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Smooth Repulsive Shoulder Potentials (Yu. D. Fomin, N.V. Gtibova, V.N.Ryzhov, S.M.
Stishov, and Daan Frenkel, J. Chem. Phys. 129, 064512 (2008); Yu.D. Fomin, V.N. Ryzhov,

and E.N. Tsiok, J. Chem. Phys. 134, 044523 (2011)).

Smooth Repulsive Shoulder System (SRSS)
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Smooth Repulsive Shoulder System With
Attractive Well (SRSS-AW)
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Phase diagrams and anomalies for SRSS (Yu. D. Fomin, N.V. Gribova, V.N.Ryzhov, S.M.
Stishov, and Daan Frenkel, J. Chem. Phys. 129, 064512 (2008); Yu.D. Fomin, V.N. Ryzhov, and E.N.

Tsiok, J. Chem. Phys. 134, 044523 (2011); Phys. Rev. E 87, 042122 (2013); R.E. Ryltsev, N.M.

Chtchelkatchev, and V.N. Ryzhov, Phys. Rev. Lett. 110, 025701 (2013)).
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Spherically symmetric two-scale potentials

E. A. Jagla, J. Chem. Phys. 111, 8980 (1999); E. A.

Jagla, Phys. Rev. E 63, 061501 (2001).

A. B. de Oliveira, P. A. Netz, T. Colla, and M. C.

Barbosa, J. Chem. Phys. 124, 084505 (2006).
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G. Franzese, J. Mol. Lig. 136, 267 2007; Pol Vilaseca and
Giancarlo Franzese, J. Chem. Phys., 133, 084507 (2010).
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Teopus gppymepHoro nnasneHus bepeaunHckoro-Kocrepnuua-
Tayneca-XanbnepuHa-HenbcoHa-AHra (BKTHNY)

Oucnokauun n gucknmMHauum — 6asoBblie Tononoruyeckue aedgexkrol B
Teopuun BKTHNY

Oucnokauna Moxer
paccmaTpuBaThbCA Kak
AUNCKNUHAUWOHHBLIX aunonsb!




Teopus gppymepHoro nnasneHus bepeaunHckoro-Kocrepnuua-
Tayneca-XanbnepunHa-HenbcoHa-AHra (BKTHNY)

Ynpyrum raMmnsTOHUaH AnNa ABYMEPHOWU TPeYronbHOW peLueTku
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Teopus gppymepHoro nnasneHus bepeaunHckoro-Kocrepnuua-
Tayneca-XanbnepuHa-HenbcoHa-AHra (BKTHNY)
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Teopus gppymepHoro nnasneHus bepeaunHckoro-Kocrepnuua-
Tayneca-XanbnepuHa-HenbcoHa-AHra (BKTHNY)

lekcaTuueckan pasza: KBaanganbHUU OPUEHTALUOHHBLIW NOPAAOK
npyM HanNUM4YUMM aucnokauun!
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KTHNY scenario of two-dimensional melting (M. Kosterlitz and D. ].
Thouless, J. Phys. C 6,1181 (1973); D. R. Nelson and B. 1. Halperin, Phys.
Rev. B 19, 2457 (1979); A. P. Young, Phys. Rev. B 19, 1855 (1979)).

Translational and bond-orientational order in two-dimensional crystals

Is the KTHNY scenario universal?

T T T - T Ty - T /- = - = =/ /==

ga(|r1 —r2]) = < p(r1)p(rs) > —p°

Long-range bond-orientational order!

Transition between a crystal and an isotropic liquid can occur by means of two continuous transitions
which correspond to dissociation of bound dislocation and disclination pairs, respectively.

ga(r) oc r1e n6(Tw) = 1/3
Dislocations unbinding leads to a phase with short-range translational order,

No! First order transition i's possible t0o.
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Unbinding of disclination pairs via a continuous phase transition leads to isotropic liquid




Teopus gppymepHoro nnasneHus bepeaunHckoro-Kocrepnuua-
Tayneca-XanbnepuHa-HenbcoHa-AHra (BKTHNY)

YpaeHeHus peHopmMapynnbi
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Teopnua aBymeproro maapaeana bepesnackoro-Kocrepanria-Tayaeca-
Xassmepura-Heascora-Aara (BKTHNY) — sxcriepuMeHTAABHAA
IIpOBEpPKA

