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U3yyeHue KOHOeHCUpOB8aHHbIX cucmem 8 ycrioeusix
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BeeodeHue - Cyclohexane Confined in Slit Carbon Nanopore
(Yu. D. Fomin, E.N. Tsiok and V.N. Ryzhov, J. Chem. Phys.
143, 184702 (2015))
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BeeodeHue - Cyclohexane Confined in Slit Carbon Nanopore
(Yu. D. Fomin, E.N. Tsiok and V.N. Ryzhov, J. Chem. Phys.

143, 184702 (2015))
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BeeodeHue - Computer simulations and
experimental study of water in slit pores

Confinement can modify the dynamics, the thermodynamics and the structural
properties of liquids, including water, when the range of molecular interaction and
the length scale associated with position correlations in a system are similar to the
length scale of confinement .

Simulation results for the TIP5P model of water in a quasi-two-dimensional
hydrophobic slit nanopore (Sungho Han, M. Y. Choi, Pradeep Kumar and H. Eugene
Stanley, NATURE PHYSICS 6. 685 (2010))
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a critical density p. between 1.30gcm— and 1.33gcm™




BeeodeHue - Computer simulations and
experimental study of water in slit pores

The structure, dynamics, and transport properties of nano-confined (SPC/E) water

between parallel graphite plates (Hamid Mosaddeghi, Saman Alavi, M. H. Kowsari, and Bijan
Najafi, THE JOURNAL OF CHEMICAL PHYSICS 137, 184703 (2012))
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(a) The water layers adjacent to the graphite wall in the H=7 A

; simulation. (b) A view of equilibrated water layer without

0.02 graphite walls showing the hexagonal arrangement of water

910 8 6 4202 4 6 8 10 molecules; (c) The geometric structure of 12 selected water
z/ A molecules arranged in hexagonal structures.
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BeeodeHue - Computer simulations and
experimental study of water in slit pores
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The nanoconfined between
two graphene sheets water at
room temperature forms
‘square ice’- a phase having
symmetry qualitatively
different from the conventional
tetrahedral geometry of
hydrogen bonding between
water molecules. Square ice
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)).




BeeOeHue

QKCnepumMeHTarnbHbIe CUCTEMbI, B KOTOPLIX HabnaaeTca
OBYMepPHOe nnaBneHue:

1.lByMepHble Konnouaebl.
2.9NEeKTPOHbI HAa NOBEPXHOCTU XUOKOro renus.
3.ATOMbl MHEPTHbIX ra30B Ha NOANOXKaX (KCeHOH Ha
rpagure).
4.[1BymepHbie rpaHynMpoBaHHbIE CUCTEMBI.
S.LUunungpuyeckne marHMTHbIe OMEHbI B TOHKOW MNEHKE.
6.Cuctema Buxpeun B BTCI1 1 TOHKMX cBEPXNPOBOASALLMNX
nfeHKax B MarHUTHOM none.
[ .INbineBas nnasma.
8.TOoHKMe NneHKn Xxmakocrten (Boabl).




‘ Teopusa da3oBbix nepexoanos JlaHaay: nepexon BTOpPOro poaa —
moaernb U3uHra

((,ﬁ) - [NapameTp nopAaaka

r = a(T — Tc).
{0 if T >T,;
(#) = i(—r/4u)1/2 if T <T,.
_a_(@_{l/r it T > T.;
Y= n T\ Y@r) ifT<T.
()
N s A if T>T,:
YT eTI T\ Té*/Bu) T < T,




Teopusa dasoBbix nepexoanos JlaHgay: nepexon nepBoro poaa -
HeMaTU4YeCKUN XNAKUN KpucTtann

[MNapameTp nopsaka Qi = % > (v — %5,-]-)5(:: — x%),

1
(Qij) = S(min; — 35:‘;) S = %(3(‘”£ n)’—1) =

f

{(3cos? 6% — 1))

b »—
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%rSz — wS? +uS?.

f T>T7" f

15 . T=1"
\; 20 " ///
1 .
T=1"

0.5




Teopus ¢pasoBbix nepexonos JlaHaay: Kpuctannusauyus

[lapameTp nopsaaka (Bn(x)) = (n(x)) —ng = 3" nge'*
G
f S er nGlP—w D nGneNG 66 16r1Gs0
SL—V 2GG G1 "G "Gy VG +G2+Gs,
G G1.G2,G3

+u E : NG, NG, NG, nG45G1+G2+G2 +G3+Gay 0>
G1,G2,G3,Gy

Bce kpuctannbl OLIK?
(S.Alexander and J.P. McTague, Phys. Rev. Lett. 41, 702 (1978))




Nepexoabl bepe3nHckoro - Koctepnuua - Tayneca

BAILHM JILBOBHY
BEPESHHCKHUA
(1935 —1580)

