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Abstract

The first part of the thesifandealomawi zbhdt hani
( NPdan have on the stablihayesnf Expei NRemtyaslt a
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agreement with experiwemkalf obboeredabiyons. eXpi:
of ol eyl amiomd efdlisiAfuadae ed temper at urtewisstabgridizm
boundd TR phaseEBTHRMM,(nN= 9, WL Lallo)ri metric and p:

optical micr os cweprye npeearskudr gemmeefinitcsant i ncrease i n
range ofasapthhaeseTGBas observed only when the | ow
smectic A (EmArompmheast he | awair et @thmesre was th
smectic’)C plh@m@, the increase was negligible.
1BBTRMwhere all three phases are present caus

to decligasdéi avdhntlley foand hSph@GBs i ncaheiafsteidng a
systowar dsa-SanASB8& r i pl €l hpeoiimip.or t ant smeacbhidgi s ms
t he JpaBawer e f outnhde taod abpet i ve defect core targe
and the mechani sm-ssel ay eayl.da ot it hie saddl e

The second part ofcalhoer itch pesfcfed altesa.l sy wi t h s ol
the i mpact of doping on the éhecumod-bbhamid ee f(
ceramics was studilke.i mpasdbfof mahhes i skeosesbn
temperatur e, applied stress during omoddlei nki
el astocal oriao e&€fffectd €eCE}) alwaisn e nevleasstti ognaetresd (
DopiBapgGa i Qvi t hcaZused an increadgetihl thel &ICiEv el
t emper alt=ur3e885l (K)c. o rdd p iaBsalS¢ T.i svi t h Sn caused a de
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experi ment al results. It is demonstrated tha
crosslinking temperatur e, | ower applied stres

LCEs caoseseeaseiin thebehGE.i oA pencwel@Basee mpadnse
t heas e C&f sample with a 6% mass concentbeation
a consequence ofhet he nper ooxfi ndirtietrimdas|b epeari retf & e c t
the dridesrt phasto tgwamer driiofnboatd Ewoltetawor ferr






P ovzetek

rvem delu te teze se ukvarjam z vplivom pov
stabil i-kah fjioh t ekpiredebnelk sper i ment alne poda
centracije ND na fazni prehod med izotropn
mal nega matemati ¢cnega modep @j, A&.t dama lkjv ad i 1
abi l-Ldwjhens klZnNni,vmdkdealer em se ND obnasajo kc
raij mreze. Priemnp&t abchermopset ant nso i n G
zdelitev. Rezultati dobro alopalaathedy no
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Chapter 1

Int roduction

Topol ogi c(alMlDppreact $sn a variety of phypBuWcal sy
7] quantum][ @sly]stugmgs [ L B,j d 8tifhii Inm mla Dhee]tas d

cos mo[l mpOypef ect structures, which are a conse
phase tr amsiftoiromschacoti c or even regular stru
study such defect structures in systems that
and are quantitati[vigBBLi guimp!| ek o teasltaatdy acti ve
exactly such a purpose. Thesvear s gstyemshaerhirbe
relaxation ti mes, and require a negligible a

Boundar y[ 2e4f,f2dbdjtes addi ti on o, BOBEO iedealdlI8nld i t i cl
35dnd [ BePancrienase the complexity of such syst
the dynamics and interactions between defects
matri x using conventional optical pol ari zing

LCar e typtischalpleyd -sowralpdeidscor ganhat meké@cbli ¢és one
intermedi at e asit atse(dlinioepti wdeand a [cAfiBEaehd i ne s
phase, or mesomor phic ph-araprgeerhidbits nathert
arrangembntasr dgmgeg orientati onaphaghM)emwhienet ba
averlLaGnel ecul es are oriented al oln@arteh es smarnei ma s
referred to as anisotrolpCcthequirdeansi Depansdbredg
phasa®n be achievédg ichangongaybt heempacananrat g
Theor mgpd Gafr e known as t heir mdatemreo pkinco,wnwhaisl d ytoht
I'n thienlwprthelL@woitlrlopdbe expl or ed.

The | ast decaidecrheass e eiem tame study of inter
nanopaf( NPagnldeDsvi t hniLnCmat ri x. HomogenlkOwistNi#ni xt ur e
can often |l ead to new and e[ndgla/rtcheach gelse dtnr opohpa
beha{k8upgdBtabilization of di f f[eBrup584h nd opbhepgi c
behavior usef ul for applicati onsNPI Elaesprnt e®s en
di stortion in the nematic el asti c friaenlgde, w h
interactions béat e&BPpazrbiocli ennt ati onal order
the tendency toward phase separation. On t h
treat mdlPcawmfreduce t hi scathe nad esnoc gsLtCallthirdyicz err a
containingTB ITahtitsi cset aobfi | i z atde 6 ece it rse pel naacbelnmeedn t b
(DRRmechahb9MppropriatrelaNPRdaiddaec et he free ener
of foThbiwywgreplacing par tcoosft |tywh et beeeev ggled mec ad fl y
trappRd The same mechanism is believed to be
i mpuriti-eb sauapeypenductors.

On the applicational side of things, LC can
One can incortporat pol Wwmenr iyohbaeiinn,g epiatrhterofb t he



2 Introduction

backbone or hangi@rgodgloimnkitmsg stihdeese | iquid cryst
an elastomer forms a liquid crystalline el aston
el astic properties of amlelansdt pmeri twiofnéal}l hoa deerrii e
The coupling between strain and ormil ¢etbgtoinenal of
altering the o¢ hewe dhHandert kxaompilent ati onal or d
the temperature of the material, we <can alter

ef fe&asdtmi.l ar effects can be reached by using el ec
t hey haved igeractaitonaplp pot ent i al @afasPns € rhseo rogd heemrrd hamtduy
it has been demonstrated that i f you extend L
appropriate temperatur el-Npwhdse ttruamssi toiuan ttoe nbpeer
the LC, the LCE wil/| heat up. Rel easing the exte
back to its original l engt h, which causes it co
LCEcauses them to heat up or cool dowhf edlthi s i s
(eCB®hich belongs to the |l arger family of <cal [

Anot her member of the caloric effects is t

e extedmiadi Mg etttrde t emperature change of th
eeor pparaemapked to the external elEeCEt s i ¢ fiel
served in fertoebeaechrmatmatatsal a. | arge enough
n produce a spontanedhespolmartiezatail sgrhatre, agp ®a
wide array of fywdtli anhelteptriopgr f oes t has r appl ic
enviraardrmagritendmgnageamentThde viverel . witlhle fEcBcEus o n
dopedf teadbari um j(iBBTHheat eeBa dt Oi ¢ cer ami cs.

This itbdecowpodavhe pahlh tdseal ing with the i mpact of
on phase ordeirfiing pmadpempti es. slwnc ht haeswed ansdrlipcaref f
focus sandLChe defslkcei pt pbadeaishirse |Aedveakctr i pti on of
topol ogi cal def.ecTthse wWiollll ofwoilnlgo w wohicshapters wil|l
andxperi ment al -NBsunitxd unés.LCIl n t he first case,
mat hemati cal i mghdee |i nlpeascctr imaf i NPt @atni e &l or der of &
N. Af t ewe tphriesseande etsheehtds compare them with experin
Il nmhe second case,alweerwiatli AgQrceasueonrtie mehte( y- resul t s
NP mixtures focusing on the potenti-garlaithemper at
boundary A pHPphase ahTe@BEK ampl e of the dARDLITHIve def e
me hani slbrm t he second part of this (tThesicsa,l owda cwi | |
effect is ifrotl rl cadviedde e yw ft htEiIC&dnn dopdd 8lada @

t h
t h
ob
c a

ceramics e@BdL QEse |l n botwebrciasfelsy timadaseodmateri al s
i ncilnugdier el evant fporopeurtt i & sAfetsetri gwhii om,, we prese]
di el ec ECHne assrud ement res-tFrBa&Tict rdaonp Bodw i Inegaod h e
same pattern, the e@GEheamosmeemanbh CEdssahmpdesent e

I n a separate chapter, we alngdo siamtprl @d upcree ptalrea t
techniloqqueashe conclusion, a summatdi egm opfosati ohbef
further research are given



Chapter 2

Topological Phenomenain Liquid
Crystal

We shall gbeghnhg bBybrief but sared etvlaeitr owairrivo wesa
as it pertains to our researtche prthea rso nweinloll og
description of varidessri@pophageods ad,n dse fneccet st h(eT
form the basis of our inqguiry litntwi |tlh eb ee fsfheoowtn
NP can have both caonddgturcudtvieveefdred:t wi t h an
treat maMhtat i s meant ebiyt htehri sd e sst rtohye yt ceang !l ob al
by for mi-NMRy paaiTrDb al so knowncaeaanbhggead torgd ycian g d
randomofigetdbilizstinguctutas ni TDLCs by interact
reducirdfg eteh eeénnearigtyy .p

2.1 Nematic Phase

The silm@lheasste Nipsh atshreeher e is no postheomal eoude
mai ntoani mv,aer pagef erred orientation Falsgurhéelyi)di f f

direction i s exprbksesdattlhbey nae nuantiitc vdeicrteocrt or or
and is a vectorial order parameter. I't is obt
¥ The averaging liar pgerd ohpemee o vtea tahe mol ecul
but small commpeaerf @ed mtad i toyrpNlpadgtehlse | aipaci al pro
the director is that it does bmntdbidiocrt iinmguadtshe
words, t hetreeai b sy mmadry. This assumes an abs

to be trrmuemdaltdirc Wiltithout any exthergadlobahf louvéereaocte
t hphaise completely abdddsg amayit.n dammge viewnf,or mat i o
the degree of orientational ordering.



4 Topological Phenomena in Liaquid Crystal

S|

Fi gdreA schemati oNdppastei ohCofmohav,®ira g«
along the same direction Wepresented b

The anisotr Npiheaseat beeseé&n in a number of meas
guantsuackesas the diamagnetic susceptibility, the
permittivity. Fore mai &rap lee ,o ptty wiad dly rurnziaa xioanl : t h
along the | ong axis of the molecule is different
of these tensorial gquantities can serve the role
is a -seaokntdensor known as the tensor order paran

_ T T
n = Yy = = blbl = . 1
. 3N X . 3l (1)
Thegydenotes the ther jnamn draune rodvded, , (i girdsd ckenso w
as the scalar orientational order parameter and
1. x
X=5y3con, I 2

whefies the angl e bet ween t h¥a mob | reecrod taibic old i reend tad ri
t hlphax=ed,and i Mph daGex” 1.

2.2 Smectic Phase

I n addition to havi ng pohraiseenst ahtaivoen aslo noer dpeors,i tsi noencatl
form of a | ayered structure resembling a booksh
freeityhin the | ayers.LCahries siosmewhynes meetfiecred t
di mensi onal ' i quids. eThe ¢$ihmpls en@® mA ovelé\d ripeh atghea s

mol ecul es are stackeyd Bandatheiydip@atalblhelckih@estshe
nor mal . | f bit hesdigbttyprtilted away from the | ay
smectic (GmLhaAsemahi c depiction of bBitdhuwypehases i s



() (b)

Figa&reA schematic depiction of two smec
mol ecu,loms avead ageted parallel to thepém
where the molecules form an angle with

Similar to when we defined theNphaspt{atweonatl
define the positi omnkasmeocrtdiecr pphaarsaense.t elrn fsoirmpl e

ii sommonl y ctohnes irdeelreevdant variCalwi é | havae ameonh
value within the smectic | ayers but will spat
in a periodic fashion. I n a good aepguiolxiibraitu no
valiuean be expressed as:
(0§, | =n0¥c s 1)+ d =AY I+ 9 ©)
The density modul ation is not vertyhes tcroommpgl,e xa
sméecc order parameter can be expressed by a s
T0§= Ay Cee ), (4)
wheffes the wave vector ofi stiphhaperiqohidd st heatdu
Eranslational or~der parameter thatndNphasefies
1(¥=0, while in ai(¥mecai comphe®h nambefi niSui on
smectic order parameter is quite WNsSafAamd si nce

conduscuperr conductor [prhlagse transitions

2.3 Twist Grain Boundary A Phase

An obtjleatt canmansfhber med i nto its rmotratoiro nismaagrel
transl ations LiChhaakbedocmedalby chiral mol ecul
unusual . They can contain an intrinsicNhelica
phases,ownl sas krmolesteric pthEsas, nulbhe shtegmatoitat
a heliBalThaexitsypi cal l engitbh fatl whifobatcel Akhde
pitfchSimilar helical struSm@mhag Senfcn wihteehrdeo u n d
mol ecul ar tilt within each | ayer is rotating
anot(hFeirgar e 3

However, it iss mumpasnseiolulsé yt generate a conti.

both a smectic | ayer strwcthre a&ahe amééetical



6 Topological Phenomena in Liquid Crystal

frustrated structure created by the competition
containsgmarpeghboandary olfatat il @a¢ td caresiodtismg ew di sl
structures tend toefoamgenbéeéheNpphrarmpd evaittalr raalshor
pitch and a smecSmAhpbk&m8ghdjygRr5d¢al |y

The twist gr &iTrGBpbaeHMiagyy s wlBib¢ h werwisltledbe ni,nt
consists of smectic slabs seapiangtedaby deéeci!| we

smal lewanh@pl respect to each other around a helical
The ordering within each segauwl airs sempewitviacl emtp htaos
mol ecul es are arranged in layers and awki ahmhi axi a
is parallel to the smectic | ayer normal. The gra
consisting of paciafitedil die feicd! d d aateisgn s.pe

CDE

.
A

VU
1
%

1B s 4t
o,z M f | Wil
LN
> '/

a) b)
Fi gBr ea)n3SmCpadase, as we move through
angled LC molecules r &t alh)e Al sonhe matdi GiRe
phase, where tshmechecghlhbhambisngire rotate
separated by a | ayer of grain boundari

2.4 Phenomenological Description of Phase Transitions in
Liquid Crystals

Di fferent phases of matter di ffer by the type
phas

magmet@ti on, and SO0 on. Transitions bet ween
potential s, such a®atmmide t GBieb He | imh o, t eannddr gtyeh ee me r g
derivatives. We differentiate betrwleegn atewlo steycmpe s
order. -¢tmdear fphase transition the first derivati
which is wuswually the order parameter or entropy
transition point. These transitiomna ®wedemdy 1 nvc
phase transition the first derivative is contini
heat capacity, diverges at the transition point
transitions.