ArcnepumeHTansHas NpoBepka — NapaMarHuTHbIe KOnnouabl

(G.Maret et al, Phys. Rev. Lett. 82, 2721 (1999); Phys. Rev. Lett. 85, 3656 (2000);

Phys. Rev. Lett. 79, 175 (1997); Phys. Rev. Lett. 92, 215504 (2004); Phys. Rev. E 75,
031402 (2007); Phys. Rev. Lett. 113, 127801 (2014); Phys. Rev. E 88, 062305 (2013);
Phys. Rev. Lett. 111, 098301 (2013))
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Teopusa aBymepHOro maaaeauda bepesnackoro-Kocreparrra-
Tayaeca-Xaspriepuaa-Heascorna-Aara (BKTHNY) —
IKCIIEPHMEHTAABHAA IPOBEPKA

Structure factor S(q)
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‘ Teopus gppymepHoro nnasneHus bepeaunHckoro-Kocrepnuua-
Tayneca-XanbnepuHa-HenbcoHa-AHra (BKTHNY)

JxcnepuMmeHmankHas npogepka (koppenayuoHHbie pyHkyuu u MoQynek KOH2a)
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Teopuu AgByMepHOro nnaBJfieHUA — nepexon NepBoro
poaa

MnaeneHue nocpedcmeom o6pa3zogaHus 2paHuy 3epeH
(S.T. Chui, Phys. Rev. Lett. 48, 933 (1982): Phys. Rev. B 28, 178 (1983))

E. kT < 284

Dissociation of disclination quadrupoles (V.N. Ryzhov, Zh. Eksp. Theor. Phys.
100, 1627 (1991)),




‘ Melting scenarios in two-dimensions: Landau and
BKTHNY theories

Order parameter p(r) = Z pG(r)e?iGr
G

b | =

4
F =zar) |pgl’ +br Y, PG1PGPGs + O(p7)
G G1+Go2+G3=0

Landau expansion — first-order transition!

Fluctuations!
The Fourier coefficients vary slowly and have the amplitude and phase

pa(r) = pge’&H)

where u(r) has the meaning of the displacement field in the crystal. In two dimensions,
the phase of the order parameter fluctuates most strongly




Melting scenarios in two-dimensions: Landau and
BKTHNY theories

The Landau expansion of the free energy with the long-wavelength fluctuations of
the order parameters:

! . _ _
F=z /Z[AIG x Vpg|?+ B|G - Vpg|* + Clpa (G - V)pe|] dr +
2y =

1 ; {,
+ 50r Z pel® +br Z pPc.PasPa, + O(ph).
G G1+G2+Ga=0

V. N. Ryzhov and E. E. Tareyeva, Phys. Rev. B 51, 8789 (1995); Physica A 314, 396-404 (2002);
Physica A 432, 279-286 (2015).
The first term in expansion is the free eneray of a deformed solid
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The singular part of the displacement field corresponds to dislocations and
disclinations




Melting scenarios in two-dimensions: Landau and
BKTHNY theories

1
F = §/Z[A|G x Vpg|? + B|G - Vpg|* + Clpg (G - V)pg ] d°r +
G

1
+g5ar ) lpcl +br Y pepa,Pa, + O
G Gi1+G2+Ga=0

Dislocation unbinding temperature T,,.
The modulus of the order parameter vanishes at temperature Ty if the free energies of the
liquid and solid phases are equal.

There are two possibilities:
1: Tin < Tyr. The system melts via two continuous transitions of the Kosterlitz—Thouless type
with the unbinding of dislocation pairs.
2: T,, > Tyr. The system melts via a first-order transition because of the existence of third-
order terms in the Landau expansion.

Possible scenarios: grain boundaries (S.T. Chui, Phys. Rev. Lett. 48, 933 (1982);
Phys. Rev. B 28, 178 (1983)); dissociation of disclination quadrupoles (V.N. Ryzhov,
Zh. Eksp. Theor. Phys. 100, 1627 (1991)), etec...