J. Michael Kosterlitz David Thouless




NMepexoabl bepe3nHckoro — Koctepnuua — Tayneca : pa3oBbIU
nepexon B NMNOCKNX BbIPOXAEHHbIX CUCTEMaX

B nnockux u 0OHOMEPHbIX 8bIPOXOEHHbLIX cucmeMax He MoXem cyu,ecmeoeama
OMJIUYHO20 OM HyJIs1 CMIOHMaHHOo20 napamempa nopsidka (J1.[. Nanpay, KOTo 7,
627 (1937); R. Peierls, Helv. Phys. Acta, v.VII, suppl. 2, 81 (1936); H.H. borontobos,
KBasucpeaHue B 3agadax ctTaTUCTUHECKON MexaHuKu, NpenpuHT R-1451, OUAN, [lybHa,
1963; P.C. Hohenberg, Phys. Rev. 158, 383 (1967); N. Mermin, H. Wagner, Phys. Rev.
Lett. 17, 1133 (1967)).

TepmoOQuHamMu4ecKul nomeHyuas nonepeyvyHbIx ¢haykmyayull napamempa rnopsioka
. 1 h o, 2v2] ga
0P = 2 ;F'J_"‘J(v*uﬁﬂ T

T
(h/q) + Jg*

CpedHekeadpamuyHbie hnykmyayuu < |dp | (q)|* >=

CpedHeksadpamu4Hbie ¢hnnykmyayuu 8 3a0aHHOU moOYKe

: / < |6, (g)? > £4(® — =) gidg

< dpy(x)dp (2') >=G  (z,a') = )

- 0 a dd
<dpl(x) >=G (z.x) = (2m)d [ {hx’q}ijf




Nepexoabl bepe3nHckoro — Koctepnuua — Tayneca: ¢paszoBbin
nepexon B NOCKNX BbIPOXAEHHbIX CUCTEMaX

KoppensauymMoHHble pyHKUUKU B CUCTEMax C KOTOPOTKOAEUCTBUEM
(BbICOKME Temnepartyphbl)

(px)p(x+a)> ~ J/T «1.

(P(X) @) ~(@(X)p(x +a)>{@(x +2a) p(x+ 2a)) ...
Ix—x’!

@AW —Dae)~(F] * ~

Nexp( lx—;x Iln-?—)

Paguyc Koppenauun meHblle paguyca
aencraua cun!




Nepexoabl bepe3nHckoro — Koctepnuua — Tayneca: ¢paszoBbin
nepexon B MNIIOCKMUX BbIPOXAEHHbLIX CucTemMax
OpueHTauuoHHbIE Koppenauumn (HU3Kue Temnepatypsbl).

. . J v J i Y
[Mpumep: X-Y mogenb: H = -3 ; SiS; ~ E_/d r(Vw)

2G (x, x') = (cos (@ (X) — @ (x'))) = (W7D,
Plo(x)] = Z"f exp [—- ziT S (v @) dx ]

26 (x, x') = (€07 — oxp (1 (0 () — 0 (<))

{o(x) — o (x))?) }%ln |x — x| (d=2)

" \=T/2nJ
2G (x, ') = const (' X - X ')

(d=2)

OTnnYHaA oT HyNA NonepeyHan XKeCcTKoCThb!




Nepexoabl bepe3nHckoro — Koctepnuua — Tayneca: ¢paszoBbin
nepexon B NOCKNX BbIPOXAEHHbIX CUCTEMaX

MexaHu3m nepexoda — 603HUKHOBEHUE CUH_2YNSIPHbIX
monosio2u4yeckux deghekmoe (auxpeu) (B./1. BepesuHckuil, KAT® 59, 907
(1970); XKOT® 61, 1144 (1971); J.M. Kosterlitz and D. Thouless, J.Phys. C 6,
1181 (1973); D.R. Nelson and J.M. Kosterlitz, Phys. Rev. Lett. 39, 1201 (1977)).
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Nepexoabl bepe3nHckoro — Koctepnuua — Tayneca: ¢paszoBbin
nepexon B NOCKNX BbIPOXAEHHbIX CUCTEMaX

J fd
JHeprua Buxps E = §/d2r(Vw)2 = 7732J/ % = ns*JIn(R/a)

OHTpONUA BUXPS AS = kgIn(R/a)?

CeoboaHasn aHeprus AF = E —TAS =7s*JIn(R/a) — 2kpT In(R/a)

ws2J
2

TemnepaTtypa nepexoaa 1. =

T

MacwrtabHas uHBapuaHTHoCTb  G(lz — a'|) occ 7724 A = .

