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Xupkokpuctannuyeckue (XK) dasbl - 0630p

PeHTreHOBCKMe nccnenoBaHuUsA XNOKUX KpucrtansiosB

XK anactomepbl — OT nopsigka K 6ecnopsaaky

XK rekcatukm — (?) ®dasbl ¢ yrnoBbIM MNOPSAAKOM



JKuOKokpucmarnnuyeckue ¢gasbl

An example: molecule of
pentyl-cyanobiphenyl.

Nematic phase in the
temperature range from
22.5°Cto 35°C

Hemamuyeckas

asa rod — like molecules




OpueHmauyUuoHHbIU MopsiOOK 8 XXUOKUX
Kpucmarsinax
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In nematics the molecules are oriented There are three independent types of
along the prefered direction determined by

the vector N = =N, which is named as
director

orientational deformations — splay,
bend and twist.




OpueHmauyuoHHbIe 3gbgheKkmbl 8 XXUOKUX Kpucmariiax

A8=8” - &, - dielectric anisotropy of liquid crystals that can
exceed tens units

The field E is switched off The field E is switched on
z i E




90° Twisted-Nematic Cell

LC Configuration
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Polarization rotation effect

Electro-Optic Effect
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Schadt & Helfrich, APL 18, 127 (1971)




Cmekmu4yecKas (crioegasl) chasa

zompornHas
gasa
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Hemamuyeckas
ga3sa

Od0HomepHbIU (1D) mpaHcnayuoHHbIU nopssdok 8 mpexmepHou cpeode (3D)



Xupkokpuctannuyeckue (XK) dasbl - 0630p

PeHTreHOBCKMe nccnenoBaHuUsA XNAKUX KpucrtansiosB

XK anactomepbl — OT nopsigka K 6ecnopsaaky

XK rekcatukm — (?) ®dasbl ¢ yrnoBbIM MNOPSAAKOM



LanbHuu u 6ruxxHuU nopss0ok 8 CMeKmu4ecKux
a3zax KK

-

short range

27 4r .
— — sin @ long range?
q r 7 g rang

2dsmé =4 (Bragg-equation)




[1o3UUUOHHBIU NMOPAO0OK & peHM2eHOB8CKOE paccesiHue

long-range order (LRO)

3D translational order

Gir)

S

ia)

S(q) = j G(r)edr

Fourier
transform

exp(-r/t)
L S
liquid-like order 5 L

. G(r) = const

| (@) o 5(q—qy)

ifa 2a

r

Bragg peaks

short-range order (SRO)

|

= A

/\
N

G(r) ~ exp(-r/§)

Lorentzian peak

Zva 4Wa  6a

q

(@) ~[1+&%(a-qo)]



CmeKkmu4yecKue XuoKue Kpucmarisibl

Bend layers: Compression layers:
K~10"1'N B ~ 107 N/m?
(u’(r))= k B:T_m( £) Fluctuations destroy
S87mVvKB |\ d, layer ordering for large L

Landau — Peierls theorem,
1934, 1937 <u?(r)>"2/d ~ 5 AI25 A=20%



[Mpogpurnu peHMa2eHO8CKO20 paccesiHUs 8 CMeKmuKax

AR R
uuunﬂunouu I S
a1 RONI0N Fourier
real space S(q) . J-G(r)eiqrdr rec:procal Space
@t Lo

G(r) ~r™m

Caille correlation

function, 1972 | (CI) oC (q _ qo)—2+77
|
|

Quasi-long-range order Singular behaviour of
structure factor

g-do



AHanus ripoghurieu paccesHuUs

finite size effect,

FWHM = L™ L =0.6 um

>

I(q) 1

(quasi-Bragg peak)

The deviation from the fall off of the diffuse scattering (-2+n) is more
pronounced for higher harmonics I ,= n? n



Xugkokpuctannuydeckmn anactomep (9% CclunMBOK)
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[pogpunu paccesHus u “algebraic decay”

I(q)/I(ap)

P—° : 5 \g\o— N
-0.2 0.0 0.2 10-3 10-2 10-1 100
a-q, (hm™") a-a, (hm™")
. . —2+n277 .
Decay in wings (4 —0,) with n= 0.08
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JKuokue Kpucmarnsnbl + rnosnumepsbi?

|

JKuokokpucmarnnudeckue rnosumepsl

XK epynnbi

[ubkas
pasesi3ka

[NonnumepHas uene

Bsiskoynipyzaoe rnogedeHue - omcymcemayem
corpomusrieHue cosuay
Polymer backbone coiling
either in 3D or in 2D



KK anacmomepsbi

Cwusku MexXQy roriuMepHbIMU Uersmu. KOHgbopMayUuoHHasi
Mod8UXXHOCMb + mpexmepHasi cemka

TpexmepHas (3D) nonumepHas cemka
l , I -r1onIUMepPHbIt 2erlb

\ ‘ Xunpkoe TBepaoe Teno!