I n order to describe such phase transition, the

The basic idea is to find a proper order par amet



free energy in the vicinity of t herphpas e ntertaerm:
and finding the minima of the free[dafizlfrgy as
such an expansion not al/l terms are permissib

in to account .

2.4.1 Landau-de Gennes model of the nematic -isotropic phase

transition
Theappropriate order paramet-er phagqei tednsodt de
secomtk tensor olldEquataircanmmete)y). The Landau
Gibbs free energw density in terms of

o)=Y + SAG A +ZaGW AW+ ZAERNA R A A 49, (5)

wheYéeés the Gibbs free energy density of the |

expansion is the presence of the cubic term, w
W W _ WN. Theetsashes not degenerate, and therefore
Landsaut heor em, such a pohradseer .t rAa nmsd cte sosnariys cfoinr

transitionordebeisetbé®id)vani shing of

The expansi oA(i)cd(d) f iaMieant s assumed to be te
dependent . I n pract|Ac(|e)tmnebeu5tLeanIpleyattwkmsdcerpleyn
andare taken to be temperature A(ind efgiiendent .
A@_ n)witih being the supercooling temperature
metastability of tEheatiphasél)Cambdi 6bhgyields

S(it)

.1 C 1. . 9 ..
+ = n N + =3 + —MAN+ =
Yy 3A(VILI/I)|/| 4aI/I 1éCEI/I q »

. 1. - 1. 1_.¢
+ = / n YW + =31 + WY+ 9.
Yy 23(|/|L n) 33 W

Mi ni mEgquatgi on (@xtWatwd taeakpng in to account o
MWterm yields:

,—;Ilzé(mhm‘)mémwvlzo, (
with the physically accepted solutions being:
n =0,
PR B (IR D) (¢
2y - 3 '

At the transition po¥ih)=Gweenthaiked. t Bembondngi bhq
two expressions into:
%

n—. vy =0, ¢
T ) (¢

Al



8 Topological Phenomena in Liquid Crystal

one can determine the equi |l i Br £ 03588Y, o rt cheer pahta steh e
transitionit emp=eir &3P, and the enthalpy density
to the jump in yist&Em 2nds/Opy 3N /2 The
superheatingi temperlaitmrte of metastability of the
be =i +3/49Y.Fi guskoMisey=Yin) Yas a fuWMtoiromanfous
temper ativ¥ie st heAtl phase is absdkuit,elay rsaladtl ieve At
mini WumOappears, with the system remaining in tt
t he | phase. Oni ft hteheot fhhyegt ehmanids i nitially in t
super heaiwiedBAdbiocviet he | phase is metastable and t
One can observe the nucleation and growth of nen
from the | phase.

*ro ‘s\\
- 1L \\\ i
x \\\ o ol &
o NN\ *
P N x | T STST,
& 2r .
L %N
.
\
\
3k Y 1 =
L \ \T
4t N .
el | . %
'\ \
5 I I I I I 1 (-
0.2 0.1 0.0 0.1 0.2 0.3 0.4 0.5
S

FigdreThe Gibbs fre¥=%ineYayg dehsiM€Epron
t emper d@tiugy etshe supercodlisagthempepat bhee
and i s the phase transition temperature

2.4.2 Ginzburg -Landau model of the smectic A -nematic phase
transition

Ascan be skEgamtfirooom ( 4) , the order parameter of t
components: the transl agtuiamntahfeiccdselgre@ acfamedyeer t d
n¥, and the iphasea i bhinfgt the position of- the smec
Landau expansion of ti me t fertetese oaxrpesrepeyc t d &€ n soirtdye r
par amg¥ies:

+ T + 1
1T 'q':/\ln /\ll ql (

te g 3 .. .. T 1,7 4
y@)=n@@ _a)jlt] +snlt |+ A&

wi tnhn, &, aBdbeing positive temperature independen
A= (17T T do). Since there are no odd-otreadrems, Tthtree tr
gradient terms reflect theil.poTshsiisbidx pirye sosfi osnp aptrie
thai §s xfed. I Bdoesalityctuate, thus we must modify



take this in to account. Let t he -asxmesc.t iAc slnaayle
devi atbifcrono#hies zwi | | have a neglhiagididtlhegefhfae ct
in the pl ane peraxdsigs i biu Rsa rA tromblablthl tzenyenrp |l i es

a displ alebmenh the new smectici oirler. pdememet e
T is the smectic order paefemeemme dehl sBedkhnowh
intrinsic smectic order parameCE\Le,(ﬂwlenmoddéy t

it it o K ABR)I|, whichl givesr ithas we desired. T
f

inal expression fby abeafifiexcenengypfdens

LRI AL BT e (1

ORI rm |°‘+/E‘

2.4.3 The Frank elastic free energy

n the caNeplbédsd herdnsition, it w_asEi()@'ssumed
onstant thought space. I'n real it wWX¥tdhuer & oar e
onstraints that bauedampasegsboemth&uch fluctu
ree energy penalty on B{Xhwearsiyesst esnomnwAlisys wavi d gy t
he most basic deformations fndudefonmhCsoases
n Fi gTluhree f5r ee energy penalty kixploesapbayfor
wist, and bend deformations i sexpirweggiméhoyn t he

- =~ =0 0O —

A R
y—E)KIbIIbI—
(2

[ . S :
= k(B + KB DE] + XK [ED( DB,

deformations, and the third m describing t|
deformations are determinexk, Mpntdhe Frank el as
In the case of bdlsi rianldulc@sl, twhearmwa st spatiall
structure, the full Frank elastic free energy

with the first term describing the splay def ol
ter

j =K ( B + K DB+ + KD ( DB .
(3

XK 4 QB T+ BID . D).
The twist term i s mofd+ 2Hfewdth P heingtime pitcll dnidt hen o f

addi tX,otnearlm i s knowmpdsayt teersmddluee to its div
usually expressed as aovwwfodaueneterm once inte

@iﬂ

(b)

Fi gbreDepiction of three types of defor
t wi st def ormati on, and c¢) bend defor ma-
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2.4.4 Boundary effects

So far, only bul k t er ms wer e consider ed, whi ch
associated with surface effects on the boundari e
the surrounding boundary modifies the LC struct
(sutcrt ur al rearrangements) and Ibiwnitthd nt hten ep dsud ikb
(anchoring [MBegbmena)faceéetli erdenheamioedoby the po
azi mut hajlanangplaad ideiurleacrt i on which mini mi,zes the i
and thus the reduces the free &fiergy pganhaletdy tde

easQKi s, representeadn db.y Tthhee ianntgelréf@gic)icaln tbensi on
expressed a@,it)aends vanm cafnc hor i ndgnie,n ewhgiyc H uchecp @ mds
on the intermolecular interacti onst haet stuhref abcoeu nd.

anchoring energy can be expressed as:
1 i
dzhéd(bﬂ’}, (1%

w h e d eis the polar anchoring coefficient and¥t he di rection of the eas:
expression is k#awyoubharthacRBPpY nogt pcoatne netguailval en
be expressed as:

d=. d Yans (5

Depenngdion t he ws differentiatef between strong and weak anchoring. We
shall only be interested in weak anchoring conditions, were the resulting interaction on
the boundary has a negligible impact on the qualitatively bulk behavior of the LC, as
opposed to strong anchoring conditions that have a significant impact on the bulk LC
structure. Depending on the type of surface anchoring, whether strong or weak, plane
parallel (planar) or plane perpendicular (homeotropic), boundary effects can have a
constructive or destructive impact on the surrounding LC structure.

2.5 Topological D efects

The order parameter is a continuous field that

point. Generally, it is a function of coordinate
of two types: those containing tsiiensgulArgitn gl arnic
i ssmace wheerieont he | ocal order parameter is not d
defects as we shall be referring t.artthemtfhream he
zeddomensional d{meinst onat wpé mearesi)onalf Di(svadal s) . A
nonhomogeneous state which cannot be eliminated
parameter, in other wahrodnso g eonneed udsa hsntoatt ear ri ve at
TDcan be categoirtisnétl ubasedoonthe suFoobunding c
example, |l et us | ookdiante npshisopnta ld mf e Weé ®c @m cads § wgn

TDa number known as a topological charge. I n ord
we encircle the point defect with an i maginary |
cl ockwi se, we obser veeorhioew tnaud ho nt dusadadiigresdclitydta tt hi s
process iBolWwlfbwsen as

1

T

(1%

i |‘<|
<SR
.‘:—I
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where the integration takfgs plhac®rdwert aa icolno soe
fiel d,f samad s mal | |l ine sebBeaeidats afeftelreg eadl adsoe dasl a
numbamd eigs al to the tppol agitawinsCc b a Spengy st em

exampl es aFeg6hebune itnot® hel hegdmetry of the ne
hai ht eger values can be obtained.

k=+1 k= +1/2 k=—1/2

m 27|

XK-=p= (e A

-— TN
‘“ \\

Fi géreTD with various values of topol ot
integer and half values.

We can analogously determine the topologice:

di mensi ons, except ilmophiis acegd atkd ©bkosaedcl
mat hematically the expression changes to:
1 1 bt bt
f_4_7H bi FDI— yx yx, (1)

whex anx¥ are a parametrization of the clagse
and the integratirensdofAsceveheaa see, t h
depends on thebit hTihrids tploaye riteled si gn of th
depends on the direction we assign the d
assigning a direwéianetbr éeéattd dgresyg mmendy.
the direction we ocnhvoeonsiee nicse paunrde liys fcoompcl et el vy
sign of the charge i s c¢ompleentseulhya ta rwei tarraer y oanss
when det erpmil mign ¢ atl charge values based on our
An i mport aonft o peelsad yic oins et hati on of topol ogi
nservation |l aw implies thatopdl ovpi g¢ale adearag
e system wil |l -dcerfeeactte wa tpho ian ttf eapribtlioTghiec atl o tcahl a
ange of the topol+to(gllz@l Leharuge liosok a\t t wo s
one wi Thonud tamg oatwperidai ¢t s of ofppdbsite c
gd=_1 . Both systems have af$+0tadant oopnod oy sta
t hout any externaledi nfnltwe nche, ol e etrr?a rDseff eercm <
n meédmadiircector field, which i mposes a free en
yEquati onhh®8LG@)ystem wil/l attempt to destroy tF
hem together ame manmi htHeat sageel wayr @an ppaii it
nni hilated. Wi th this, the free energy penal
The next question NLCswhk at mbaigptemesa udnefaecct i n
f a colloidal parti dlOmat whxe@hReogaedHh
of anchoring on the surface of th
ogical charge efd.tAi pacomil eeavi $ s
s equivalent to af=tlqpiod Brgelcrmml o rpddrm:
for the total topol ogi chNilt scehlafr grau stto muecmad ant ez ¢
poi ntdeafnetcit wigthl c Horwger er t hmmd v ikeus nexampl e wt

- —
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nt defect-dahdcpoannhi Antate, thus reducing t he

poi
the colloidal particle canqtwef ebée. désstepndd bhey
par tdiecfleect yas®embh ot her wor[dX], The ¢ e ptoyl ppegs coafl pda ry
defect assemblies diLLmeat s fcammdoanl ki mah odther andc
that@an | ocally induce a dciofnfpearreendt tdoi rtehcet igolnoabla | o rd
ord

eri ngClof8]t he

Fi gdireDepiction of a topologdeéakctdi psbk:
the NP is a physical objectednkdy ntohe at @
defect through annihilation.

2.6 Experimental Techniques used in the Study of Liquid

Crystals
Throughout this work, we use various sample pre
The measur ement technigues can be difided into
measurements aimchedaempemanuse I n other words, cal

ekttt measurements.

2.6.1 Calorimetric measurements and analysis

An i mpowoi @&nis pl aywyead db yt heen thlrelimycapaccihgracteri za

of the type of <critical behavior, as -wel | as th
secomd erin t hel 1Pall ear iaal si noprideer f itrrshte s Bt iisn,a t
di sconti nuoasdupumpo itnhe presermcebuwt Il iatt telne tdre a;
pretransitional Ibrehaosderonthr¥a=n0si twihBmueual |y
exhibits a power | aw singularityentOfifleqmy there i
LU EY R whveﬁEeﬁELA':( ), a/ d )representsﬁEthe nor ma
behavior expected in the absence of darhe transi
pr es e nRiegdlraend

Standardtrciat¢ otiemérni ques, such as traditional
di fferenti al scanning calorimetry (DSC), have s

calorimetry has high preci sixoant asntdr ocoagridyelrd i useé¢d
transitinomse, cihtal¢@nging to achieve aE@Bufficient
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cl ose t o -otrhdeers epchoansde t r anis,i taonwdlelmpas atureeq

sampl e[ 8&a]JHo wever , DSC is widely wused due to
sample size. The isasye sbaoomag ibhaske md ing g sTcheel
drawback of this is a poor temperature resolu
chang®s Wmile DSC is very wuseful for initial s
guantitative meacsruirteinteanlt sp hnaesae tr ansi ti ons. It
all ow the sample to be cl ose t & angouma liibersi ucna n n

be obtfai9ne8dBye to these doamwbsiicikegs biweh if@mrc usc an
calorimetry.