AT:TC — 1/8




Nepexoabl bepe3nHckoro-Koctepnuua-Tayneca (da3oBbin
nepexon B NSIOCKMUX BbIPOXAEHHbLIX CUCTEMAX)
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NMepexonbl bepe3nHckoro-Kocrepnuua-Tayneca (dpa3oBbin
nepexon B NMOCKUX BbIPOXAEHHbLIX CUCTEMaX)
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‘ Teopus ppymepHoro nnasneHusa bepeanHckoro-Kocrtepnuua-

Tayneca-XanbnepuHa-HenbcoHa-AHra (BKTHNY)(M. Kosterlitz and
D.d. Thouless, J. Phys. C 6, 1181 (1973); B.l. Halperin and D.R. Nelson, Phys.
Rev. Lett. 41, 121 (1978); D.R. Nelson and B.l. Halperin, Phys. Rev. B 19,
2457 (1979); A.P. Young, Phys. Rev. B 19, 1855 (1979))

B.l. Halperin
D.R. Nelson




Teopus ppymepHoro nnasneHusa bepeanHckoro-Kocrtepnuua-
Tayneca-XanbnepuHa-HenbcoHa-AHra (BKTHNY)

TpaHCNAUNOHHLIA U OPUEHTALMOHHbLIA NOPSAAOK OBYMEPHOM KpucTtanne
(N. D. Mermin, Phys. Rev. 176, 250 (1968))

TpaHCNALUUOHHBLIN NOPAAOK

Zu(r) Ae=0F/ kT 1 ou; Oup
< A>= Z ( )6—5F//€BT 0F[u(r)] = 5/ Aijlma—acj%d r
. kgl
< UikUp >= 7 ill(k)

rie 62.7{1 - TeH30p, oOpaTHBIN K [3;. Tensop [3; (k) moxmno sammcars B Buge [A;(n)]k?, roe

A;; 3aBUCHUT TOJIbKO HarmpaieHus Bekropa k : n = k/k.

Ay(R) Pk kgT [* Vd g
2 _— v — A
< ul> kBT/ k? o (2m)? (27r)2/o ”(@)dw/o k

9 1 GG Ay

ga(lri —raf) = <p(ri)p(rz) > —p” x rkpTag °0° Gr G = o




Teopus ppymepHoro nnasneHusa bepeanHckoro-Kocrtepnuua-
Tayneca-XanbnepuHa-HenbcoHa-AHra (BKTHNY)

OpueHTayMoOHHbLIN NOPAJOK

1 1 ikr
I x,y) = 5([%% — Oy, Wz, y) =3 Z (ikytyx — ikyu, i) € k
k

Z?TZZ/ Jil) J5() Ay (R )dsO/ e,

rie f.(p) =cos(e) u f,(¢) = sin(p). Takum obpazom, cpepnuii KBaJpaT QIyKTyarmit yria
Y(x,y) ocTaeTcs KOHETHBIM JaxKe st OeCKOHETHOro 00pasIia, T.e. OPUCHTAIS HAIIPABJICHUS

cBa3n 'meperaercs ' yepe3 BeCh KPUCTAJLIL.

kT o ) 1/d
< W(ry)d(ry) >= L ZZ; /O Ji(p) fi()Ais () dp /O cosk(ry —rs) k dk

OpueHmayuoHHbIU NOpsaAoK dasnibHodeucmeayrowuu!




Teopusa asymepHoro nnasneHus bepe3snHckoro-Kocrepnuua-
Tayneca-XanbnepunHa-HenbcoHa-AHra (BKTHNY)

Oucnokaunm n AUCKnNuUHauum — 6asoBble Tononornvyeckue aedekrol B
Teopun BKTHNY

Oucnokauna moxer
paccmaTpuBaTbCA Kak
AUCKNMUHALMOHHBLIX aAunons!

VOOTKK]
NAVAVA




Teopusa asymepHoro nnasneHus bepe3snHckoro-Kocrepnuua-
Tayneca-XanbnepunHa-HenbcoHa-AHra (BKTHNY)

Ynpyrun raMunbToOHUaH anga AByMepPHOU TPeyronbHOWU peLueTKu

1

Hp = 5/ d*r [Quu?j + Augy]

rje

_]. 811,@(1') (3uj(r)
s = 2[ or; " or;

n 1 A - KodddburuenTs Jlams.

Nucnokayus ]{ du = agb(r) = —n(r)age; — m(r)age;

JucknuHayums 7{ di(r) = —(27/6)s, s==+1,42, ...




Teopus ppymepHoro nnasneHusa bepeanHckoro-Kocrtepnuua-
Tayneca-XanbnepuHa-HenbcoHa-AHra (BKTHNY)

2 Ve ) (b(r )1,
FaMUNbTOHMAH AucrokauMi i, — — 0% {b(ri)b(r])lnrﬂ _ (b(rz)rw)(b(rz)%)} N

8 a r2,
i#j *J
M

+ Edz b?(r;),rne Ey - sHEprum sapa JIUCI0KAIINH,

=1

Ap(p+ )
20+ A

K =

MexaHu3m nnaBneHus — auccoumaumsa AUCnoKauuoHHbIX nap!