Modynb cdsuza:

Soft elasticity! o=
/ 1 =nksT ~ 104 - 108 Pa= N/m2

Ng - koHUeHmMpauusi

CLUUBOK O6nemHbIl Modyrs ~ 1010 N/m?



Polymer networks

Molecular picture of highelastic deformation

(polymer gel) Highelasticity:
strains up to
AL/L zp 400%
[
~ sl I
/{%/ AT S =
< ATl o R
e s = e
4 WX i
o



Hemamuyeckue anacmomepsbi (1)

25
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H ‘ \ ISotropic
10 _ nematic "\.,f;g,

lNonumepHsbie yernu e cpedHem obpaldyrom cghepudecKkuu Kiiybok
8 uzomporHou ase (l) u ebiImsaHymeiU KryboK rpu oxnaxxoeHuu 8

Hemamu4eckoe (N) cocmosiHue. [Jupekmop N opueHmMupoeaH 80071k
O/TUHHOU ocu annuricouda



Hemamu4yeckue annacmomeps! (2)
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Heating - Cnﬂiﬂs—l Nematic

A strip of nematic rubber extends and contracts according
to its temperature. Note the scale behind the strip and the
weight that is lifted!



KK anacmomepbl 3mo mMszkue pe3uHbl, 8 KOMOPbIX cocmasrisouue
MOJIEKY/ bl OpUEHMAaUUOHHO U MPaHCISAUUOHHO YropsiO0YEHHI.

[TonumepHbie cemKu (2es1u) nposierisitom ceolcmeo 8bICOKO3/1acmuYHOCMU,
u mo2ym bbimb obpamumbiM 0bpa3om pacmsHymsl (Cxamabl) oo

deticmaueM criabbix a5rieKmpu4YecKux U ornmu4ecKkux riosnedu.

Bo3MOXXHbI€e MpUMEHEHUS:

Tepmo- , onmo- , arilekmpomMmexaHu4deckue
npeobpasosameriu (CeHcopbl, UCKYCCMBEHHbIe

MYCKYIbl, aKmyamophbl, MUKPOHacOoChl,
MeOUUUHCKUe MUKpopobomasl)



Elastomer system

LC polysiloxanes
D
—(?1—0)—(?&—0)—(%—0)— R X- —(CH2)4—O—©—COO—©—OC6H13
X Y

v
(I:H3 (|3H3 | Ry y. —(CHy), l—OOCOOO CH;
CH,

—(?i—O)—(?i—O)—(?i—O)—
X Y CHj

Variation nature crosslinker

V, (flexible) —(CHy), 1—0@—0—((3112)1 |

\/\/

Vg (stiff) O b
o/\/\

Nishikawa and Finkelmann,
Macromol. Rapid Commun.(1998)



Ps0 ripuHyunuarnbHbIX 80I1P0CO8:

Kak nonumepHbIU 2€erib
griusem Ha ceoucmaea
XXUOKO20 Kpucmarina?

CoxpaHumecs nu KK
ga3sa 8 aflacmomepe
ecriu CLWUBOK cmaHem
yepecyyp MH0207?

Bce nu nonumepHseie Beamline X10a, NSLS,
CWUBKU O0UHaK08bI? Brookhaven, USA



Kpusbkie peHmaeHo8cKo20 paccesHus 0r1s10% cuwueok

(of elastomer with flexible cross-linker V1)

100
_f’M 101 -
10-1 o-o-o-5 c
1 10°¢
2 f ' : %
;él 0 A.AA'A 2;‘ 'c% 10-1
S0-3 G
‘_"10 3 10—2
/O/
4 ’O,o [
107 oo™ 103
/ : 5
0.08 -0.04 0.00 0.04 0.08 103 102 10"
q_qn (nm—1) q_qn (nm_1)

The systematic increase of the exponent n, with n is well described by the
scaling law n,/n? = n = 0.16x£0.02. The central part of the peak can be well
approximated by a Gaussian

Lambreva, Ostrovskii, Finkelmann, de Jeu, PRL 93, 185702 (2004)



[lpogburib peHMa2eHO0B8CKO20 paccesHUs
orna 20% cwusok

(of elastomer with flexible cross-linker V1)

10°
E:
— -1
S red — Lorentzian fit;
— black — Gaussian;
blue — stretched
Gaussian with 3=0.59.
10 b
-0.1 0.0 E11'.1
q-q (hm)

The intensity profile cannot be described by a Gaussian anymore, but fits to a
Lorentzian with a correlation length & ~45 nm.