H H H

: T T
T, T,
Fi g8reDifferent types of tmandgdiopi omw:-i
order , weakley ,fiansglt critical. Bottom r
GCp Cp Gy

Fi g@r eDi fferent types of tran&ZitmTopsr b
fiostder , weaklkey ,fiamsgt critical. Bottom



14 Topological Phenomena in Liquid Crystal

Measurements of the temperatuyewdepepdehoemed
empl oyingadehdmély automati zed dualr ensoodeutciadnor i m
calorimetry mertehsoodsutame WiICghcal ori metry and non
calorif@@t?Tlye AC mode provides us with precise in
ent hal pyasclhadgecti on of temperature. I n contrast
to both continuous and discontinuous enthalpy ch
resolution.

The calorimetric setup consists of detdher mal
copper bl ocks. A Keithley 2002 digital mul ti met
supplied power and tkihtehermistam.ceTlnd hdedaet &00i s c
Kr o-Rint e mo d e |l 5920 functidecrmadenegreatisdcrt omnd whai cst
adjustments of the signal shape and amount of p
temperature is set and stabilized by the Lakes!
(FigapPe The whole setup is remotely cloentcreollll ed b
i preparepuwmnisti wgsihligyedr sheets. An indium paste
p and | id, which ensures that the cup and 1|id
y possible |l eakage. Next,teéhieacedahdisedli €deldy w,
e cup and | id togletehirst iAV¥ & eRmenalirias k an up2gDdr t i v e
ppe wires aresatdeaolied hteoctehé wwpsngleGEBOfvarni .
e ceIkIsmaIBO@Iass bead t her miognpmrm eing @ldhedi ve
rr Seal. The cell i s then mountgeddliebr theéel sampl
coupled to its surrounding mainly by air and
imdufabom the outside by three ther mal shield

c
a
t
c
t
T
[
i
chamber is stab0.1l zekd by twid hiankeshore temperatu

S
u
n
h
0
h
0
S
S
h

Keithley 2002 digital multimeter

Six-decade adjustable resistor
Krohn-Hite model 5920 function generator

Lakeshore model 340 temperature controller

FigadDeDevices pes ¢ o ronfa ndcdeleor i metri c r
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Copper wires Silver sample cell 120 € resistive heater

FigadeSilver sample cell withgraegiacthiewde
50K s mal | gl ass bead thermistor is atta
The setup fesolLbei bngbal ori meter can be depi
t her mal system consi stihRiggw@Pe aTbBamphienandsias th
is attached to the sample and provides the
t empercactnutrrand ttledst abi |l i zed t o iha sTphesc itfhiecr ntad mpl
bet ween the sample and the bath #i.s Suecphr eas esn tmec
zedomensional model <can be useid onhetnhd hsamplea
sufifeinagly small SoO one can neglect any temper
sampl e teimReirsatduerteect ed by a small bead therm
on the opposite side of the sampl e.

| Heater |

Sample |T5,Cp
R

Thermal bath Ty

Fi gur2e Schemattcomdepf manszieag mal model C
sampl e, ther mal l'ink, and ther mal bath
Due to the conservation of energy, our ther

at mospheric pressure can be expressed as:
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i

<
<

)7)-(F L|7| ’ (13
I

|
=+
|

3=/

X

y
Herzei s the power supplied to EheAamplke by a res
is the total heat capacity of the sample and eve

as wires and a hroeqduiiiirpesdc)e,hke { efmpenatiuse measured
bead thermistor cotiniexttelde tounrheusdimpd hath temp

the | atent heat. Without any=@hatslreuxsoexi stence r
yay X3, (nm, i)™
£ =——>= . 1
ywy Ky Wy % (1
On the other hand, in the presence of | atent hea
3. (M, i)m
£ = , 2
X (2%

with the released oiri navlod ovrelde d nidaetheenpth alsesattt r ansi t
beig given by:

(2}

whefe i s the heat capacity of two coexisting pha:
htae, axtdkare the times of the appearance and di s

phase at tiermamdar[adtiur es
The AC mode uses a sinusoidal oscillating inpu:

3=3 +3cdlsX (2 ¥

Due to the nonnegligible thermalmalosesetshit® sha@&ns|
met hod nonadiabatic. I n equilibrium, the sampl e
of two component s:

nR=n +n (X (2 ¥

Il nserting tihn Bpueaxt drPens Hinen obt ai ns:
n =i +3n, (2 %

3m , .\ .. . ;
[c dls¥+'1T s i(In§= .1 s i(inx 1), (2 ¥

"OTaTy

wheir e=n/& aniddenotes the phase shift between the |
the sample temperature osc-brbdetiphasénttheasictbe
=0),t he temper at uit eanads ctihlel gothtaasne bseh iefxtpr essed as:
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3 1 “
=2 1+ (2%
G ey A = !
. 1
taln—,IWE. (2Y
The heat capacity can thus be written as:
_ 3 v
£ = ——cCcols8 (2 ¥
Due to the small, yet nonnegligible phase shi
3 1
/£ 8 2
N B S (23
The ther malcraeasibet arc¢er miined &rbmet her oml axat
The input power o0olshcaisl Itaot isoent firne gtuheen cryang e :
1. .. 1
— 1 —8 3%
| [
I n the camedef phthis@mst rlaamkiiésntr ehlecaatsed or abso
coexi stence-prhamsge tafana ftowoma tkii sn .s eleme byr anemae®
temperature variation ofkitnhe dammlde.t eApslraw urr
not chanugle will have a ineglAi giabslt ek neefl feaacsta pord |
changehat wil |l ablys odiasftfoerctti ng t he harmonic o0s.
temperatur e. This causeis awhiarho calud ulsu hvieanrtoi faatt i
the phase transition. Foordeamphaséeehbdabateio
a dip, whereas, -omddrhepltaase torfamsiftiiren al ong
exhibits a peak. Whi |l e some negeuwalfirtoam itvhee i MG on
quantitative i mkfcoarnnmaotti olme abbwuai ned. |t can,
determined in combination with the relaxation
I n the relaxation mode, the input power i s |
of heating:
I 0,%< 0
309=7 I%0° X X, (3)

J3 = 3IX, % %

Where3L°£ — is constant. If the power is being reduced in the case of cooling:

1 3.,%X<0

3=y 3 +3I%0" X X, (3}
J 0, %> X

wheglks now a negative consteantte mplehrea tviarrd aftd ro ni

and

decreasing power regimes is given by:
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W= +nzl 1)+l azd (33
iy =i, +az 1 )+ azS (3 ¥
Theher mal resistance is given by:
VI_MGLM @5
3 b

whei.,ei s the saturated temp&kratsirehedheahealtattaga
EQuatRPnusing data obtained from boghsheaeing ar
power at a given moment of time cormdypaoamgdi ng t ¢
in the inteiramil, . bdthweadmnny ¥at iobe ai ned iy fitting
data over a short time Bpter itehbea tShaplticaywzaldy latte rtii mee
algorithm is used. | f theosgstemhandetrgarsi i sh
heat s straightforwaEgudatoR detérmei@dBei sromughl y

constant andoxbmeatassd | gy appter pol atAd A odatussi ng sl c
outside the coexistence regionordeér twietphamal It ri
moderate amounti «cfarleatmaurst Ibeatt aken when choosi
n anilthat define the extent of the coexistence r e
be approximately determined-phraecm tclhexA€t ennde. r ¢
there is a distortimon Tihn st teswadvtves fiomrmnafharact e
t he phaiskeetsvhedn the i nput heater power and the s

2.6.2 Liquid crystal -nanoparticle mixture preparation

For the pr epfau aNP omi xotfukrbe@wn amiweilnlg {JragR2d c ol is u
20R of pure toluene was added to [@a smabll amount
200 mg and mixed well usi nagmoau ngtl acsfsAes ttl@Irieeane Th

solution was added and stirred. The mixture was
to 80°C and maintained at this temperature for 1
sl owly heated to 100°C ernat umae ,ntuan tnield tahe tthadlsu et

evaporated. | f the toluene evapor atRedoft opumgei ckl
toluene was added to the mixture. Once the tolue
was taken off thda He®Dt°iChg amldatdde ,p petdi lilntao a bat h
prevents the NP from being ejected from the LC a
mai ntaining a good homogeneous miXxtur e.

The Au NPs were pr epadSkle mpanrdt menratr afgare h\bagteedr iaa |
byAssi st. Prof .l Slav#er Kral functionalize the NP,
The average di amey=4r8.®0f ntnhe adiud NvRasi sdet er mi ned us
|l ight scattering method.

2.6.3 Polarized optical microscopy

Pol ar i zeeld noipctriocscopy i s used to determine and d
Observations were performed using a Nikon ECLIPS
taken -iinmgeasi ng-Fd 3Ninkcmr oBSope camer a. Heating

were perfogmaed HFSB&®®BY heating stage controll ed
T9-6 temperature controller. Glass holders are ma
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spacer slRIFn gauardcer to minimize any kind of surf
LC phashkms,t hliocok spac6fFasssepkatusedweorley itnoi edaet e d
achi eve@aadhir gnment on the surface.

Spacers

Glass planes

Liquid crystal

Polymer-based adhesive

FigaBeA gl asowldemplmade from two treatec
a polbjamead adhesive with two spacers 1in

2.7 Simulation  of Liquid Crystal M ixtures  with
N anoparticles

Studi es of 5tO0BIC@p e @ PWacft hv ol ume c"binnc etnhter adtiil ount
regimel)( have been performedamanngpeol noscep)
optical birefripdgd8nde Whahswaemehobwn i s that t
order p#ddametaryed two differle(hitgakgi mest oa 1 in

regiawel” (1), wh e&r0.6 0,/4() monot onously decreased. F
second Teg«x@el, it gradually saturated to a r (
_I 1 1 1 | i
0.7 - L ] B AT =19.4K + 1.5KHH
L ® AT=15.0K+0.7K|]
b » i A AT=10.0K+0.7K|]
06y g v AT=50K+0.7K []
: 4 = ® AT=10K+0.7K |]
3 g
0.5 : + . :
[ 2 :
04 v ]
w | ]
[ - ]
[ A
02F .
[ @ ]
01f L
[ o]
00 1 " 1 " 1 " " 1 " " 1 " " 1 1 " " 1
0.000 0.002 0.004 0.006 0.008 0.010

¢

Figade Nematic orientatlheosnad fourndetri pmra
“Tlat differentiibempertaherksto N phase. ti
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To reproduce the basic mechani sm-{baelyigred t hese
expression ait=0Kefnprertaheaurreemati ¢ responbBe in a ra
phais® derilwnwed reefaelrenmeed study, hefmegEoeroashy di
relatively Weaksidmpslogdter po ss ildpleaa snreoudmeN R gt h at

enf oircegeaediat ferent | ocalk oaghé ke dntyimare kwmidc ho f
random field of Awmodithinedampbwphidbattiice model | i
usewhi ch, despite i t sgemiemmlli cprtoperdd scr i dfes nema
we I[ lupt6 ]

Ay-di mensi onal float2aingle 3@casel uamfmemati &l spins
pointing along a -l iolc@uio |l ceicrud cetdi efant n btehrea osdii ng by a

Lebwbasher i nsecaaoastiloheer eedr acel ess nematic tensor
y-di mensions is expressed by:
e 1.
f_=anan§_e> (3%

whed ki s W#dhiemensi onall 48fiet gt ebswdbr nematic order par
systiesmdef.ined as

N=v" sive, -8) = g, (3

<

wheweast andtshef osrpat i al average. Bipoigltebal omgmadthie
average nematic dir efhtsotranidns tfhoeru rstiyrset éeguih dabnad
order paNPdmetadre.dt latait#he seentf otrcce a | oc al random o
det emredi by the tensor:

§ )=YNS7¥L%§)F1 (3 ¥

and the orientations of the unit vectors Yr are distributed according to some probability
distribution 3 (¥¥). In order to determine () Equation (37) is multipl ied on both sides
by bt to get:

bikAbl =1 B Bt =biky Bi=§f b B (3%

where the Einsteini ssuummad ii ogmhinodersuant i fornoym 1 t o
Carrying out the multiplicationstlebthmatnrh si des
expression is

.. 1 -
|/|<>—y—1ybnxbn 1. (4%

Foy=2ang=3it foll ows:

MO = 2btkbt 1 =y2c 0@)), ly= o o)y (4

|7|<>=%35n+<5n L1=%§/3co(sﬁ)hlu (4}
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Note What11anil) { 1721. A perfect nemétil order
and an isotropibti plditesObutioon | at er conveni en
i ntroduce:

YOI S 4
7 —yhlybﬂKWLl. (4 ¥
In the -Ledbtvgpbe | attice modekctaoafesemattitarbed b
which act as an external field, the energy of
_ 1 } ()
e_hi o Tris . dTrs§f . 4y

Here, T rstands for the trace operator and the sum runs over all the lattice sites. The
first term describes the interaction between nematic spins. We setd =8 > 0 among

the nearest neighbaurs and 8 = 0 for all other pairs, as well asd = 0. This choice

models short-range interactions, enforcing parallel alignment of nematic spins. The
second term, initially introduced to study random -anisotropic-nematic (RAN)
interactions, describes the interaction between nematic spins and impurities [97]. The
effective NP-generated local interaction strength is expressed byd and setto d =
d > Oatthe sites where NP are presentandd = O everywhere else. In the limitd H
~ , the RAN interaction locally enforces bt = ¥r. Equation (44) can be rewritten as:

e = nXa§ h (4%

where the molecsel anta®sdludetdensor
a = 3 f+dy§ 7. (4%

I n the cl| dsiseilcdalapmpeaomch, a4 he mepkraabdrffiel d
mol ecul ar field acting on each spin:

a=3sn+dgl ) (4

Here,3 =3 & ,3 stands for the number of nearest neighboring nematic spins, and
d = "Id . Itis assumel that the local nematic orientation is determined by the effective
molecular field. Hence, it is requesed that the frames of 4 and i coincide. In other

words, it is requesked that = A&. To determine the constant A, the expression
Trif =A)=y, 2+ -is used For y=2 and y= 3, &)= 1?2 and &) = 473,
respectively. On the other hand:

Trig =AT(aa)=ATr snm+dg’ ) =

) . o (4%
= FIA B0 +d +25 dOn)

Therefore:
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1

A =
GUOY +d + 25 dON) (43

and:

5Mm+dgt )
f = ——————— (5§
(31O +d + 25 dOU)

Multiplying Equation (50) on both sides by bt we obtain:

. . 310 + )
bIIKEbﬂ: (51

(B1O) +d + 25 P

Finally, t he sHpgatait®blina\ e rakem cof yi-ebdsi sthentsel f
i nt eegaatli o) gfioren probabi gty distribution

i =y 309 U yE)8 (5
BrO) +d + 25 dOn-)

The integration is carried out over all possible orientations of ¥, "E() =" §"E ) is the

solid angle in y-dimensional space, and% 3(YWYE ) =1 We also assume a
cylindrically symmetric distribution of ¥ values about bi . Consequently:

310 + dit) .