B Touke nepexoga g (r) o< 6 1/4 < ne(T,) < 1/3

2K
Bhbille ToO4kM nepexona k—T ~ 167 /(1 = c|t|”) tnet = (T —T,,) /Ty, v = 0.3696

ga(r) oc e/&+ D) &+(T') o< exp(c/|t]")




Teopus ppymepHoro nnasneHusa bepeanHckoro-Kocrtepnuua-
Tayneca-XanbnepuHa-HenbcoHa-AHra (BKTHNY)

ekcaTnueckan pasa: KBasnganbHUN OPUEHTALUMOHHbLIU NOPAJOK
npu HanM4uM gucnokauuu!

u x InL > w x 1/L

OpueHTauMoHHbLIN NapamMmeTp nopsaaKka AnAa TPeyronbHOWU peLleTKn

w (I') _ 66@'19(1')

FfTaMUunbTOHMAH
1 ) ) TK4(T) Ny T — ] )
Ha = S KA(T) / Pr(VIE)P Hye = "0 ; s(r)s(x') In T Ecdgr: 2(r)

T — 7TKA<CZ—%) < w*(r)Tﬂ(O) > ’r_"ﬁ(T) 776(Tz') — 1/4
6 oc exp(b/|T — T;|Y/?)

HepeweHHas npobiyieMa — Héem MUKPOCKOIMU4Y€CKO20 OrnpeodesieHus
Mooysisst dpaHka




Teopus ppymepHoro nnasneHusa bepeanHckoro-Kocrtepnuua-
Tayneca-XanbnepuHa-HenbcoHa-AHra (BKTHNY)

YpaesHeHus1 peHOpM2pynnbl

mverse Young’s modulus 1/ BKaﬁ

mverse temperature I

dK-Y0) 3 oo wose. (KDY 3 K(l) ‘
— e {E]I_IBHI _ T 2 I EK{E};"E?TI Ny 3
i E|y() 0\ & 4|y(jl 3 e (y*)
dy(1) K(l)
SN o - 2 ) + 0@
7 [ o | v +O0)
0.01 5 = o 150F
B I =55 e
; \g" T =56 =
S Ky L = 100F
& i I =58 = B
. L= r=eo/ | ;D
: ¢ @”\Geﬁ gf"\\d;‘\ 1/16n E 50;/ ________________
I ‘ 5% = 60.012 E
. 005 | 002 0 100 150




Teopusi deymepHo20 rnnasneHusi bepesuHckozo-Kocmepnuuya-
Tayneca-XanbnepuHa-HenbcoHa-5lHea (BKTHNY) —
3KcrepumMeHmMarnbHas ripoesepkKa

JKCnepumeHTanbHaa nposepka — napamMmarHuTHble 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))

objective

r
5U(T) (T/dnn)g
! in focus Eﬂla.gn 110 YQ‘H"Z . (ﬁ_ﬂ)gzg 1
H V=0T T kgl T
P A — ‘B 7 ‘B SYs
Q/ﬁ T TT Q/ m out of focus
< rcpulsive =P




Teopusi dsymepHoO20 nnaesnieHuUs1 bepe3uHckoz2o0-
Kocmepnuuya-Tayneca-XanbnepuHa-HenbcoHa-5SlHea
(BKTHNY) — 3KcrnepumeHmarsibHasl rpoeepkKa

Structure factor S(g)

&

q [units of 2n/a]

-1

q [units of 2n/a]  *!




‘ Teopus ppymepHoro nnasneHusa bepeanHckoro-Kocrtepnuua-
Tayneca-XanbnepuHa-HenbcoHa-AHra (BKTHNY)

QkcnepumeHmarnbHas npoeepka (KoppensayuoHHble pyHKyuu u Modynb KOH2a)

10 : ——— : : 1

T—DO

|hexatic| |so|id|

| isotropic | II|I
|
|

electrons-
on helium

= o1l U =

100}

0.01

1 6 J_l:l()9,5

Young’s modulus (KR(I")

W
=

|
100 150
inverse temperature (I")

Teopusi KTHNY yHueepcanbHa?