X-ray signature of long- and short-range order

001 000 001 o2 oo o2
_1
q-q, (nm™1) 9~p (NM™)

Black: Gaussian — finite size
Red: Lorentzian — finite correlation length



Om nopsiOka K becriopsioKy

(ueHTpanbHaga YacTb Npodnrien paccesiHUs)

10°L (a) 10°} (b)
<

107 %10‘
1'[-.}-2 — g T ' o 10-2 l ' l g I '”J-E = T y T - T

-0.01 0.00 0.01 -0.02 0.00 0.02 -0.1 0.0 0.1

-1 -1 -1
¢-q, (hm ) q-q, (hm) g-q, (hm )
[f;rﬁ;} 2p Gaussian function for = 1 and a simple exponential
”[E} — CXP | — p for B = 0.5, leading to a Gaussian and a Lorentzian
Hﬁ lineshape, respectively.

Central part only of the first-order diffractionfor a—c x=0.1, 0.15,and 0.2, respectively.
From outside to inside: Lorentzian fit; Gaussian; stretched Gaussian with a—c =0.96,
0.66, and 0.59, respectively.

E.P. Obraztsov, A.S. Muresan, B.l. Ostrovskii, W. H. de Jeu, PRE, 77, 021706 (2008)



CmeKkmu4yecKue ariacmomepbl

(meopemu4yeckKoe paccMompeHue)

i Coupling of SmA elastic field to
& the random rubbery network
Suppression of thermal 3‘.’9”"‘”9" random
_ isorder
fluctuations ,

by pinning of smectic
layers by crosslinks

l Terentjev, Warner, Lubensky,
Long-range order restored? Europhys. Lett. 30, 343 (1995)

Order Improvement M. Warner and E.M. Terentjev, Liquid Crystal

Elastomers, Ch. 12 ( Oxford, 2003)



3aMOpPOXEHHbIN CTy4YauHbIN GecnopsaaoK

(should be destructive for 1D

i Quenched random disorder
( Smectic order )

A.l. Larkin, Sov Phys JETP 31, 784 (1970);
G. Blatter et al, Rev Mod Phys., 66, 1125 (1994);

y P.D. Olmsted, E.M.Terentjev, Phys Rev E 53, 2444
(1996);
T. Bellini, L. Radzihovsky, J. Toner and N.A. Clark,
Science, 294, 1074 (2001);

L.Radzihovsky, J. Toner, Phys Rev B 60, 206 (1999)

At large enough length scales even weak disorder can

destroy translational order
Examples:
Pinning of an Abrikosov flux vortex lattice by impurities
Disordered Ising magnet
Superfluid transitions in helium in aerogels
Phase transitions in confined smectic liquid crystals



KK anactomepbl npeactaensaioT cobon cpaBHUTENBLHO HOBYIO,
MHTEHCUBHO pasBuMBatoLyocs obractb uccrnenosaHuin. MHorne
dyHOamMeHTarnbHble NpobsieMbl XXOYT CBOUX 3KCNEepPUMEHTasbHbIX
nccnenoBaHUM U TEOPETUYECKOTO OCMbICIIEHUA.



Xuakokpuctannuyeckue (XKK) ¢gasbi - 0630p

PeHTreHOBCKMe nccnegoBaHUsA XNAKUX KpuctansiosB

XK anactomepbl — OT nopsaaka K becnopsagky

XK rekcatukum — (?) ®a3bl ¢ yrnoBbIM NOPAAKOM




Cmekmu4yecKas (crioegasl) chasa
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Hemamuyeckas
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Od0HomepHbIU (1D) mpaHcnayuoHHbIU nopssdok 8 mpexmepHou cpeode (3D)



Kpucmanrnsl (a) u 2ekcamuku (b)

p(r) ;. n(r) "o
L
L]
.
.
(=)
PO)p(r)> [T S8
<6(0)H(r)>
(h)
[poekyuu MoreKys Ha niIocKoCmb KapmuHbI peHmaeHo8cKo2o

mpeyaoribHoU pewemkxu paccesHuA



[ eKcaTUKN: TeEOPUSA U SKCNEPUMEHT
(Teopusa OBYMEPHOro niaBneHuns)

Berezinskii (1972) u Kosterlitz&Thoules (1973)
Theory for transitions in XY models- topological defects —vortices;
2D superfluids and superconductors

Halperin, B. I., and D. R. Nelson, 1978, Phys. Rev. Lett. 41,121

Phase transition between a two-dimensional (2D) crystal and a
liquid phase can proceed through an intermediate hexatic phase.
They propose specific melting mechanism: the unbinding of
dislocation pairs into free dislocations.

