen fluid, a tem-
perature dependent”®”® DeePMD potential®***' is trained
based on the configurations calculated in VASP using the
Perdew-Burke-Ernzerhof (PBE) exchange correlation func-
tional®**~** in the NVT ensemble at T=100-3000 K for the
better sampling. The simulations are carried out using a cut-
off kinetic energy limit of 1200 eV for the plane-wave basis
set and 1000 k-points per reciprocal atom (kAtom)**; an elec-
tronic convergence criterion of 10~ eV is used together to
Fermi smearing with the width following the ionic tempera-
ture in MD. The formation of the starting training dataset is
based on the VASP quantum Molecular Dynamics (QMD).
Then in the active learning approach (dpgen package®’), con-
figurations for which the greatest uncertainty in the potential
prediction is observed are selected from the classical MD tra-
jectories with the pre-trained potential. For these configura-
tions, an ab initio calculation of energies and forces is per-
formed, they are added to the training set, and the potential is
retrained. The DeepMD potential is prepared using “se-a” de-
scriptors with “rcut-smth”=1.0 and “rcut”=4.0 (A), and with
20 angle neurons; the embedding net and the fitting net have
[32,64,128] and [240,240,240] neurons in the hidden layers
correspondingly. The root-mean-square error of predicting the
energy and forces by the created potential is 0.8 meV/atom
and 0.3 eV/A, respectively.
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1. [1ns paBHOBECHOW TPAEKTOPUM aTOMOB pacCYnTaTb aBTOKOPPENSALMOHHYIO DYHKLIMIO CKOPOCTU

C,(t) = (¥(0) V(1))
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C,()= ) V,(0V,(t)/N C.()=Y C, (0, /M
N k
N - umcrio atomos M - uncno Touek TpaekTopum

Kt ' t
21
1 PaBHoBecHasa ML TpaekTtopus
0

2. Paccuntatb npeobpasoBaHne Oypbe aBTOKOPPENALMOHHON OYHKLNUM CKOPOCTU

MoTtanos, KoHapaTiok. "BnnsiHie saepHbIX KBAHTOBbIX 3h(EKTOB Ha konebaTtenbHbIi CnekTp 1 CTPYKTypy aHAodynnepeHa H,O0@Cyg," Mucbma B XXOT® 119.12 (2024): 897-903.



MnoTHOCTbL KONEeb. cocToAHUM [a.u.]

H
o

W
o

N
o

Y
o

0
0

AK®DC u cneKkTpbl

— p=0.89 r/cm®
— p=0.94 r/cm®
— p=0.95 r/cm®
— p=0.98 r/cm®

yactoTa Hj
Dickenson et al.

1000 2000

)
|
|
|
|
|
| 1 | 1 | 1 1 1
3000 4000
YactoTa [cm™]

5000

duwep, U. 3. "Ctatnuctnyeckan Teopua xumakoctn." (1961).

MNapHaa KoppenAuMoHHaA yHKUUA

— MonekynApHbli coniovg @ 0.95 riem®, 700 K

— MonekynapHblid kpuctann C2/c-24 @ 300 Ma, 100 K
1.6 A
3A
J J P TR NI R U SR
1 2 3 4 5 6 7

PaccToAHue [A]



Cka4vyok andbcdy3um npu cOOTBETCTBYHOLLUX NMITOTHOCTAX

.1 2
D= lim 5 <o) —=OF >
1 oim 2o |r(r) — r(0)[?) >
 2d t—=oo dit

.1
= Jim — < (r(t) —r(0)) - v(t) >

1 t
= lim — [ dr <v(7)-v(t) >

t—oo 0
1 t
= lim — [ dr <v(0)-v(t—7)>

t—roo D

:é/{;mdt{w({})-u(t}::

KoadhvumeHT anddyaum [A2/nc]

Cheng et al.
MR Sl
1200K 1500 K

Bund et al.

DFT(BLYP)
1000 K

Cheng et al.
ML(PBE)
800 K

MnoTHoCTb [r/em®]

Jta paboTa N0OK_ ___@---8-"""%
—ML(PBE)
- 900K _ __@---@--"
° oo
® . ———@-———8——""7
B .." 800 K :,__..._---—--
I o’ 0.34
— -". [ - /?uur( D-p
oo® *:. ° .
i 20° Jeeg®
0 | 1 | L | I | 1 | L | ] | 1 | L
06 07 08 09 10 11 12 1.3 14



\&}\Q ygy

MeTopn 'puHa-Kyb6o aons BA3KOCTHK
/

N N
OapV = E MV, Vig + E Tia Jig 147 ——

m‘\&\
et

Co(t) = (0ap(0)oas(t))

Voo

o = 17— [ Coll

ot = 1 | Co
0

KoHgpartiok, INucapes, Ycnexm omsnyeckmx Hayk (2023)

O
o

O
o

o
N

— p=0.87 g/lecm® — p=1.03 g/cm®
— p=0.95 g/lcm® — p=1.07 g/cm?®
p=0.99 g/cm?
A R R PR R
0 0.1 0.2 0.3 0.4 0.5
Upper time limit [ps]

Green-Kubo integral [mPa-s]

O
ho




CKa4yoK BA3KOCTU NP COOTBETCTBYHOLLUUX NMNIOTHOCTAX
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OueHka pa3mepHoro adhdekta

v(r) = Tpg(r) F

For Periodic Boundary Conditions:
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e e

k=0

exp(—ik-r) / kk)

For infinite system:

Ty(r) = #(1 + ’—;) = (kgT)~' Dyl
o

anr

Dppc = Dyl + kBT}i_{I(}[TPBC(") — Ty(r)]

/

*I. Yeh and G. Hummer // J. Phys. Chem. B. 2004. V. 108. N. 40. P. 15873
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BbiBOoAbI

[MoTeHuman sBocnpounssoanT doa3oBbiv Nepexon B dnonae sogopoaa.

Bpems xun3Hu monekyn H, coctasngaet 0.7 rc,

B NPOBOAALLEM COCTOSAHUN Pe3KOo cokpallaeTcsa go 7 dc,

YTO NOATBEPXKAAET AUCCOLIMALINIO MOMNEKY.
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