Teopun oBymMepHOro nnasJfieHNUA — nepexon nepBoro
poaa

lMnaeneHue nocpedcmeom o6pa3oeaHus 2paHUly 3epeH
(S.T. Chui, Phys. Rev. Lett. 48, 933 (1982); Phys. Rev. B 28, 178 (1983))

E./ksT < 2.84




‘ Teopuu AByMepHOro nnaBrieHUs1 — nepexoa nepBoro poaa

V.N. Ryzhov, Dislocation-disclination melting of two-dimensional lattices,
Zh. Tksp. Theor. Phys. 100, 1627 — 1639 (1991)

Fs = — ZSSJ{ ?“ lna 2alnrzj}+EZS+

Z#J

+ CLOK ZZ S €mnbn(r:)(r; — ) (ln Ty + C)

=1 j=1

_ agf 3 {b(ri)b(rj)ln rij_ (brori)(blri)ry } + Edz b2(r,)

i#] ‘ "ij
NMone cmeweHUn NpmM HanNM4YuM cBOOOAHON AUCKITUHAUUN
v x Rlnk

KBasuganbHU OpUEeHTALUMOHHbIN NOPAAOK OoTCcyTCTBYEeT!

Kpumu4yeckoe 3Ha4YeHuUe 3Hepauu siopa oucsiokayuu
3asucum om ez20 pa3mepa!




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

Order parameter p(r) = Z e (r)eiCr
G

1
F = 50T E |pal® +br E PG PG PG, + O07)
G G1+G2+G3=0

Landau expansion — first-order transition!

Fluctuations!

The Fourier coefficients vary slowly and have the amplitude and phase

pa(r) = pge'SH)

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:

1 .
F = E/Z[A G % Vpg >+ B|G - Vpg|* + Clpa (G - V)pg || d*r +
= G

1
+ 5ar Z pcl’ +br Z P, Pa.Pa, +O(p").
e G1+CG2+Ca=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 energy of a deformed solid
1 1 [dui(r) . du, (I‘)]

Hpr = — r (200 + 2, ] . Wis = — . —
E 9 / [ f 1] A.k,] L] ) C)Tj ()Ti

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




Melting scenarios in two-dimensions: Landau and
BKTHNY theories

1 - | ;
F= E/Z[A-G x Vpg|® + B|G - Vpg|* + Clpg (G - V)pg ] d°r +
& o

+ 59T Z pcl” +br Z PG PcyPG, T O(P7)
B Gi14+Go+Ga=0

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

There are two possibilities:
1: T,,, < 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)), etc...




IBymepHoe nnaBneHue — metoa PyHKLUUOHaNa NnnoTHocTu (V. N. Ryzhov

and E. E. Tareyeva, Phys. Rev. B 51, 8789 (1995); XXOT® 108, 2044-2061 (1995);
Physica A 314, 396-404 (2002); Physica A 432, 279-286 (2015))

1. Cuctema TBEPAbLIX Cdep NNaBUTCA NOCPEACTBOM nNepexona nepBoro poaa
npwu ps ~ 0.926

PesynbTaTthl MogenupoBanua  p, ~ 0.9 — 0.923

2.KynoHoBckaa cuctema — iBa HeENpepbIBHbLIX Nepexoaa I'm=11422

SJ'IGKTpOHbI Ha NOBEPXHOCTHU
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Melting scenarios in two-dimensions: First order
versus continuous transition (computer simulations)

There is no satisfactory answer yet for one of the most important questions in two-
dimensional melting: what condition determines the existence of a hexatic phase and
the nature of the melting transition?

Example: hard disk systems, where simulation results tend to favor a first-order
transition scenario for melting, although some conflicting results also exist...

1.First-order transition without hexatic phase (J. Lee and K. J. Strandburg, Phys.
Rev. B 46, 11190 (1992); H. Weber, D. Marx, and K. Binder, Phys. Rev. B 51, 14636
(1995); C. H. Mak, Phys. Rev. E 73, 065104 (2006)).

2.Continuous transition (A. Jaster, Phys. Rev. E 59, 2594 (1999); K. Binder, S.
Sengupta, P. Nielaba, J. Phys.: Condens. Matter 14, 2323 (2002))

3.First-order transition isotropic liquid - hexatic phase (E. P. Bernard and W. Krauth,
Phys. Rev. Lett. 107, 155704 (2011); M. Engel, J.A. Anderson, S.C. Glotzer, M.
Isobe, E.P. Bernard, W. Krauth, Phys. Rev. E 87, 042134 (2013), W. Qi, A. P.
Gantapara and M. Dijkstra, Soft Matter, 10, 5449 (2014); S.C.Kapfer and W. Krauth,
Phys. Rev. Lett. 114, 035702 (2015)).