3 ¢ dr5) - ———yn h (5%
(B1O) +d + 25 OR)

I7l”=% 3 ¢ dp) o7 ¥ ycds)h (5%
. BNOY +d + 25 ON)

where 1 is the angle between¥r and bi. Note that Equation (52) yields () = 1 for
d = 0,andinthe limit d v~ for an isotropic distribution 3 (¥¥) it follows () = 0.
We calculate 1= () as a function of d = “Id for different distributions 3. A step-
like distribution 3 A° A¢ ) =3 and3 A>n( ) =0, where3 is imposedas
constant. As can be seen inFigure 15, the (") dependence monotonously decreases
with increasing “l, displaying a relatively steep crossover between the two regimes,
characterized by significantly different characteristic values of . The saturated value
of N in the second (plateau) regime monotonowsly decreases with increasing)¢ ) and
is finite for () < —. We also note that the behavior shown in Figure 15 is relatively
robust with respect to the shape of 3 (1]). For example, in Figure 15c, we comparelA("1)
behavior for a step-like and Gaussian distribution. As can be seen, both distributions
reproduce the essential behaviorlA("1).
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2.8 Nanoparticle -Induced Stabilization of Twist Grain
Boundary A Phase

I ntroducing NPs into an LC system that contains
such a sysoemecl&mrmi $mws enabling such a stabili z:
DCR mechanism and tHeé2AD@N0BMH OBOCIRs mechani sm ref
to a partial filling of the energetically expen:
trapped NPs. Within these TD cores$hemédet inematic
order in dislocatidrné#dl¥Blenesakhyjaltlhiysmeht edduce
hie@mergy penalty in the condensation term of fore
wi mhit he TD <cores, the free energy penalty is

energetically favorabl e. We must note that not

exploiting the DCR mechanism. The appropriate on
diosrtt the surroundi n ¢g{Xnoermastnecc tdiicri@pcht adshee ffimeetled

uni ver sal ADCT mechanism refers to the case whe
systems with disclipna9), DN asmdudidslomd gt isdnsghtly
surroundi nge LiCn sdarrduecrt utro be attracted toward t he

case, i ntroduci ng sNPrewoceuledn ecragwys epeanatlaog and woul
ejected from the LC. Al so, they should only slig
trapped TDn cobhe. To achieve the wuniversality of
di sclinations and dislocations, an appropriate

per fo[lr5he,d59, 88, 89, 100]

2.8.1 Twist grain boundary A phase in pure chiral nFBTFO 1M+ (n =
9,10, 11)

ThenFBTRM;, LC bel ong t o t he optifdabirygl active
met hyl hen t4miINnk y-8ndNX yu O r 0 b etnazlodylddx jT)hhe » GBS 8

shown to exist in all tm=e Werti ovaddnvedesdy loaweh e(pt vy
shall onlynfo®usl6bn Bahd 11 derivatives, the cheil
pr esenRiegdd B en

F F
o,
F F
N
F F
L

Fi gume Chemical formul as FBT M), tFOBPT Ry [
11FBTMO
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28.11 Heat capacity measurement results of chiral nFBTFO M, (n =9, 10, 11)

Hi ghesol uti on heat <capacity nméd,anudree mentcso odfi ng
show two p&@Rprohiltdheat 375.2 K and 380.0 K.
temperature peak is associated with the combi
wi tthhe phabkgi ng ont etnhpeerladwr e¢ hephga®mntdhe high
temperature wbmge mpléhreatburoamdpdak ichiasadodi atee d i
phas® ,( MapriGadster uct ur er aonfg es hoorrdteerrt e @pet Aeuhe gwi
| itelsM phaseonnd t h-eempevr at urteh®GRpd alied d owed by t
SmA hastalwer temperatur e M/ dAi pulraey BARBR-ENOF
TGR-SMAC LC phase segluence (Figure 1

Hi grhesol uti on heat capacity mdMMasmdemeat soolfi
run similarly shYWptrwof ipeakast i3n7 7t.h5e K and 381.
and narrow hi ¥Ypetakmp esr aatsudrdeRPah ¢8I t hBPI | ar
BPI Iwi)tthh andphadegs ng on the | ower and highe
respectivel y. The Ie¥opaedakl oiwse,r atse QIfFBTHMDE r c a s e
associated wi t h t he t rtaennsp etri aotnp hla enteNde emi gthh e
temperMtplhras eFurt her dtoevmp etrhaet ulrew WGRphdses th
foll owed by theh@mAAapdr SINCAFBPFQ@Qy BP-tNhe |
N-TGR-SmMASMC-C LC phase se®guence (Figure 1

Hi glresol uti on heat capacity mdMMasmdemeat sooffi
run show a s hX@)mwrpoefakl ei natt h3e7 8 .t4hBiPp ha$ 8f1i at ed
BPIl, and BPIIIl). Unlike in the prevYpeakt wo s
associ at eN'pwiatkies pl ay s a -ovuetr yt rsamesairteidkonyY The v
appears to plateau for a r anegedroofp lasks oucnitaitle da
N-N"t ransition is ohlsaewaedfyi ¢tAyepach 7t0r. 2n Ki t i on b et
SmCand t hephlTaBss observed. M;puspl dLEFEBNF®O I
N'-TGR-SmC-C LC phase se®uence (Figure 1

Ore can construct a phaser edsioalgurtaino nf rhoemat t hce

measuremenesent dTha &i garepancy in phase tra
with respect to the heat capacity [mMelassjud eeent
to them using differential scanning calori met
K/ min, which | eads to a Weodaro themp erhatwunt enh er g@sha
obtained from POM, as supportive POM measur en
phases and did not have sufficient resol utior
conditions, i . e. i nsteadAaoafe atshuirekmemt Bul kmus &

thinner cell s werwehi afs gcdht i 51 iPgOM, | vy change t
t e mp e r[altOubr]e
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2.8.2 Mixtures of 9FBTFO 1M 7 with spherical Au nanoparticles

Thi s s pateis@mhtdsi grsol uti on heat c arpeascu lttys nmefasur
9FBTM®@AU NP mi xtfwrldsowed by the polarized optic
measur eme.Mi xt &1 elst svi t h a masG0 0cbonme 6.0 1Weartd on of

synthesizedﬂaccording to thSecmiadhBe pmas ocol d
concentratidmrrmis/(fdefjnkgd Tdhe measurement data wer
by performing an AC calorimetry cooling run at a

in order to determine the type of LC phases pr
preparation procedure for planarSeaeatigdmé&nt on th

2821 High -resoluton heat capacity measurement results of mixtures of
9FBTFO 1M ; with sphe rical Au nanoparticles

The 9FBTFO 1Mz ¥ (i1) profile displays two peaks, with the higher temperature one

being weakly first-order and the lower temperature one being secondorder, displaying
the SmA - TGBa - NL" - N" phase sequence (Figure21), typical of LC with a stable
TGB a phase[59,89,107] The existence of these phases was confirmed using polarized
microscopy. The presence ofAu NPs does not alter this phase sequence. It does,
however, change the temperature range where these phases occur, as can be seen from
the ¥ (in) profile. The phase transitions are shifted towards lower temperatures with

increasingi . The high-temperature peak deadeases and broadens out, tending towards
a secondorder transition. Centering the ¥ (i) profiles along n . n - - we can

compare the temperature range of the combined TGBa + N L* phases From Figures 22
and 23, it is evident that the SmA -TGB a phase transition is barely noticeable in the
Y (ir) profiles. It appears that the SmA -TGB a phase transition is strongly a first-order
transition. Additional data from the phase shift i (Equation (27)) was required to
determine the location of the phase transition point (Figure 24). We observe that the
phase transition point shifts downwards and away from the N L"-N" phase transition
point, thereby increasing the combined temperature range of the TGBa + N L* phases
by approximately 1.55 K and 1.95K for i = 0.0 0 &1di = 0.0 1, @espectively. Based
on the calorimetric measurements, thei . it phase diagram for 9FBTFO1M7 + Au NP
mixtures is presented in Figure 25. It is clearly seen that the presence of NP increases
the temperature range of the combined TGBa + N " phases The trend also indicates
a slowing down of the temperature range increase. A further increase ini would not
drastically improve the temperature stability.
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28.22 Polarized optical microscopy measurement results of mixtures of
9FBTFO 1M 7 with spherical Au nanoparticles

The set oF i giumbsghecssws( "t- Né - NGBR- SmMA phase sequenc
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Fig@wve The POM i magedN*of(bGBéc N &ad, Sm,
observed iIMFAOFBFF@I xXtur es.

2.8.3 Mixtures of 10FBTFO 1M 7 with spherical Au nanoparticles

Thi s s pateis@mhtdsi grsol uti on heat c arpeascu lttys nmefasur
1BBTRM-Au NP mixtot eowOW Imgashe emdvn xtue £l tws t h

a mass concien0Orlaartd =000 2oerseg nt hesTredmeasur ement da
was obtained by performing an AC calorimetry <co
POM was used in order tphaseeermi @aeemthei nyfplke of ali

28.3.1 High -resoluton heat capacity measurement results of mixtures of
10FBTFO 1M ; with spherical Au nanoparticles

The 10FBTFO 1M~ displays the same phase sequence on the lower temperature wing of
the secondorder peak as 9FBTFO1M7 but with an additional SmC * - SmA phase
transition being present at lower temperatures (Figure 27). Again, as for 9FBTFO 1Mz,
the temperature ranges of the LC phases are shifted towards lower temperatures, with
the exception of the SmC" phase which remains relatively static or even shifts slightly
towards higher temperatures as we increasd . By aligning the ¥ (i1) profiles along the

phase transition temperature i - -, we can observe the shift of the SmA - TGBa

phase transition point towards lower va lues, thereby increasing the temperature range
in which the combined TGB a + N " are stable by 2.66 K and 4.77 K for T = 0.0 land
T = 0.0 2respectively (Figure 28 and 29). Compared to the SmA - TGBa phase
transition in 9FBTFO 1Mz, the phase transition is clearly observable with a distinct
meantfield-like shape that begins to round as we increasei . In addition, the SmC' -
SmA phase transition point is being shifted towards higher values, thereby shrinking
the temperature range in which the SmA phaseis stable. This might suggest that by
increasingi we are approaching a triple point. A similar observation, when it comes
to the rounding of the ¥ anomaly was obtained by Thanassoulas et al.[110} On the

other hand, contrary to our observations, they observed an increasein the temperature
range of the SmA phaseand a reduction in the SmC" phase There might be multiple
causes for this discrepancy: the LC compound used was CES8, with an exceptionally
stable SmA phase in a range over 50 K, and the nanoparticles used were CdSe
nanoparticles surfacetreated with oleylamine (OA) and tri -octylphosphine. Figure 30
showsthe T _ it phase diagram for 10FBTFO1M7-Au NP mixtures. Similarly, as for
9FBTFO 1M7, the temperature range of the combined TGBa + N " phasesis greatly
increased. It can also be seen that the temperature range of the SmA phase is
decreasing, approaching a TGB - SmA - SmC’ triple point.
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28.3.2 Polarized optical microscopy measurement results of mixtures of
10FBTFO :M ; with spherical Au nanoparticles

The siemagpds I FighowsSNI-FERNSMASmMCphase sequence
10FBTWM®AuUu NP mixtaeoes$ingohhe sampl es. The LC
these samples are similar Mm©Aut NP am exs uo lese r Ve
phadiespl ays-l iak & hastdrdeoa k yt ext ur e5l i wethexhar ¢ hi
present NiantbofEBasswe th the addition of a colo
Grandjean [ol0&nikR@iitomer <cool ipnhgaef rloehpEmWm€ e SmA
di spl ays a pthyafsieznmddpemAure superi mposed by a |
the helical [4d08ér structure

Fi gBrlde The POM imageN 06bYGBREeEcN* $SmhA SmC
phases (e)l®BBERMAaedNPnmi xtures.