IKcrnepuMeHmMbl:

2D n 3D cnoesble MOJSIEKYNSAPHbIE CUCTEMBI TUMA CMEKTUYECKNX
xXunaknx kpuctannnos (XKK);

2D: electrons at the surface of helium;

charged polymer colloids.



Lugpakyus ariekmpoHo8 om c80600HO Moo08eUweHHbIX
cMmekmuyeckux rirneHok 40.8 monwuHou 8 10 crioes

(a) (d)
T 63.5°%
DA mamhiane

b) (e

(

T 50570

Top laver CrB

Second op layer SmhG
Trmer lyvers St

T-3R.5C I
e 1 . 1=302"C
Top layer SmB | _ = s (R
Tnner layers SmA W0 TRl Ellh ¥
: . T layers SinA
© "
=514 " . . e e
Lop layer CrB g . l_—43 ¢
Trmien Tayers Smia . £ membrans

C-Y. Chao et al, Phys.Rev.Lett, 77, 2750 (1996)



[‘ekcaTnyeckme n cMekTn4yeckne MmemobpaHsbl
(cBOOOAHO NoABELLUEHHbIE MITEHKN)

Cmekmu4yeckue membpaHsbl
He umerom rnoosiIoXKeK U Ux

morsiwuHa Moxxem
gapbuposambCs om 08yX
00 MHO2UX MbICSY CI10€8




KameHbI PEeHIMeeHOB8CK0Oe0 paCCedHUA 8
rJsiocKocmu CMeKmu4eKCcKuUx crioee

“q:.r ' 'ZI,

Ag~2k @:

= a,
i ;

(a) ]

(b)

(a) isotropic smectic layers (b) bond-orientational
(hexatic) ordering

B
[

| , T 1 )
S(qg ) =(lp(q*)~[(gL—q10)*+k*]7" (’{\ X )= ” C 6n COS(OnY),
G(ry)~riexp(—kry) /H=Cg” with o,=n+xn(n—1)
o Nl — o Y24 p27- 102 ,
S(q ) ~[(gL—qro)*+k1" 1= C,, —hexatic order parameters

Aeppli, G., and R. Bruinsma, Phys.Rev.Lett.,1984



IKcrnepuMeHmMsbl ¢ 2eKkcamukamu

Ha cmaHuuu P10 konbya PETRA 1]
(PeBpanb 2013)




Angqular x-ray cross-correlation analysis (XCCA)

OTOT MeTo[ NO3BOMAET onpeaensTb napaMmeTpbl YrnoBbIX KOPpensaunmn B
Kpuctannax u xungkoctax. OH ocHoBaH Ha Pypbe aHanuse yrroBoun
KpOCC-KOPPENALUNOHHON (PYHKLUUN MHTEHCUBHOCTW.

Intensity cross-correlation function (CCF):

Clg.A) = (I(q.¢)l(q.,¢ + A)),

A is the angular coordinate, @ denotes the angular average around a ring of radius q

[1] M. Altarelli, R.P. Kurta and |.A. Vartanyants, Phys. Rev. B. 82, 104207 (2010).
[2] R.P. Kurta, M.Altarelli, E. Weckert and I.A. Vartanyants, Phys. Rev. B. 85,
184204 (2012).



['eomempusi ougpakKUuyUuoHHO20 3KcrnepumMeHma

2D detector

Incident
x-ray beam

L

membrane |

¥

224m | 0.26 m

-l
<

s e e

-

The g range of interest is around 74 nm-7; the x-ray energy is 13 ke V,
The beam size is of 3 x 3 um? by using few sets of Be compound
refractive lenses; The flux is of the order of 10" photon/s



L C compounds with intermediate hexatic phase

Cn H2m+1DCOO_- CiHaneq

H10)OBC: Cr 40 Sm-B 68 Sm-A 100 1
460BC: Sm-B 67 Sm-A 92 1

650BC: Cr-E 61 Sm-B 67 Sm-A 85 1
SOBC: Cr-E 59 Sm-B 67 Sm-A 81 1

nmOBC

780BC CrE -59°C- Hexatic (Sm B)- 64.5°C-Sm A



Tunu4yHbie OupPaKUUOHHbIE KapMmUHbI, MOSTYyYEHHbIE
8 CMEKMUYECKUX MeMbpaHax rpu pasfiudyHbIX memrepamypax

Smectic phase
with a scattering
ring at

Qo ] 14 nm™’

Hexatic phase
showing scattering
from few domains
in different
orientations

Hexatic phase
with a six-fold
symmetry typical
for a single domai

Crystal with

two domains

of slightly

different orientation




[a—y
=
T

o)

708} “od R

= 0.6} Sox ]

E 0y 10 15 EUI=E=25: oy

gn 4t SIh No fitting!