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

It seems that the softness of the repulsive part as well as the longer range of the
attractive part of the interaction are important for the existence of a continuous
phase transition in simple atomic systems (P. Bladon and D. Frenkel, Phys. Reuv.
Lett. 74, 2519 (1995); V.N. Ryzhov and E.E. Tareyeva, Phys. Rev. B 51, 8789 (1995); V.
N. Ryzhov and E. E. Tareyeva, Physica A 314, 396 (2002); S.l. Lee and S.J. Lee, Phys.
Rev. E 78, 041504 (2008); S. Prestipino, F. Saija, and P.V. Giaquinta, PRL 106, 235701
(2011); S. Prestipino, F. Saija, and P.V. Giaquinta, J. Chem. Phys.137, 104503 (2012);
D.E. Dudalov, Yu.D. Fomin, E.N. Tsiok, and V.N. Ryzhov, Journal of Physics:

Conference Series 510, 012016 (2014); Soft Matter 10, 4966 (2014); J. Chem. Phys.
141, 18C522 (2014)).

The BKTNHY scenario was unambiguously experimentally confirmed for
superparamagnetic colloidal particles interacting via long-range dipolar
interaction scaling with the inverse cube of particles separation (K. Zahn
and G. Maret, Phys. Rev. Lett. 85, 3656 (2000); H. H. von Grunberg, P. Keim,
K. Zahn, and G.Maret, Phys. Rev. Lett. 93, 255703 (2004); P. Keim, G. Maret,
and H. H. von Grunberg, Phys. Rev. E 75, 031402 (2007).).




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

p P

KTHNY - scenario 1%*_order scenario

S —— ATy s—
pl liquid ! 2-phase |
hqui ) coexistence |

pl pS p p[ pS p
Qualitative view of the isotherms according to the BKTNY theory (left)
and for the case of the first-order transition (right)

solid




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

()
W@y

2. A schematic diagram of the variation
of the bond-orientational order parameter
expected in the case of the first-order transition

A R P

3.The schematic behaviors of the logarithms of the bond-order correlation function (blue)
and the translational correlation function (purple).
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JleyMepHoe nnaesieHue - modesiupoesaHue

lMpumep — cucmema meepobix QUCKOS

RAPID

PHYSICAL REVIEW E 73, 065104(R) (2006)
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IByMepHOe nnaBrneHue - MogernimpoBaHue

5. Mpumep — cuctema ¢ rayccoBCKUM noteHumanom v(r) = eexp(—r?/o?)

Hexatic phase in the two-dimensional Gaussian-core model

Santi Prestipino? [H], Franz Saija’ [H], and Paolo V. Giaquintal [H]
U Universita degli Studi di Messina, Dipartimento di Fisica, Contrada Papardo, I-98166 Messina, Italy
? CNR-IPCF, Viale Ferdinando Stagno d’Alcontres 37, 98158 Messina, Italy
(Dated: July 6, 2011)
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Effective potential for water (O.Mishima and H.E.
Stanley, Nature 396, 329 (1998))

uiry 4

Traditional MD computer water models
! 2 f (ST2,SPC,TIP3P,TIP4P,TIP5P)
replace 3 nuclei and 18 electrons
interacting via quantum mechanics by a
few point charges and 3 point masses

c /_7 O’QT/? interacting via classical mechanics

1 ) Why not to do further
simplifications?




Repulsive-shoulder potential

D.A.Young and B.J.Alder, Phys. Rev. Lett. 38, 1233 (1977), S. M.
Stishov, Phil. Mag. B 82, 1287 (2002)

d - diameter of the hard core
o — width of the repulsive step
€ — height of the repulsive step 031

T T T T T T T T
0.0 0.5 1.0 1.5 2.0

1
25




Hypothetical phase diagram of the repulsive-shoulder potential




Spherically symmetric two-scale potentials

U(r] b Jagla Potential
E. A. Jagla, J. Chem. Phys. 111, 8980 (1999); E. A.
Jagla, Phys. Rev. E 63, 061501 (2001). u L-_|
R i\*
:\\ b
a \" :
U -~ \i' — JE' r

A. B. de Oliveira, P. A. Netz, T. Colla, and M. C. _ _ _
Barbosa, J. Chem. PhyS 124, 084505 (2006) G. Franzese, J. Mol. qu 136, 267 2007, Pol Vilaseca and

Giancarlo Franzese, J. Chem. Phys., 133, 084507 (2010).
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Smooth Repulsive Shoulder Potentials (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)).

Smooth Repulsive Shoulder System (SRSS)

U(r)=e (E) = %gu — tanh(ko[r — a1]))

T

Smooth Repulsive Shoulder System With
Attractive Well (SRSS-AW)

14
Ulr) = E(E) + £ (Ao — Ar tanh(ki{r — o1 }

-
+ Astanh(ke{r —a2})).

munber| o1 | o2 | Ag| A1 | A2 |well depth
1 1L.35] 0 [05]0.5] O [
2 L35 |1.80]0.5|0.60]0.10 [0.20
d L3o|1.8000.5] 0.7 |0.20 0.4

or)

u(r)

1.0 1.5 2.0




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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Phase diagram of the 2D 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)). .
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Melting transition in core-softened system - effect of
the potential softness

Low temperature

20
18
16
14
12
10
8.
6
4]
2]
0.

isotherms for

o=1.35 and o0=1.55 - 2 continuous and

first-order transitions

High temperature isotherms —
- liquid-solid first order transition




‘ Melting transition in core-softened system
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Bond orientational order parameter as a
function of density —continuous
transition at low densities and first-
order transition at high densities
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The translational and orientational order
parameters as functions of temperature.