2.8.4 Mixtures of 11FBTFO 1M 7 with spherical Au nanoparticles
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was obtained by performing an AC calorimetry <co
POM was used i ni meg dtelre ttoype tefr ML C phases present

28.4.1 High -resoluton heat capacity measurement results of mixtures of
11FBTFO 1M ; with spherical Au nanoparticles
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284.2 Polarized optical microscopy measurement results of mixtures of
11FBTFO 1M 7 with spherical Au nanoparticles

The sémagés BFslhgowee- W- TGR- SmCphase sequence in
11FBTWM@Au NP mixtures upon cooling the samples.
sets of images, t,h\e, tELBnudr eFmMTasre st e spPpl ay t he
features.
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FigBbe The POM i magedN ObhY &mEec ) )N* & rpdh,aSsneC
obser U&EBTIRMD-Au NP mi Xtur es.

2.8.5 Discussion of results
The fWmiegh!l uti on cal ori maEBYR®Ad ROMMIi(es wk s of

10, 11) demonstrate that hfommgteinemallsil zeddi Ap e
effectively satpahhaiwleit he itlke dEGR Ct l ine structur
boundari es. As previously mentioned, CThe stz
mechani sm, as i s d e mo n[s5t0r, abt2e, dB 8 i .8 9 Tob éh, e9A8D, GAT® 10 K
mechani sm co-mbhi hed DE&® smechani sm and the adapt
functionalized NP with respect to the surroun
The dieptci ve power of the DCR mechanism was
stabilitz@@HApdmsieSpeci fi daslhlayp,e dr apnodoy)mer coi | s
stabilize disclpihnaagté. ] t| iwmess diemmoBBtrated t hat
energetiy add ge rctoisalll'y mel ted i sotropic cores
coils reduced the free energy penalty of said
to form disclination |ines is rtehceuarmeod,y htghre rceab
There is also an addit i-iomdad c ank cshtaanh islnm zbat iwdn
with topological defects can occusrpl dy elass thiee

in the presence of NP can al so Bsopnhtagsiebuéeet 60
the introdNPctiinotng 5ID@ 8.8 1Di0Omp | e-dd aGd@inresbur g
mesoscopic model introduced by SofNRBroal jt hies u:¢
stabilityaspohfastehlee TiGBee energy is expressed as
contribution:

e yy*x yyXx (5F

The volume integral is carriedcomd rawrefraddei nvth
is carried out over the surface of the-confin
LC interfaces. The vVv¢§lisexpessedasthesem:er gy density

y =yO+y0+y (5§

wi (), y(O) andy being the nematig smectig and Frank elastic free energy densities
expressed inEquations (5), (11), and (13), respectively The y term represents the
surface density interaction. Consilering only bulk LC samples,y will determine the local
NP-LC interface interaction.
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Addi ng NP of {ctoand@ sampleawith smectic ordering, one expects
that NP will cause a dilation of the smectic layers. Minimizing the compressibility term
(/) in Equation (11), we get the condition:

f bi= L (5

ppl yibntgo bot h Egu alteBFrofone jotbixEi sl 0.The

ssue becomes st roin@Mdie0. ¢c Tihri sl fr@stration can be
i ther mel tionrgdetrheors nbeyc tiinct roduci ng di sl ocations
he AJdpoBalsa®s azenmroon smect i cmuosrtdmai ngpr Bl@omi nately v
he melted cores of screw dislocations. Thus, t
ec

reasedD€CRe meachtame s m. It i s estimated that t hi

et dH=y0@) 6 o' ) yO@)eL (5%

with i being the equilibrium smectic order in the absence of any dislocations, 8  the
(

volume of the LC, 6 ) the total volume of the melted defect cores, and 60 ) the
total volume occupied by the trapped NP [59,100]

Observing the radial di stribution of the nemat
i sol ated screw dislocati on, oneokkesdohbltet hewi s

di stortions fPpbhamsaeswiatrkeidn tBPa single Fwgstefound
3[112]) n a .thhier aell als@ i @ )fs eeompmpesgy of the achir
terms plusi amaladdhiral term pr (ioDH.i onatl U the
as s ubrelc dfs?Y,s ifnY,0)r epresenting a single twist conf
thaty tboeeomes a l|linear cokpi amd isopndadyf e(t Be mswi st (
wi thhe tt wi st term provi ding ha ffaveoer aebnleer gcyo natnrdi bt uhte
splay term providing an wunfavorabl e -tcwinsttri buti o
configuration c ol (df difedyle xptrfe (@lstedd. aBhe only non

zeterm in the elastic free energy is the twist

However, it is impossible to fill the whole spa
forces the system to form discl i nahteiscen ilmpnoesse wi t
an elastic penal{ygyl8fFomparingebenbrgeynfigurati ol
contributions are the same, whiltehe heCuayavemab|
wi || prefer one configuration oversptlhaey ottehremr, wi |

more specificabDkiy whi ¢thecaml be eftpressed as surf
the disclination I[ihk4&] msoliderrnal estuirmatcest he i

the sspllddye term, itbis bket cybdiimdapiee as=sctoeor a's
(0,sinfi),c ond)). ©One can appriix3tmanléisy itnaktehe | i mit
i/y" 1, whydrse t he average s[melk3filtce issgalddyl efpaeei reqrer g
per unit cell volume cdasbe approxi mately expres
sy Y0 ) K] 3y 5%
0 o2Xy

w h efr erefers to the volume concentration of NP instead of the mass concentratiom ,
Xis the typical 3 gisadimensiontess qudmity: and

_ 1
CAH[L+ UV (AEIy )] ()

5. 63
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The preseocatbtebephyYyNPto a decsphag Ffneehensadgl ec¢
calcul ations demonsgplagy ttehramh ddiret rd ebdud i e n i
magnitude | arger than the confth0i, BWti on of t he

.p‘r da ﬂ%
ar

[
Single twist \’ ‘ QH .

Double twist

FigBreA regular nematic structure for mi
N* phases or a double twist structure

Compartrjimphase diagr arms gp2ri@fe minstld ei 7-SEA
phase transiRBToRM poi nitalilny 9decreases and pl at
whi | aGBh&EmCphase transiEBDRM,pemat nenviliditually
1BBTRM, t he PrhAaserei stence regiona,anhdri SiEBasaes t he
exi stencexpaadgendi ng taw&8mMAsSMICEB i pl e point.
phenomenon could be expl ablnieph awshee nd ioanged8an.n sRir
s howsbl tihpehase di agrams {f=000 pand -A@mBREmi Xt ur es
wi tihF001 The nearly vertical | inehsaemmar alié ng
thought of as a kind of morphotropic phase bc
ferroelectrics separating regtihbnse waft hr momkedh
symmetry by varying the cpinfi@dRptrirore lierc ttrhee s f €
vicinity dadfi sphayMBBhanced dielectric propert.

di spl ay enhanced el eftiea.méaBBiasniicalt hpa ocpoerrstd geuse
energy surface being nearly spheriicmgdsyy dege
pol arization rotabien caedi at emeteasrtange for

rhombohedr[al24p h@bds presence of a | arge enough
the sample to transition between energetical
nNFBTRW,t he varying composition is represented
the termibhahndhaha ¢rdiivablredi negx tt enren lu NP mass cC
i SincEBTREW, shAnpl e lies in thethei cSmMAtgndfSmaC
p h a saerse energetically degenerate. , MBs war ehav
predominantly |l ocated within def ect |l i nes, S

energetically costly.,afhhi SpiCingwé § st heéiat dhel d
are einealgley more desirable phadeviper @t it bes ptrlear
NPs causes an energetically wunfavorable smec
amount of NPs is enough t opldatsewea rtdhse” pshyasst€emC f r
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Chapter 3

Caloric effects

When I ndian rubber i s ra@BildlIlnyd antarteitraledp,hiiltos
Gough first observeaedthkhi eaphgndméehmhomentury by
with hlils26]lifpst his heat is allowed to dissipate
the wuniaxi al stress. Similar effects were ol

1839 27PBhortlygr dfKelrvd na prloeri m@edynami c interpr
effpetR8now known as <caloric eff esxpecarfect er na

parmeters cause an entropy change in the energ
parameter . I n the case of adiabatic fcoorhdBti on
subsystem entropic change with a tchheagmaA ent i
schematic representation of suchFigup%ocess in
/"Iilmb
AE F A »
Entropy >
T — AQI' A.QD — () ¥

t a0,

Fi g8©®e Schematic representation of an e

which, under adiabati c actounrdei tcihoannsg,e Iliena
We shall | oosk raetl aMd xowesl It o see . whlhyh et iMasx wied |
relatiomthaesdad bbs ®riese demewvgyd as foll ows. We

expresgidon for

ye_ Ey#o6yFny 3 (6 )
wheifEes t he oOind rtolpyy ywins ummbe t empeaygfesurtdéde chang
in preasissurseome ot her order parametgi@Bishathedes
change in a field conjndgatpe stsdu ntethlexeyosrt deent i psa raa

constant atmospheyrfF @ pWNee ssséer e, hmanttodaenBon of
Al ternati calnyfEgyuattéep na ¢ :

. T _ . 19 _ 4
Equating botdgi veexspr essi ons
N 19 - 19
E=. T N = T3 8 (6 ¥

Si n&ies an exact di fferenti al
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|Ime| 3” %Mh ©3
we have the following Maxwell relation:
.I'—éE:,:—'_r.‘ 8 (6§
Tof urther expand this expmession, the reciprocit
peb 1 1v,. (6
Il T3 1T

as wealhle aseci priobsalséteorem

1 _ 1ﬁ
T T d (6
T
t o ewri-tas
1TE _ T i 1 7E 5
T3 - 13 Ta (6§
Some parti al di fferentials in Maxwell's relatiol
heat c &peciitfyi.cal |l y:
1"E £ .
— - =_—R
T 0 i (63

whefei s the heat capacity 3aComminEdjtueanticdgnxst er nal f

6B, ®&Pd @t he expression for an adiabiatic tempera
BT I
3)= — — 38
LAW@,3) =, = T Y (7 ¥
I n practice, the wusual input n@at)ando()si st of e x
Solving the integral numer i cial ITyh,e dmes ucarmhecmtimaeis
£ (W) contains singularntbheeMaxiwel suapproaalsecannot
reliable d@nswaetref oon, we wi || consider an alter:
separation of the entropy based on the system's
Al | caloric effects fall brbbhdWwyng ntateagtori e
magnetocal oric (MCE), electrocaloric (ECE), and

subdivided i neCk)elanst baaloBEBEPriA kfifectevérview
in Table 1.
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Tabl. e Owieeaw of di fferent caloric effect:
ef faed the external fields conjugate t«

Caloric ef Order pa Conjugate
Magnetocal ori MagnetiZe Magnetia f
Electrocal ori Polarizfa El ectr Efc

El ast ocal eCrEi) « Strajin Uni axi al ¢
Barocal oric Vol uine Hydrost at ifc

Materials exhibiting caloric effectstaore par
be I mpl emendgteadt e nc osoolliindg tebbkmobhogioes, emakir og
friendly alternat i-cvoemptroe stshieo nc ucrorotloiwregy &tipeoonkan o | ¢
them have their advantages amdhsdiwkadcwddersagasn
ne-generati on c[olo2 9% ]nng tdheves ekl mai nE@QHE mMocus ¢
solsitdat e s oB Tatnido eCieMiCL CE

3.1 Experimental T echniques used in the Study of Caloric
Effects

I n addition to calorimetSicelmé&adur amenpt we pr e
measurement technigues used in order to chara
caloric temperature changes.

3.1.1 Dielectric spectroscopy

Dielectripy sipgcusedcbo deNpdramiend rtames i $ ampml & 2 (
measuring the ECE. I't has been shown that th;
relaxor ferroelectrics is achieved near the p
tempersatape of the [di2eul&@88Dhéec spmpke prepar a
performed in the same way Tahe fforegh@b cme al®eprean
compl ex diel ecriit=riji_cff p &ar mietatsiuvietdy usi ng an Agi |l e
precision LCR meter. The temperature is dete
resistance, measured by ttere Hei tcholnetyr aditgi ttahle
temperature is provided by the Lakeshore mode

3.1.2 Electrocaloric measurements and analysis

For ECE measur emenatde, -heé gdl uhto noen calori meter
modi fications is used.

CeramamplFéegd@Pe are polished ongbothsandespes
ensure a smooth f1l at surface and to thin the
surfaces are now coated with a silver paste,
Thiomld wires ofm Baheckhessd 50 t he siclowsproneelnetct r
sil-bveesred conducti ATgcKaERWESilke ERPOally, ta small
thermistor is gluedcompbhensuatihesi vueiigrnan 3e
then hermetically sealed by two copper bl ock
resolution calorimetric measurements.



46 Caloric effects

FigdbeExample of a ceramic sample. Top
preparation.

|l nsdk ecaf applying an input pHwee modéhe582tmpsiegn

now connected to a Kepco model BOP 1000M bipolar
which ampl i fHietse tshiegrKkalohmol t age to asswre a suff]|
field. The Keithley 2002 digital multimeter is u
t he kbOBer mi st or , and an external mul ti meter i s uU:
The Lakeshore model 340 tempertahteurseu rcroonutnrdoilnlge rb ai
temperature. The whole measurement process i s |
exception of determining the applied voltage, wh
A s41épmpe electrical signal i s appliedntta the sa
The duration of this signal is I ong enough for t

to a certain saturated temperatnute,ttWwhishrbeghds
bath temperature slowly. After a ong enough tin
sample temperature rapidly drops to a <certain
increases back to the surroudnedienrgmibnaet ht htee nipeenrpaetrus

n
the surrounding bath. Upon applying the signal|,
e
I

chanmgie the | ong temperature relaxation tail of 1
sample is fitted using the ansat z:

M= +a ¥ h (7}
wheire=n/£Zis the external characteristic thermal r
sampl e exchanges heat with its surrounding. Il n r
and is subtracted from the data using the ansat z

W=n +a&n 1. ¥ . (7%



a7

The remaining result (X _ i (X is then fitted by the exponential decay ansatz to

determine the actual value of & i. Considering the additional parts connected to the
sample, which are the silver electrodes, gold wires, and thermistor, we have to
additionally correct & i by subtracting their contribution to heat absorption during
the internal heat equilibration. This gives us the true value:

ai =ah —, (7}

whefZer[ Yare the heat capacti ttiheast orakeea clthp ctomes ts
£ is the heat capacity of the EC active mate
that is covered by silver electrodes.