S 5 n=24
Applying
angular XCCA
to full set of
diffraction
patterns

l.(q,) —hexatic
order parameters

Normalized averaged Fourier components <C,(q,)>, determined at q, = 14.3 nm™
for 1 < n <40 for a single domain case. The insets show evolution of the dominant
Fourier components as a function of M. (c) Normalized Fourier components [l.(q)]
as a function of q determined for the single domain case. Solid lines are Square
Root Lorentzian (SRL) fits to the experimental data.



TemMmnepaTypHble 3aBUCUMOCTM rekcaTu4eCcKnx napamMmeTpoB
nopsigka B6nm3m nepexona B CMEKTUYECKY0 dpasy

Temperature T, [°C]

Temperature dependence of BO order parameters |In(q,)| calculated
for a single domain case at q,= 14.3 nm~".



TemnepamypHas 3a8ucUMOCMb KOpPerauyuoHHoOU OJTUHbI
& 861U3U gha308020 nepexoda 2eKcamuK-CMEeKmMUK

— 3[:]_"_ +
g1 b) 1
E I ( ) 1
=257 T
o I 1
= 20+ F T
= I =l

= I ,115 1
= 151 =4 T
g 1S

ks 10T = | T
5 51 12 13 14 15 16 I
o i g, [ nm™! |

ﬂ § ISP R —H—

59 60 61 62 63 64 65 66 67
Temperature T, [°C]

Temperature dependence of the correlation length &,, determined from
the SRL fits of |15(q)|. A typical SRL fit is shown in the inset (b).

R. P. Kurta, B. I. Ostrovskii, A. Singer, O.Y. Gorobtsov, A. Shabalin,
D. Dzhigaev, O. M. Yefanov, A. V. Zozulya, M. Sprung, and I. A. Vartanyants,

Phys. Rev. E, 88, 044501 (2013).



TemnepamypHble 3a8UCUMOCMU KOPPESSAUUOHHbIX OnuH &,
86s1Uu3U ¢ha308020 repexoda 2cekcamuK-CMeKmMuUK

LA

o
AT
———

I
—
P B

10T T

Correlation length &, [nm]

59 60 61 62 63 64
Temperature T, [°C]

=

Temperature dependence of the correlation length _forn =6, 12, 18 and 24.



TemMmnepaTypHble 3aBUCUMOCTM rekcaTu4eCcKnx napamMmeTpoB
nopsigka B6nm3m nepexona B CMEKTUYECKY0 dpasy

3(10)0BC

=51 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70
"o Temperature T, [°C]

=
|
—
=
o0



Angular X-ray cross-correlation formalism (XCCA) effectively
performs Fourier analysis of the angular distribution of scattered
intensity averaged over the whole set of diffraction patterns. This
gives us a fine-structure information on temperature evolution of the
BO ordering in hexatic and smectic membranes.



PeHTreHOBCKME 3KCNEPUMEHTbI A0Ka3bIBaKOT, YTO CMEKTUYECKME
KK obpasytoT rekcatndeckue dasbl (2D n 3D).

CBouncTtBa rekcaTtukoB MOryT ObITb MOSTHOCTLIO ONMUCaHbl HA OCHOBE
CUMMETPUNHBIX NpeacTaBneHnin. [1na aToro He TpebyroTca Kakme-
nMBOo 3HaHNA 0 MexaHn3aMax nraBneHNs KPUCTanmsos.

HecMoTpst Ha MHTEHCUBHLIE SKCNEPUMEHTASTbHbIE NCCIIEA0BAHUS
He noJlydeHbl JoKasaTenbCcTBa peanusaumm mexaHnama
obpasoBaHus rekcaTMkKoB, CBA3aHHOIO C guccoumaumnen
ancrokaunoHHbIx nap (Teopus HenbcoHa —lanbnepuHa), B KK
rekcaTmkax.

IMeroTcsl MHOro4YMCIeHHble CBUETENbCTBA TOrO, YTO CLieHapui
nnaeneHns B 2D He ABNsieTcA yHMBEepcanbHbIM, 1 OnNpeaensieTcs
NHOVBUAYaNbHbIMW CBOMCTBAMW CUCTEMbI, TAKUMU KaK SHEprus
apa OMcrnokaumMm n Mex4yacTUYHbIN NoTeHuuan.
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