Melting scenarios in two-dimensions: First
order versus continuous transition

First-order liquid-hexatic and continuous hexatic-solid transition
(E.P. Bernard and W. Krauth, Phys. Rev. Lett. 107, 155704 (2011); M.

Engel, J.A )\ WP o N Nl ~ .. NA laala ~ r M [ g YR | W. Krauth,
Phys. Rev - - 7 A. Dijkstra,
Soft Matte| I t b I . Rev. Lett.
s, 057 41 IC POSSIDIC L .~
2577 (199 X.Y. Zhao,
and Yong .. Ll __ .., _.._._/W.Qiand

M. Dijkstra, Soft Matter DOI 10.1039/c4sm028769).




I1raBaerwne crucremsr «markux cgpepr» (S.C. Kapter and W.
Krauth, Phys. Rev. Lett. 114, 035702 (2015))
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PRL 117. 085702 (2016) PHYSICAL REVIEW LETTERS 19 RIOUST Thi6

Density Affects the Nature of the Hexatic-Liquid Transition in Two-Dimensional Melting
of Soft-Core Systems

Mengjie Zu, Jun Liu, Hua Tong, and Ning Xu
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Direct observation of melting in a two-dimensional
superconducting vortex lattice

I. Guillamén', H. Suderow'*, A. Fernandez-Pacheco®3#, J. Sesé?*, R. Cérdoba?*, J. M. De Teresa®#,
M.R. Ibarra®3*4 and S. Vieira'
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Influence of random pinning on the phase diagram
of core-softened system
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Melting scenarios in two-dimensions: First order versus
continuous transition: Question: How can we distinguish the
first-order and continuous transitions in simulations?

K. Binder, S. Sengupta, P. Nielaba, J. Phys.: Condens. Matter 14, 2323 (2002))

1. Isotherms
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Qualitative view of the isotherms according to the BKTNY theory (left)
and for the case of the first-order transition (right)




Melting scenarios in two-dimensions: First order
versus continuous transition
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2. A schematic diagram of the variation
of the bond-orientational order parameter
expected in the case of the first-order transition
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3.The schematic behaviors of the logarithms of the bond-order correlation function (blue)
and the translational correlation function (purple).
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Water between two graphene sheets

a 4 The nanoconfined between

BN, :’{‘:;{;:}’{" two graphene sheets water at
S - v 332929898 room  temperature  forms
i ",,6:’,:‘»‘,» 53,,{.’,,3, ‘square ice- a phase having
3”1’; ;3”“;’?“‘;1’ symmetry qualitatively
@S9 8-98.984%: (ifferent from the conventional
tetrahedral geometry of
: : hydrogen bonding between

R sat s oe St s AN 44-98.4493. water molecules. Square ice
S iACE S has a high packing density
with a lattice constant of
2.83A° and can assemble in
bilayer and trilayer crystallites
(G. Algara-Siller, O.
Lehtinen, F. C. Wang, R. R.
Nair, U. Kaiser, H. A.Wu, A.
K. Geim & I. V. Grigorieva,

NATURE 519, 443 (2015)).
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Thick Iron Membranes Suspended in

Graphene Pores (Jiong Zhao et al., Science 343, 1228 (2014))

ngle-Atom-

y}

S

Simulation

Experiment

15
Distance/A




Phase diagram of the 2D core-softened system — effect of the potential
softness (E. N. Tsiok, Yu. D. Fomin, and V. N. Ryzhov, Phys. Rev. E 92,
032110 (2015); arXiv: 1608.05232v1).

Helmholtz free energy calculations for different
phases and a common tangent to them (D. Frenkel
and B. Smit, Understanding Molecular Simulation
(Academic, New York, 2002))
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THE JOURNAL OF

PHYSICAL CHEMISTRY

Subscriber access provided by LIB FOR NATURAL SCIENCE RAS
Article

Formation of 2D Crystals with Square Lattice Structure from the Liquid State
Vo Van Hoang, and Hieu Thanh Nguyen
J. Phys. Chem. C, Just Accepted Manuscript - DOI: 10.1021/acs.jpcc.6b06704 - Publication Date (Web): 26 Jul 2016
Downloaded from http://pubs.acs.org on August 1, 2016