3.1.3 Elastocaloric and thermomechanical measurements and analysis

The nahiannn | iquid crysLt@8E)i sampl aspomerar aMCon
convent i-otheap HRKiwokel mfaB89hr-Rhet8rd@met hyl di si |l oxar
as a chain exteRdatamantdy?2c4cb6 ofpechibnates $boxknker

The chemical structurefFiogdrgel mM@Folgeaeané swahowse
sol vent , and a sodwdliomnc toadideinceh)lpolraot(iln,usm( | 1 )
a catBHeg stecond crosslinking step was carried
temperatur e, applied uniaxi al stress during
concentration of LC mesogens used to swell thi
di fferent physical and chemical properties.

5 /OW%}}_@OWOJ

FigddeChemical formula of thEBCEC mc

For ag& thermomechani cal-mmdasseéempntvas ashdn

able to measure | engt h, strain, and temperatu
LCE samples in the formleof typiicps!| greaagi ngc
mm to several ton SapéparefgKaed on each side
component adhesive Loctite Hysol 1C. A small

mi ddl e of the sample using Neostik Universal

5Rn are sotl derttlenrmi stor wires. The sample is
and insertedmadéeéoseuuphodkr I mage of Bi puee@are

42.
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Translator motor

Small bead thermistor

Translator

Copper block
with heater

Gold wires Kapton tape
Gram sensor

Figdeel mage omatdbdesdome for eCE maasuhe
and a pr elp@E eda Cl e .

The sample is inserted into a copper block wit
of the copper block is stabilized with a Lakesh
one si de, t he gl atsos ah otlrdaenrs liast ocro,n naencdt eodn t he ot he
gram sensor. The precision gram sensor, capable

used to measure strain experienced by the LCE s
was determinédthei hpedani at@or resi stance measured

mul ti meter. Al the data from the digital mul t i
transl ator are collected by a computer, enabl in
experi ment .

Ther momechani cal measurements are performed by
copper bl ock. During heating, we maintain a smal
40@Mg on the sample allowing the translator to m
samg contractsms Mmoei onamsl| attet ated by the gram
change in tension when the samplieschlhegemeassr e

as a function of tihe sample temperature
Each measurementommed hley eCtEr étsclpiemnd§ t he sampl e

. This stretching is, however, not performed in
ti me movements. After receiving the triggering
acceleratesrwttBrnaomabeeik it reaches fhe half v
F=—, X¥tX. Aft eirt tihmamedi ately starts to3decelerate
-1 mrfusit i |l i t, [=rFetalc A& s t X=nXet+ X. The whole sequence
movementesn iass:gi v
| 0, X< 0
~ 3%, 0" X X
2

= ’
IF+C(XL X)L%fé(XL X), X X X+ X

J F+1, X> X

(7 ¥
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whered= 2% and [ = dX | X) . 13)( . X) . This nonuniform translator movement
implies a nonuniform stress field. This must be taken into consideration during the
data analysis.

Based on the raw data of the ehasuatsoaalf amice i O
of stretchli ngné eogmnhi nfer a | inear depgerdence
. MWcan be written as:

M=y n=X T (7 X
From here on, we masei drhel zemal ysi s model , w
temperature gradients within the sample due 't
poweruati on is expressed as:
yin n_n
=/E —+ : 7
3 yX (7 ¥

Powesri s directly related to the temperature va
the bath. Tiampdenatutbse measured sample temper
bath tempemsatirerteltsérsmmalnce of the ther mal Il i nk
its surroumldiagthandeat capacity of the whol
Ssubsystems invol vé&guatTif@msa @@ o rtabwvienionbgg ai n t he
change per tirmexsduwrtiomrg nmolvee ment :

| 0 X< 0
oy f X 0" ¥ X §
3ETR I q% A% XT X x+x" 7y
J 0 *> X

whem=X3 Rearrangi nfqutahter Btpe r¢mes oibnt ain the expr
time evolution of temperature:

AN R A RS
yX £ n /£ £ n y X1 A |
the solution of which is
I n X< 0
} o+ EY T 0% 1) 0" X x
|/|:'|' N v s o 4 3 h (7;
n +EY " +2X+T_ R X7 X X+ X
J n o+ EY! %> %
wher e:
E=n1 (8%
G
;E:ﬁEy" L2r]|, @)
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CEY T+ p2X+ T %)

Vs S (8 %
Using the above set of functions to fit t he ex
temperaturiecamabgedet Homewned, the value obtainect
small er than the actual eC temperature change si
the attached components on the sample, which ar
and Kapton tape, ndiader ¢gce.t Tloe rbeef ocroe, to take th
account , addi timintad v & otrd dlye ismabdtertact i ng t heir col
to heat absorption during the internal heat equi

& i & i FEFI 8

A =ah —
y= (8%

whef£er[ Yare the heat capacities of each constitu
Y1 is the heat capacity of the eC active mater.
When eCE measurements are performed on sampl es

thermi stotjoanl addrrection must Xase tchoen sri adcirwesd . o fl
the region on thye LEEwbifichhtbkneéesmperature dist
thermi stor i s presueartti.onysiomg tchaen memskte a strai ght
thadiXs
"HX
X_ iyn (8’
wi tHhi, ahdenoting the thermal conductivity, den.

sample. The mass of[f th#kydi sheebedngetfheane®kpr essi
the exprepysebdsfor

_ Ty
4= 5o (83

The heat fluxes exitsegtliadid samplrengithect bssmis

3;2—\,'./}'1 (8;
X
2HA
3 ="——— 0. 8
r (8Y
Her & =in _in, whieiree the sample it émpehat teempeamdur e
is measured by thie=thiheit mi whier ¢ whel eemperature o
bat'H I, alnrde f er to the therwmelctconmdacteiaviang, lengs
thermi stor and gold wires. The correction factor
.
9= (8%

i
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Taking i nto 3a=c3c,outnhte tfhaltl owithigs eoxbptraeisnseidoon f or
1
= 14 - ,
! FHy# (8%
wi thihdenoting the total heat resistance of Dbot

val u@Haref in th#. bawgmKoftlyareabeesve®oambmh, 1land
the vail aevuofll@K/8W. Thitshegitvyepsi cabetvae aaesl.obd 1

1.10.
The external esnrebs Dibkd hand, can be deter
v. The applied stress difference i s:

L ()

[

wheManPare the sa@mpteonrasea and sample | engt
anfiis the sample | ength at the beginning of t
given in ther¥orm of weight

3.2 Ferroelectrics

Ferroelectricity 1is a wpnradpsepramytuaonfe Iceeattraiin pnalte
which can be reversed by a | arge enough exte
such as RocheHOsed4 B abBd laKCcomposed of crysta
structur al units areposnymdeedredat icvediapgledrege
slightly separated. When some of these dipol
which can predominantly be oriented by a stro
of the electric fi elod ireenvteartsi eosn tohfe tphree df cemirnoaen
does not happent ihcassgm,ntamd otulséd yreori entati on
the change in the electric field. This | ag of
electric fiélcd hysFéerprebebtettircity ceases to
temperature, called The sCusi dutempehat@tar é | uct
which is sufficient to overcome the forces th
wi de @&frafyuncti onal properties, such as pol a
pyroel exndarcliitryear optical and dielectric beh;:
for application in capacitors, pyroelectric
detectors, and mi[ct]jwave phase filters

We shall i mit ourselves to ferroelectric n
perovskites;oxwidds aAB@Il atively simple chemical

have contributed mo st to our understanding
phenonrd gad3peg esents an ideal cubic sAcattonse of
are pl dcecrwisd nommelr Bhaet i on at t he Xaemitenrs awvhd |
pl aced at the center oAcéahieomacase omondwealcarbte
met al i ons and a&rceatliamrnger whharh taree trXval ent
anienokygenbdaubstahuted by fluorine anld chl or
t he IlAacragteiro A’ i tsh & aBamaatl il eh,aingd Xérei o [i7D,Q41]
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T e |
’ , W A cations
‘ . e . @ X anions
- ) ® B cations
L e L
FigdBel deal cubic structure of perovsk

the cube, tXheandemtserisn of the faces otis:
center

Feroelectric transitions can be cldaisssarfdeerd. i nt c
The odidsear der type transiti-lmoondead sorcy atbaglds ,wiith dde
the movement of hydrogen protons between two ene.
a potential minimum. At a high enoughint,emperatur
the hydrogen protons have a high emtoiuglh hdrerrimarl
bet ween the two states, which can now both be o0c¢
arbitrary distribution of hydrogen protons repre
is a symmetrical di stributidemyoihlyel spgataeadedbdysr
nonzero polarization. Bie,| otwh et hter aChusriitei otnesm pbeertaw euer
mi ni mamseverally reduced due to the insufficient
protons. They remain stuck 3§ neowletaiarfgotidner pdt ent
system and a net [nlohph28y o pol arization

Perovskite structured crystals exhibit the dis]|
are displaced fromTthleeimatemrii@ilndls paomsiag hpoanr.ael ec
temperwtthesa cubic structure and zero net pol ar
Curie temnipertBiorarted ons di spl aXeni &@lhadli8Vbet o t he

direction of this displacement is dewaeagmi ned b
interactions (Paulklrianmgep ulrsticiom)dt toamch altarrgct i on, (
di pole interaction) . ,tlhne tcheinst etrest roafg oproasli tsitvreu catnudr
do not coincedeal anymoi @ an appeakranmem@ght aasgont
thus in polarization. The nature of this partic
eithesqorfigeddrd , wi tolr dehe tfansition being asso
di scontinuous change inlspcbobhaneentdadol aangiat i om
iassociated with a continuous change in spontane

3.3 Phenomenological Description of Phase T ransitions in
Ferroelectrics

The L aGidnazubervponshire thermodynamic theory gives
of delrectric|[ t4BnkbQ]iomrssi ders the exéiamsion of
tems of the macrozxscopic polarizati on

& =8 +S73+%A3 +%a3 +%/E35+CILE3F1 (91}
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wheéeis the free energy VA 4 headipdarreaeeemd msico.!

coefficiEemtan a&nxdernal elX¥Atr i ahcfaine Ibde. flunn cgteinc
of various physical parameter st hisausodm IAfiss t e mp €
considered to be a function of temperature. V
expansion are all owed due to symmetry consi de
the paraelectric phase, which meatnesr mst alraes na |
all owed. Assuming no external electric field

written as:

o

. 1. 1, 4.1
é=¢e +§A(VI)3 +Za3 +E_3'£E3 +d (9 ¥

I n the ferroelectrigec sphéhee sptome apzelodami pdtziao n
whicdépresents a ther modyéndaani esatlil jpa teda arbil ei miaz e
in

0
€ i t egmswhhifch | eads to the equation of state
1 e y
T3 =AM)3 +a3z +A3%=08 (9}
Here we only took the first three ter-mg into
secomder is determajned by the sign of

I'n the casesedef ar@resttber, results eawken wo mi
W™ i (Fi gude. The f i 3stOisolthtei amri vial solution

the paraelectric phase. The nontrivial sol uti

a+ a _ 4AmAm

Lo AW A ey
2/

where we assume t heA(g)x pa rbseitobneA cfiogenfni i ovii e mt
bei ngsupheer coemp @agdle ue e # h aiit . The Curie itemper a
representshetbeapdiatowtinuous jump in spontan
the onset of the @ast ithiiognl dfh en-Weniursisei memper at v
nm, which i si, | orwepr eesheamnt s t he poi ni =Wbemeseshe
to be a metastable state.

F

|

\ > TC J/" T<Tx

Figdhe Freeéasemgyunction of polariizafi
anid”™ n. RAtih,only the pargelOect si st phifl sie,
the ferroelectric phase 3 ePiesenhtnbtdeby
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I n the caseordferatfdam@ndwennegl eotrdehetkirgler

sucﬁﬁEgs The spontaneous polarization in the
the equation of state:
| & ) .
T3 =AM)3 +a3 =0h (9%
which yields:
CA@_ i)
3:o v (VI..VI) (9;
aj

We can see that the ®e¢mpedrdast wrnd ‘yevomle'iUmitionni nmouf m
=0corresponding to tHHFegie. aeBdlcaer i lta vpeh atstee (

ferr

ak

3
appearance of two mini ma [Eqeupartebspenntlie cc hb yc otrhr ee sspaolnu
to the ferroelectric phase.
F
\ T3Tr |
\ T<T*
\\‘\ /
\ /
\\\\
— — P

Fig_uﬁeFree‘éaseragyunction of polarifz'{_aﬁ:i
and” n. Atih,only the pargedlcisi st plhifl s,
the ferroelectric phase Fem®reisegnsgteablbe.