‘ Melting transition in core-softened system —
orientational and translational order parameters and
correlation functions

| | . |
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Orientational correlation function at selected temperature. For 0=1.35 and o=1.55 upon
increasing p there is a qualitative change in the long-range behavior from constant
(triangular solid) to power-law decay (hexatic), up to exponential decay (isotropic liquid).
The_decay exponent n <1/4.

Low temperatures and densities



Melting transition in core-softened system —

orientational and translational order parameters and
correlation functions
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Influence of random pinning on the phase diagram
of core-softened system

In experiment planar confinement is typically realized by adsorption
on an interface, such that crystallization usually occurs on solid
substrates which introduce quenched (i.e., frozen-in) disorder due
to some roughness.

As it was shown £ /) /0-stage melting
scenario persists i )y (D. R. Nelson,
Phys. Rev. B 27, 29 noncrystal Nelson, J. Phys.
C-Solid State Phy 9 _ Cha and H. A.
Fertig, Phys. Rev. tability range of
the hexatic phase crystal ler. While T; is
predicted to be lar v decreases with
increasing disorde i > 1€ state can be

established. T




Teopusi deymepHo20 rnnasneHusi bepesuHckozo-Kocmepnuuya-
Tayneca-XanbnepuHa-HenbcoHa-5lH2za (BKTHNY)

JkcnepumeHmarnbHas rnpoeepka (enusiHue 6ecnopsioka) (D. R. Nelson,
Phys. Rev. B 27, 2902 (1983), S. Deutschlander, T. Horn, H. Lowen, G. Maret, and
P. Keim, Phys. Rev. Lett. 111, 098301 (2013), Phys. Rev. E 88, 062305 (2013)).

(o]

pinning strength [%]

ol = L e cped L s .
0.013 0.0135 0.014  0.0145 0.015 0.0155 0.016

solid i fluid




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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0.1

Translational and orientational correlation functions at the random
pinning (E. N. Tsiok, D.E. Dudalov, Yu. D. Fomin, and V. N. Ryzhov,

Phys. Rev. E 92, 032110 (2015)).
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Orientational and translational correlation functions for different
temperatures at p = 0.48 and a 0.1% concentration of pinning centers.




Orientational and translational correlation functions

at low densities and low-density phase diagram
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Phase diagram in the presence of pinning — high
densities
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Influence of random pinning on the phase diagram
of core-softened system — equation of state (0=1.35 )

N=20000; concentration of pinning centers=0.1%
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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 I .} P T NA el o - N | Y | \N. Krauth’
Phys. Rev . . ? A. Dijkstra,
Soft Matte! I t b I Rev. Lett.
114, 0357 s ’ poss, e = /. Lett. 77,
2577 (1991 X.Y. Zhao,
and Yong _.._., _. . Ll ..., _....,W.Qiand

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




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

Order parameter Fy(r) = g(r)(1 + f(ro)) f(ro) = Z £,.etm?

Mean-field expansion — transition at T, AF =ag(T —=T.)fZ +bfs
Fluctuations of the order parameter phase in 2D
fm(r) - fr?zeéé(r)

BKT liquid-hexatic transition
1
AF = [ (GEAGDHTOR + ao(T = TR+ b)) b

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

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




Bo3MOXXHbIlU MexaHU3M —obpa3oeaHue 2paHUUy 3epeH ?
a b

e
©o 33 00 o000
5-fold / 7-fold  dislocation

b . dislocation Grain Boundary
disclinations  pairs




lnasneHue cucmembi «Msi2kux cpep» (S.C. Kapter and
W. Krauth, Phys. Rev. Lett. 114, 035702 (2015))
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).

2).

3).

BbieoObl

Pacripenenenve JOKaJIbHOM IUIOTHOCTM B IUIOCKUX  HAHOUIENAX
pa3bMBaeTCsd Ha CJOW, IapajuieiabHble CTeHKaMm. IIpu yMeHbIIeHHH
IIAPHUHBI [IEINA YUCIIO CIIOEB YMEHBIIIAETCH.