Designing convex repulsive pair potentials that favor assembly of kagom

and snub square lattices

William D. Pifieros,! Micheal Baldea,? and Thomas M. Truskett?

nDeparfmen,t of Chemistry, University of Teras at Austin, Austin, TX 78712

2 McKetta Department of Chemical Engineering, University of Teras at Austin, Austin,
TX 78712

(Dated: 25 July 2016)
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PHYSICAL REVIEW B 90, 020509(R) (2014)

Honeycomb, square, and kagome vortex lattices in superconducting systems with multiscale
intervortex interactions

- Qingyou Meng,' Christopher N. Varney.” Hans Fangohr,® and Egor Babaev*'
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Melting transition in core-softened system - effect of the potential softness
(D.E. Dudalov, Yu.D. Fomin, E.N. Tsiok, and V.N. Ryzhov, Phys. Rev.
Lett. 112, 157803 (2014); Soft Matter 10, 4966 (2014); J. Chem. Phys. 141,

18C522 (2014); arXiv: 1608.05232v1).
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For 0=1.15 one liquid-solid
first order transition ?7??
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For o=1.35 there are several
transitions, corresponding to the
phase diagram at the previous slide.

However, more detailed study is necessary!




Melting transition in core-softened system

Bond orientational and translational order parameters
1 n(1) » 1 ;
l rp 4 /

j=1
The orientational correlation The translational correlation
function G4 (1) function G (r)
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Dependence of translational correlation functions on the random pinning
concentrations (E. N. Tsiok, D.E. Dudalov, Yu. D. Fomin, and V. N.
Ryzhov, Phys. Rev. E 92, 032110 (2015)).
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Melting transition in core-softened system for c=1.15
without and with random pinning
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‘ Diftusion, orientational ¢ and translational Pt
order parameters for 0=1.15 with random pinning
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Melting transition in core-softened system with

0=1.35 at high densities without pinning
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First-order transition!




Melting transition in core-softened system with
0=1.35 at high densities with random pinning
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Phase diagram in the presence of pinning — high densities 0=1.35 (E. N.
Tsiok, D.E. Dudalov, Yu. D. Fomin, and V. N. Ryzhov, Phys. Rev. E 92,
032110 (2015)).

—e— 2phase-tr-w/pin
0.6 _—a—Jlig-2phase-w/pin 7 o
—u— lig-hex-pin=0.1% Hexatic /
—e— hex-tr-pin=0.1% T.T ¢
04- .’ ..I ¢ [Triangle lattice
Liquid /./ /J
~ 1
" @
0.2 A,A/}i’*?‘h L_.
A"y v °
LT s Y%
£ 7 S ¥ *
A Y v e
A v h 4 ®
0.8 1.0




‘ Phase diagram in the presence of pinning — low
densities 0=1.35

3.2 4

solid-hexatic transition
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Hertzian disks: M. Zu et al, arXiv:1605.00747



‘ Diffusion in the presence of random pinning =135
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Conclusions

1). In the talk we present a molecular dynamics study of the two
dimensional core-softened system without and in the presence of the
random pinning. It is shown that the melting scenario drastically
depends on the form of the potential. In our system melting can
occur through a first-order phase transition and as a result of two
transitions with the intermediate hexatic phase - first-order liquid-
hexatic and continuous hexatic-solid transition.

2). The influence of the random pinning on the phase diagram is
Investigated. It is shown that pinning transforms the first order
melting In two transitions: first-order liquid-hexatic transition and
continuous hexatic-solid transition. In the case the two-stage melting
pinning drastically widens the hexatic phase.

3). There i1s no adequate theory of a first-order liquid-hexatic
transition.




Thank you very much for your
attention




Melting scenarios in two-dimensions: Landau and
BKTHNY theories of liquid-hexatic transition

Order parameter Fi(r) = g(r)(1 + f(ro)) f(rg) = Z f,cim8

m

Mean-field expansion — transition at T yr AF = ag(T — T,) f62 Al fé
Fluctuations of the order parameter phase in 2D
fm(l) — f"(')L(,iqb(r)

BKT liquid-hexatic transition
1 > . 9 9 J— N ) N
AF = / <5Ix_4(/8)-(vo)~4(:6(1 — TC>(./-{,?)~—1»(1(§’)*) dr

Unbinding of the singular topological defects of the order-parameter phase
(disclinations) at T; - BKT transition. Continuous transition atT; and at T y.