3.4 Electrocaloric Effectin Ferroelectrics

The ECE is a physical phenomenon appearing in materials with a dipolar constituency.
It requires the coupling between the external electric field and dipolar order parameter,
which results in the change of the dipolar order and, thus, the change in the dipolar
subsystem entropy. Applying a strong enough external electric field E causes the
dipoles to align themselves with E. The dipolar subsystem went from a less ordered to
a more ordered state. This causes a decrease in the dipolar subsystem entropy 'E <
0. If this re -ordering happens fast enough, the material does not have enough time to
exchange heat with its surrounding, then the process is adiabatic. In such a process

the change in the materialds total entropy has
"E= ,E +,E =0, (9)

wher'BEis the change in the lattice or t‘her mal sub

does not depend on the external field,n a small

i S

1

1
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Y 1
VE = ——. (9%
7
I ntegration | eads to the expression:
CEY i
E = SALAR 9%
7 73
wherfei asssumeda toormst ant . Generally,i ft ha ssmasl In

enough temperfatidre t,akenvah aphadxbheniamnge const .
Combi B magt i9¢nsa @t he expression fori:sthe final

T (10

To det erBniBgeuat Dpindi(f fedewnt hat eispteca d¢cBHh®t ant
obtain:

E =, — :L§A3. (10
The change _ TEnisenthepy
'E =, ;A 3 (.E) 3 (*.E), (10

wheget,E-) ang(i,E) are determined from
t h

Equat ilyDsatf @2( the expression fimr e

e e )
=iy 8

(10

This self-consistent equation for i can be solved numerically. Thus, the EC
temperature change is_, i =0 _ .

The searcaf ffioaci droogyh,, laonvd environmentally fr
vapor cooling systems hearsesEe€ment &tred| a. gEwv&r n
Mi schenkpl>lldpatt edE@t egnipaecnrtat ur & c=hadg& i n
Pb (oddrboy ©f erroel ectric thi mECHUAM,emrrescelag acthr ii mg
i ncr §dddfgeddSTIh& CEhas bpente@ in various ferroele
fil ms, pol ymer s, si ngl[el 3c3r, ylsbtla | Is® 2addd @&bl,u | ko rcvee r
| eadsed ferroelectric material s [ 1h5alwjed.Spr od u
Neverthel esssasdhemat dreiaal s suf fer from enviroc
years, vdrieeugs elfeader ati on maetder isdBITsh SasgivieO b e e
ando_slBIjﬁTi;;C[)152u16.BD

BT-oased compounds have been extensively stu

material with excellent dielectrid@®f3d4tr rioxel ec
wel | known HGQGrets ponls@r gqgesual ly occurs in the vi
parael ectr i c [plhB3a8sfet wisrmen sad BlTeosntEBGmas er i al , one n
shi ft the Curiike =t3d9mpekK)attuoel ower val ues. Thi

appropdioaf efyatnlls i t es Bdlf attthiece, whi ch may al so
enhanceECH h@g&.0]
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3.5 Doping of Barium T itanate

Extensive studies have bdeanledl{Rgintebdd o] dopi ng
or bl[olt7h7 t D78 une the physical pr opusrctuil es aanfo uB®. A
of an appropridirmramadiopahisy eafefcaati cal properties.

When dopicogeBBti on haswhedthee th&eM dopant, sutl
Ba*( MTpHO ot*( BaMxan form a stable perovskite stru
the case with isovaldoBssukkstoift dthieoqpeomveikti her s
can be prasckidctoedt he Gol dschmidt tol erfaanwe9g f actor
On the other hand, i fmdshtea bM ed oppearnotv sdkoietse nsottr uf cot ur
i's a maximum amount of M that can be introduced
const it udtoepse da nB T™M

The process of introducingeathamanthawi toi a heaei fi
substituting is known as Babseéexkx thmpimosdt calmimowal e

dopanfAsifter substitution in BTNatLg dirti hfearl emman o \VLal
Nd), or tet%)avawheibdlse t(fSmb s ttihteuyt iaorne ei t her di val e
Cdt 2He tri val &t Gé CFee Al M, or penthvalent (Nb
Doping ferroel ecostorfadteBne wi t@lodé dafoeerer oel ectri cs a
characterized bymdbiglhiery dommhaii v owatMbdbed antei bal ed
stress c&tosre‘dviboyaBai es and the transfer of el ect
vacarfjcdi2ehg 8. 3Hbwevepri mhey charge compens-ati on mec
doped feéersoeleenati ms a[nl &YPJen question

Doping ferroel ectdiac shetmhseinh2 4aAce@ptooIss hi nder

movement of domain wall s. This is mainly attribi
stabilization of the domain tshawmcompeaeop due t o
doping through the f driBatlihers eofdi peofl est actitp alse san
field that plih3d6}t h&b5 thdsehjersmodyn,dmiec segagumieltirlyr iod m
the defect dipoles conforms to that of -the surro
conforming princifl8e., ddB8hbi nkydeheuvtwedareeines hop
nei ghboring positions nexmchoedepadds8i9ed®®8cond,i
Ther eftor é ,s ipostul at ed t hat t he oxygen vacanc

wal[lls85, 1L91TH&®&2pbservancedopf d a @iFha@anairinonl &nr yst al
strongly supports the volume effect a[sl%Hh]le mai n

Domain wall motion is a major contribution to t
One can signifidanetegtimproespbohee by enhancing
mobility in tetragonal BT without idbyoddtTing | a
domain wall mobil ity [aln®d2.elMeetittrioonhiecd ,cdoonpdi uncgt iBoTn
wi t h dAsior s, v aBesaintcei esacanci es, and/ or electrons
bhancing. This softening mechanism ofodonor do

exampiset e dopingc hwiigvhesNba rel ative permittivity
Asi t¥®Zt'agloping as compPOr0eOd itng p@ABEONBT he ot her

hande itrhduced el ectrons from donor doping increa
di el ectfil¢2. DIBB kagpdtogpred BT, positively charged o0Xx
i nduced for chdrifel To,mMEAUOe$20 dejxnm st ence decreases
mobility,ngcmnd rdeairtédgas e liogAs|par melsautiivid yper mi t t i vi
decreases to 1800 or 13000 °*Mupg ht anl Bat easne of

respedt2i0vigdTlyi s i swhadismot rtodw& iomB-s iZtne s wher e t he
permittivity reduz@®@zsMdbrye ommwearr,| yoxty0gdeédn vacancies mn
conductivity, thereby[208fyeasing dielectric | oss
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I n addi tion t o affecting permittivity, dop
t enmpaet ur es. BT is paraelectric with a centr os)
temperature. @qgbtiongdetgbebow series of trans
phasg =a95 K, then to an drthda8bhokKpbiaagnghfaive aa
rhombohedr dl ph&S[eK2044,,220Bgcause dopants have
di fferent from the one of the host i ons, t he
di storted, whi ch |l eads to a different phase
substitiutteheBas urmnxryggemdiinognso di spl ace towards t|
mor e opeandsnpaabclei ng | arger *di20®IAasc eamecna nss eoqfu eThic
tetragonal phasein decdeatespedzBd wndh a conce
3 at % deictreas8é8 K,siatnddob@edii BlTecr easés whil e
increases with increasing concentration up t
temperature range of 20 he2Bé&plrdacgionmga| Twplh &ds & o
d

when | arger ions push the oxygen ions towar
space for the “dieomps acGomwineygowehilTiyed to | ower
as weill |l maght be shliZ6aRi misl aveld¥V¥ édcwbhear emabsk
i ons r &1 loghc®ed 97 i

ns
i fferent radiididingtoxyegen hoee tstaudrgrabmuanin . pMase de
d s

1

3.6 Measurement Results of the Electrocaloric Effect in
Doped Barium T itanate

I n this section, t h e ECd&mseual stusr eonBe @ahbd @B @T)e,ct r i «
BoGazt. 14.0( BCZBRpStThiQBSDIBa3aSiTt.$6.0s( BTS) , and
BaStT.t SpQs (BSLO)r e pr.esdmteec polycrystalline
synthesized via tbeeatconveatitooanl mebhod by re
| ME-Dab, -Ayaydas University iphl¥MareaQech, Mor occc

3.6.1 Electrocaloric effect in BCT and BCZT

Temperature dependenceffaf ahtrdgakacyrot &okbBH:
BCZT sshownFiignué. eTh e s e ume anesnht cstwh a t the ferroele
paraelectric phase trams3389®nKtfeonpebatt urBRCT sar
The | argest ESfEexpoepb@eodear t@&tmpehatuowrfisl ope ¢
whichhtcase is in the rang@epfrrxm3ngait ed.yd 375 K
The directly measured EC temperature change

vicinhtfyorofBCT and BCZT FRirgeudgarsedsdept @flni bot h

sampl es, the | argesin tampeaaliueeeda hfdim,gedte vi c
n=385 K. The maxi mum tempieraQuiadd@icKbrmagas wer e
0.668 K at an apil=iledd kevi/ econmt rfioa fBiCeTl ca nadf BCZ T,

compari son, the indirect measuremantss0O.haax e sh
K ani@d =0.68 K at an BEa9pd4 i/ gl dsofuite cl e
the indirect measurements understate the size
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FigdbeMeasur ement
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FigdBe Measurement results of ECE fouf &
various elEgc2tir0ilc fi el ds

I ntroduciftgn2% dfheZzre@hahaht®€pceperties of th

ceramic. At an aphpEtBe#«Vékcectthe Vaktusisodd ar e
023 K 86dKOfor BCT and BCZT ceramics, respect.
compared to those reported in the I|literature.
changie of 29 K aB60Ondk at an é&xt8erkVa/lcnf iien d
Ba ©a 4 Thd Q[ 211 Hanani et HEBCr.e srpeomdsret =otf4 3 K at
360 Kerunan appliedB=227e&V(ial ifhe@oas Td. s
ceramic synthesiased stvieca swilfvatdBarRiBanl t athnieq
report 8& Bt2hBaQT cerami cs exhibit a méaxiommum tem
033 K at 337 K under arE=a2pplki/@&cin@evhed eali tf i el
t hat introdu*ingo 2#haefaB@i ce di ECreenshpaonncsee ,t hteh
temperature at which these relatively | arge t
ath=385 K.

3.6.2 Electrocaloric effectin BSTS -0, BSTS -5, and BSTS -10

Temperature dependencefat théreigeleactyr-®fd doksH
BS T, and-1 S$ThSO wnFi gond9eBhe ferroelectric to pal
transition iitampenat ares nd -03673 3K fKo5f, oOBESARES 2D 8
K for -1BDST S
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22000 prerrerees OP— ceprEreE i — T e S SO, .
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18000 [ E
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- 12000 F -
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4000 | -

2000 |- .

FigdOe Di el ectric spectroscopy fjraess ual tfsu1
t emperiiaaturaee frequency o®, 1bk-BlBSB8d -4). E

The directIEXCt empeuatdre changes under vario
viiai tiy fofr BSTBSTSandlBSdSe prlkisede d®hien

|l argest temperature chaingens addc utrh tmenea Itslhaen pi i eesé.
samples the peak of _thheshéempsesragthee ¢mphgeat L
with an increasing. apipéi endep edOt ssahoopwise etBHBer S| ar
temperaturie chodbr2gek at an applEicerd &@Nécimr i ovhi i
the doped s-amahéeslBBBHhSOSW a tempér at bl a@amhdan

i = 019K at applied Eelle®@kNVi cmfEB=ab3kV/ cm,
especQ@n vtehey .ot her handshawea dopealdsramped &ls i n
he phase transition temperadiufrfusevhplodse st rce
ehavior of BBOS2t®}famics
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019 ; . : . . . 3
018F (c) e ‘—-— 44 kV/cm‘-f
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0.04 Eora e
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FigbbDe ECE measur einenats rae sfuulntcst i o nit foofr tve
values of the applied,elbg SBISA@E df itd)l 282 FfT

To comphEGHf differentECmaseondH sij th ke i s
chosen as a suitable parameter since it is 1in
sampl es ECrAesipgmse at a | ow apEICiedpehsliEvityg ©o6f
070 K mm/ kV i-00 $&@mpIlB&STSANn increade Sinn |telaed sc d o
decreaséE&Criemspdirese and a ECopedponpieakby dmer BS
BSTBE0 &k 629 K mm/ KW 0a2dK mm/ kV, r efap emei vel y.
compare vdrrieceusf elreaodel ectrics. The BSTEBECsampl e
responcsoinppiatrieadh ¢ e f e ramoldeel-bedcsterd cfserroel ectri cs.
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Tabbke ComparkEGomarocafct eri stics woft nBST de
ferroel ect rThece s ma tvearliueelss . wer e obtained
determi ECngs phres e.