[Ipy HOCTAaTOYHO BBICOKHX IUIOTHOCTSX CHUCTEMa KPUCTAJUIU3YETCS, IPU
3TOM CBOMCTBa KPUCTALIMYECKON (pa3bl 3aBUCAT OT B3aUMOJCHCTBUS CO
CTEHKaMHU. XapakTep IMepexoJa B KBa3UIABYMEPHOM CHUCTEME MOXKET
MPUHLIUIIHAIIBHO OTJIMYATHCS OT CIy4asi TPEX U3MEPEHUN.

B oranuue OT Tpex u3MEpEeHuM, TAe IUIABJICHUE BCErjaa MPOUCXOIUAT
IMOCPEACTBOM IIEpPEXOJa MEPBOTO poJa, B Ciaydae JBYX H3MEPECHUU
CLICHApUH IUJIABJICHUS 3aBUCHUT OT BHJIa MOTEHIMAIA B3aumMoieucTBus. I1o-
BUJIMMOMY, B ciiyyae JTAITBbHOJICUCTBYOIINX B3aUMOJIEUCTBUH
(KYJIOHOBCKOE, JUMOJIb-AUIIOJILHOE) CUCTEMA INIABUTCSI B COOTBETCTBUHU CO
cucHapueM BKTHNY mnocpeactBoM ABYX HEINPEPBIBHBIX IEPEXOHOB C
POMEKYTOUYHOM T€KCAaTUYECKOU (ha30i.




4).

5).

BbieoObl

B ciydae KOpOTKOAECHUCTBYIOIIMX MNOTCHIHAAIOB (BKJIKOYAS ITOTCHIMAI
TBEPABIX JIHUCKOB) TIUIABJICHUE, BEPOSTHO, MPOUCXOIUT MOCPEICTBOM
nmepexoja mnepBoro poma. B To ke BpeMs BO3MOXEH BapUaHT
IBYXCTAAUWHOTO IUIABJIIEHUSI C HENPEPBIBHBIM  IIEPEXOJAOM  MEKIY
KPUCTANIMYECKOM M TeKcaTH4eckor (a3oil M MmepexojoM MEepBOro pojia
MEXKJy TeKcaTu4eckod (a3oil M HM30TPONMHOM >KUIKOCTHIO, OJHAKO 3TOT
BOIPOC TPEOYET JOTOJTHUTEIILHOTO U3YUYECHUS.

C DOMOIBI0 KOMIIBIOTEPHOIO MOACIUPOBAHUS HAMH PACCMOTPEHO
IJaBJICHUE JIBYMEPHOHW CHCTEMBI C BOJOINOJOOHBIM ITOTCHIIMAJIOM.
ITokazaHo, 4YTO A1 OOCTATOYHO OOJBINON BEJIMYMHBI OTTAJIKWBATCILHOM
CTYIICHbKM CHUCTEMAa MOXET IUJIABUTbCA B COOTBETCTBUM C  JABYMs
PA3JIMYHBIMU CIEHAPUSIMHU — TP HU3KHUX IUIOTHOCTSAX B COOTBETCTBUU C
teopuern BKTHNY, a mpu BBICOKHX — IMOCPEACTBOM II€EpPEXO/a IEPBOTO

poja.




BbieoObl

6). Ilpy HaaWuuu Ciay4alHOrO IMHHUHIa B 00JIaCTH JBYXCTaJMHHOTO
IJIaBJICHUs TeKcaThudeckas (aza pacmiupseTcss 3a CYeT IOHMKEHMS
TEMIEPATYypbl Iiepexona rekcaTtuk-kpucraui. llepexon mnepsoro poja
paclilerIsieTcsl Ha JiBa Mepexoja ¢ MPOMEKyTOYHOM rekcaTudeckon (ha3ou,
IPpU OTOM IIEPEXOJ MEXKAY T[EKCATUKOM U KPUCTAUIOM SBIAETCA
HEIIPEPBIBHBIM TIEPEXOJA0M, & MEPEXO0] T'EKCATUK — U30TPOITHAS KUJIKOCTh
MIPOUCXOJUT ITOCPEJICTBOM IIEPEXOJIAa IEPBOTO POJIA.




Cnacubo 3a eHUMaHue




Conclusions

9). In general, the character of the melting transition in quasi 2D confinement
depends on the particle[Iparticle interaction, unlike the universal first order
character of the melting transition in 3D, which is independent of the
particle[Iparticle interaction. When the particleIparticle interaction is
long[ Jranged, such as dipolelldipole repulsion, the 2D melting process is
well described by the KTHNY theory. In particular, the transitions between
the solid and the hexatic phase and the hexatic and the liquid phase are
continuous. When the particle[Iparticle interaction is shortJranged, such as
hard[core repulsion, the character of the melting process is not yet
resolved. Overall, for the case of 2D melting, the current evidence supports
the existence of a hexatic phase intermediate between the liquid and
ordered solid phases, but whether the liquid[to[Jhexatic phase transition is
continuous or weakly first order is not fully understood.
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