What is the mechanism of the first-order liquid-
hexatic transition (grain-boundaries like mechanism)?




‘ Melting scenarios in two-dimensions: Landau and
BKTHNY theories

Order parameter p(r) = Z pG(r)e?iGr
G

b | =

4
F =zar) |pgl’ +br Y, PG1PGPGs + O(p7)
G G1+Go2+G3=0

Landau expansion — first-order transition!

Fluctuations!
The Fourier coefficients vary slowly and have the amplitude and phase

pa(r) = pge’&H)

where u(r) has the meaning of the displacement field in the crystal. In two dimensions,
the phase of the order parameter fluctuates most strongly




Melting scenarios in two-dimensions: Landau and
BKTHNY theories

The Landau expansion of the free energy with the long-wavelength fluctuations of
the order parameters:

! . _ _
F=z /Z[AIG x Vpg|?+ B|G - Vpg|* + Clpa (G - V)pe|] dr +
2y =

1 ; {,
+ 50r Z pel® +br Z pPc.PasPa, + O(ph).
G G1+G2+Ga=0

V. N. Ryzhov and E. E. Tareyeva, Phys. Rev. B 51, 8789 (1995); Physica A 314, 396-404 (2002);
Physica A 432, 279-286 (2015).
The first term in expansion is the free eneray of a deformed solid

1 i [Ou,;(r) N auj(r)]

Hp = - | d% [2uu2 + M2, ], s = = ‘ ;
[ / ij A.k:l ) ) arj ()71

2 2

The singular part of the displacement field corresponds to dislocations and
disclinations




Melting scenarios in two-dimensions: Landau and
BKTHNY theories

1
F = §/Z[A|G x Vpg|? + B|G - Vpg|* + Clpg (G - V)pg ] d°r +
G

1
+g5ar ) lpcl +br Y pepa,Pa, + O
G Gi1+G2+Ga=0

Dislocation unbinding temperature T,,.
The modulus of the order parameter vanishes at temperature Ty if the free energies of the
liquid and solid phases are equal.

There are two possibilities:
1: Tin < Tyr. The system melts via two continuous transitions of the Kosterlitz—Thouless type
with the unbinding of dislocation pairs.
2: T,, > Tyr. The system melts via a first-order transition because of the existence of third-
order terms in the Landau expansion.

Possible scenarios: grain boundaries (S.T. Chui, Phys. Rev. Lett. 48, 933 (1982);
Phys. Rev. B 28, 178 (1983)); dissociation of disclination quadrupoles (V.N. Ryzhov,
Zh. Eksp. Theor. Phys. 100, 1627 (1991)), etec...




Anomalous behavior of the core-softened system in 2D:
sequence of anomalies in core-softened systems

3D (Yu. D. Fomin, E. N. Tsiok,

Ryzhov, J. Chem. Phys. 135, 234502 (2011);
Yu. D. Fomin, E. N. Tsiok, and V. N. Ryzhoy,

Phys. Rev. E 87, 042122 (2013))

+ S anom.
ox
I =135 -

Diff anom

2D (Inversion of sequence of diffusion

and V. N. and

structural
softened systems D.E. Dudalov, Yu.D.
Fomin, E.N. Tsiok, and V.N. Ryzhov,

anomalies iIn core-

Soft Matter 10, 4966 (2014)))

Diffusion, density, and structural anomalies, 0;=1.35

j[-ﬂ— Density anomaly I

Liquid

Is this behavior universal for models of water-like
anomalies?
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p

Waterlike sequence of anomalies
(J.R. Errington, P.D. Debenedetti,
Nature (London) 409 (2001) 318)

Silicalike sequence of anomalies (S. Shell, P.G.
Debenedetti, and A.Z. Panagiotopoulos, Phys. Rev. E
66, 011202 (2002); Yu. D. Fomin, E. N. Tsiok, and V. N.

Ryzhov, Phys. Rev. E 87, 042122 (2013))




Melting of soft disks (S.C. Kapfer and W. Krauth, Phys. Rev.
Lert. 114, 035702 (2015))
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