Mat er | o (K) i (K)E®V/ 31 "H K mm/| Ref
Ba oS4 .Td O 366 0522 7.4 070 [ 21
Ba $d:1d bos 338 0463 1® 029 [ 21

Sh Qs
Ba $d:1d b 302 0190 85 0.2 2 [ 21

Sh. Qs
Ba 7.1 O3 317 0.6 3 20 031 [ 16
Ba. S4.958. 0 320 14 4 30 04 8 [ 16

Th.Os
Ba &4.95. o 304 04 9 20 025 [ 21

Tbh. Qs
BaTi(Gin 402 0.9 12 075 [ 15

cryste
Pb MgNDb, Qs 340 2.5 90 027 [ 13

3.7 Liquid Crystaline Elastomers (LCES)

LCEare materi adICmoli mcwlheés hare incorporated into
matri x. Depending on the type of incorporation,
LCE mahai MC Cand chadiestlCCLCEs As the name sugge
MCL CEhave&mol ecul est eidncdoirrpeocrtd v i nt o StCh€§pol ymer b
on t he othheerre Haln dadlteacclthleeds | at eral ly tOGBthe pol yn
combimmeel astic propertitetserdfendlaas toonmdr sanwdi tplosi ti o

ofLC The <coupl thregr ibeenttweeteino n a l order and el astic

responsi ble for some peculiar properties with r

the matertigdi sfewmressed in the elongation of the

the nemati cThle retdame change is driven by change:

mechani cal changes <can be influenced by &electr

excitph6bd@psOTIhigsi ves them great potenti al for ap,|
n

sensors anda@s8c 2ROt @r24l |

Polymers are |l ong <chains of segments <called n
composing a polyme3 =d®di)n. nTahye breu Hbaergye r(esponse cC
depemddeoseparati on of scales phetweenitshaneff e@v

whia&chhain can essentially é&dcenagk,n lam dt hid el ¢ 0d adf | e |

this correspondsl d@toelayn railgmods tr ocdi mipod heaclull eb eo f | e
focmgn sufficiently 1 ong chains, where the &ent
pronounced. Polymers can bp=inceehendengdtéaet pop iya
chain drastically ofedpocesi hlhe aoaambiegur ati ons or

After freeing the chain from these constraints
maxi mi zes the entropy or alst dmrmrat icOmelr Yy sdte cnroetaes, e
however, thatl i goali yweer SThase i s where using crossl
net work comes into play.
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Bi ndiongmers toget heredvhai rcrtoemadli sakne reslnafsitxir ce

solyyad el ast omer . I n such a network, imowiodner s
|l i ke. Due to thermal fluctuations the chains 1
as far as their topological constraint wi ||
polymers, elastomers recover theinceoinisgirreanovs

Such systemastwlaemes bi matef uemmeheeglehat i st i ¢
mechaniRisggi dity and shape memédoly stem directly
As previoustwomentriavoegdes for incorporating
i n. exkhesyt can be | Hnokaidl ttoog eftcdiraari neh ereadi ynme r .
kage must be chosen in suchidaitgshiforn has ct
er wi se, they can be pendant to a-cfhlaexi bl e
ymwendh a Dbpal ccgpmkbign , the Ilinkage to the |
sen carefully to allow the chailmtdamaf corrmaoty
str aiNpihrafp22 BMet hods of crosslinking polyme
m chemical, using copolymerization with a
a d dd rn gt urlmdcnt ai | crosslinking agents, to radi:
h photoinit-ratdtbogti3@f 2.8y miha ut any special
ing the crolsGHES n&liwagy  rfocrems spoDiydeemiaon v & K it
pri ndreasidriyghnukshe pol ydomain state is ther mod
very deilfifmi@uwldtren gtecar s , many attempts at al |
matic el astomers with electlThesanmetmagdaset w
ccesasfyulinocases where swelling elastomers
milar to those incgrR2r9%bhied showdaed thatt bDMme
et wor kstpaooce sreincch resistance to the rtebobgicahr
hoice was using stress fields to achieve ali
wetep crosslinking pabicgdedemopnog¢gomdBlerke was i
he first step, nematic polgagmeweakagelli §ghtbyg
tretched in a uniaxodNlphfassehi drmiisn aeihtiltere st ae
he incorQpoKeae¢pidng the gel stretched, a secon
i xes the enforced uemianxowdh adtigesne nits dpgplai &
ross|ltim&i hgnal el ast omer wi || be a nematic
emperatur e. It can be not ed t hat a nemat i
ransparent, while a pgdol ydbamaien wuarhelses iig ad st
I'n a nematic monodomain el astomer, its macr
he nematic order of the system. Since one car
nd thus the machradsschogesidcvs shapen ws a t her mor
esponsa MGAhGEhs heat edNoffSmAphtalk e Itpoh atsheeg it wi
ontract along the direction of the nematic
|l astomer will el ongate wilondi tdet adn rectce oint o
hld¢ o No&EmMAphase. Large extensions are only po
f i mprinting a | arge stress field into the
r
f
f
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S
T

Fi gwrle Typical temperature progilsdsmi o6t
t her momechanscaéempespbuose profil es. TFohf
respooaseespondiomg etrota afnisrigti on, whil e =
continuous response «ardrees doradisng itom. a

The initial i mpr MEE Caenr evaad = dt eyt tthlees Fep kel mann

osslinking process are supercritical systems
i sorder), where the phade t aeoloutdiean piassr age & du a

O Mt T "0Qo0
> U0 0 —

&
oo

As
e X
w h
vV a
co
ge
t h
at

Thi

pr
he

w h
de

ntinuously wi2t3hlRtreerhmpereat inte wasdt heeghhet hatansi
wards the critical regi me, where the order part
e elastomers with a | ar gL @n203u2g, h213a3mMd wmtn eaf owdr

at the nature of the thermomechangcdalherespon
nkel mann process. Varying the crosslinker congc
osslinkimdy hpwelcdefisikg sampées t he profile and me
e ther momechlah3d 283064 r esponse

Elastocaloric Effectin Liguid Crystalline Elastomers

already e&Biast eaddn adcieabatic temperature change
ternal uni axi al LsCtEaé¢s®hi i appl itdeérmomethanica
ere the sample experiences internal stress anoa
riatbobpnoedéeheparameter and average chain conf
uld Il ogically ask whether applying an extern
nerates a teimplkee asamel ehahlye external wuniaxi al
e pohygimes &l ong a single directiLdCmol dbubesin e
tached to the malivemdrateh ainds atld gdierad.cotnigont he s
i s IimpliesLGudbrsyptiemy Eem@mhe®pyr ocess titei sadi abat |
ocess flasgpemough so that the sample does not
at with i tlsn sswrcrhdhen ciars@., éeéntropy of the systen

'E= _"E +_"E =O0Oh (1 0)

ereis the change ystemeenheompygl BAdgBasni mgt t hat
pend on the external field, a smalsl: t her mal en
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y: 3
M_y 8 (1 0)

VE =

I nt egr attioont hlee aedxspr essi on:

. Yy "
E= 2% g4 (10)
i 72
whef e assumedconos thaent . Generally,,itfhiosnei st arkcets
s mal | enough temMmpedanereannaphphrakibmaing const

Combi B magt ildMsaff@et(he expression fori:sthe final

S 2 (10

I n order 1t 0E dettehremilmen @afumees d B e eexipyr essn on for
NLC s Eadtion (5)) witkexaneaddhngi 6thal coepiin

Mand an applied ext:ernal wuniaxial stress
1. 1. 1.« ..

N R N e SR 10

y=5O6, W o+ W (10

Taking the negaés‘vad det hveaeispte cdd i, mti arrets

" 1 1. .
E =, — =L§AV|, (10

=<:! (Dc

"E =L%A m@w.,i). W@r,i-) s (1 1)

UsibBgguat ildyrsa #f1dp ,( exper essi on for tihse final temp
R G
n=wy . 1D

Thiscemrsfstent ilecgauunatbdeonsdlowved numerizmad | y. Th
are obtained from the condition:

| 3 e
I—?;I =3 W) M +WM i =08 (11}

Thus,eQ émper atureint chéngre i s
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3.9 Simulation and Measurement  Results of the

Elastocaloric Effect in Main-Chain Liquid Crystalline

Elastomers
This section presents the simulation rresults of
MCL CE h7ei mpactwvaroifous parameters i n tome tfhreee ene
t her momechani cal aahddéghéde @espromeaseaMCE CE wi t h
varying crosslinker concentrations, senbednal st
crosslinkand pwecksrng wiarlke @m.els€@nseldvent

3.9.1 Simulation results of main  -chain liquid crystalline elastomers

Firsatlpyr,edictiveCEt udy pefrf M€Emed via computer si

doneoridtedk nowhadabeex pedf rom the expareéememtsal.l me a !
Equat(l 68 s ubstetd wi t h an additional term introd
Ter ent2j3enThey demonstrated that the presence of r
of quenched orientational disorder involves addi

energy expression:

Y T N ST A
== = + W+ 11
y 23(|/|L1/|)I/IL33I/I 4)’I/I A | In (11 %

with theydemsnandt as

: 3 g ik
S TCT)

ih (11 ¥

wheH=eiii?3i s the Frank el astic constan®i s nthidhe one

nemati ¢ c oherr=elhicite lafpinlsgtthhe coupling constant bet
paraméared the strenAQn hi mdr eddasseoridrercrosslinker col
thought of as increasing the disorder strength o
couplingfcdmompsncity, a di mensionbegpsedmelmyof th

.08Y. i, Y

=" y= 2X + x4+ 2 11

V=Y &Lxxxahsx, (11}
wi Xy, abei ng the di mensionless order parameter,
and uniaxi al sfToedegfermspect heetdh@ empoaclkeanti tel
valwfeor vari ousy, vaighrdest coflecul althead i nvolves sol vi

expregwdipn_,, . =0 Due to the form of Equation (115), this has to be

performed numericaly. We present two types of results: one where the value oy is held

at a constant value and the other where the value off3 is held at a constant value This

will provide information on how the disorder and the stress terms affect the system
individually.

Fr olbg utai ohB & A4ldp (one can observe thatiiitshe tempel
proport@ MMalIFrtoom expé¢eB@degmeB8&lnow that the order p
Mandel ateinfifi himonodoM@l @E| osel y dmdtlloewvs onkeh t he
gualitative behavi or offuntchtei onr doefii stpedmpaeiweae eurr ea s
gualitative behavior of cCcCoMCL@Et aen aadfdinek ongatt
t emperwaitlulr eal s oFigbre 52 krasentsrthe plotof the order parameterx as
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a function of temperature X[240] In both cases, when the values o and y are increased

the discontinuous jump in x, associated with a firstorder phase transition, decreases until

it eventually ceases to exist above a certain critical value. Thesystem transitions from a
subcritical to a critical and to a supercriti
the system is introduced to an addheé inneesdse mr d
to be i ntmwaadhcredr & ot heommal | éget e effects of
compl.¢Hteamlcye t he system reph®@Nshtsaatienhagpat ampmatt
as can be seen by the fxaeweQlhiat et heagsh@esr thar
Smi Il girn the case of thhedtcsobdemphlown g#metam

ani sotr,opayl oanxgi swisi dlavor amleenatorcet her | bdouach | i gn
to steri<angd VangfderrdaeWahilgsh enosghedighsdos der
nematic director is aligned along the | ocal an
X
a
()1.6 . . .
—e—h=0.0;,d=0.0]
I —e—h=0.2;d=0.0|1
14 ¢ h=04;d=00]
i —-—h=0.6;d=0.0‘:
12} R
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» 08
0.6
04 f
02}
ool o o v ... ‘
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b
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d
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FigbleOrder pasfamec¢teiron ofX tempeTheéudp;|
varied with the disorder st ryerg.t h( bb)eiTnh
Sstrigiss varied with thei ndg shoelddkerats ya= 6.00@¢
(c) The disgrdervagtireadngilnt h t he appliec
v a | B=e0.0. (d) The di pwadieed swirtemgtlihe appl
a const &sFt04jvad ke

Fi gbB3sehows theydyes vativect i onx[@f4 0tWempdrsatr wree
that as the system approaches ttheogcrtihe cpéalka
val u¢gykokdecr eases and Geaoukcmesriesaadvon baea
expedts thal response dbbrecsaesgoat i7n wher e an
adiabatic temperature change of a material ex

o wTH
Lam,n) = AR, yl (11

From th@MEyr mvhkdrf§ i s the relaamffiive tlhhengtemgth o

sample in ,the Icamhasse that the greater the ¢
temperature at a constant uni axi al st mwmens s , t h
i's associated with the Itnheprrnaocnter ochelme atohailtshiaé s p
samples with a greater crosslinker concentrat

temperatuffbBi shmafges sermkgeatl fldlwe Whes€Cleedthens e

depends on the difference bet Weanamnh(iég ,n)ali aé¢ o
and fin@a)i)sttammsdel , this would beMmleanddi ffere
x(X,8). Any influence decreasing t kRS sredegddres enc
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(c) The di sgrndervagtireadngilit h t he am@plcioec
v a | 3=e0.0. (d) The digiosdearisédewigth the
at a consi=a06f 248 ue

Fi gbdshowseCt hemper at uXe ashangfeuncti onX of tem
where the sample is preBaamdledvewivtalr ya tdaen satpgn ti
strand di sor dydr2 4s0tWee moghtsher ve t Bdte aars itroc rae d ;air



74 Caloric effects

X, whiisgexhpecQnedt.he ot her harnd,eaarm itmc rae adseec riem s ¢
X ..Figbyad sbow$ as a fuKctoindny ovrei @«aptpil met he s ame
B but withBdinfdf eerag[n2ids] bedoriencyleaasdsngt o a small e
X ,as wedn nasemaisg | eads Xo amdémélhtlieg the peal
t owar ds nhpiegrhaetiFu rgeBSrsehow$ as a f uKc twheenseoifitdh e

B are held at a gbssvph4dlegilaalnue anyutnadcuy Easi ng

I n all threeXscmemndas oshi ftthed toward3I hkmgpher t emp
be under st o@ad Wyb2puoaekkantggt he dixfbfedrwereme tihme | i ne s
with va&l=0eangf00 the difference will X= | argest
100 On the dtolhhd&aitnigtaimed ,di f ference bet vwgedls the | ine
ang=04 tdhd f er entchdeawiglelst b ar oaud§=dl4tHheen cvea Ituhee s hi f t
towards | arxyer values of
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(b)
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B =01lang=00071 240]
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Fi gbB8sdhowseCtthemper at uf eashanfgencti on of the appl
strig,sswith varying val udssarmd a hfei ekl valdeda cft rtels
strewn[g2 40t er eateixrt glehmew yv ak utelrse odfy st esctmsa I[wietrh a
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after which there is a cltasgeaviempl|aryddtHargest
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Anot her ighupaonritsatrgt@ree sponsi vity. I't is defined
t heQ emperaturX aehdngdéde appBidd gtamesde interp
ki ndsyosftem ef fhioowi emuaccpuivor kt o the system versu
t empercahhaumwegesa ¢ h idérv @ 8sehowse @ ks ponsXi Vil gs a
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functi
t he
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exhibited in the vicinity of the, hwseltaonbheoi
tend to shift towards highefB,B,enmgpgm@nat hreothred:

hand, iis sho¥n/ t3shwat It hilear gest at verly.lsmaal | V 8
practical senbeéth thspomeiystiywmolit gtthrma l | val ue
. Howevaelrar g¥r can stil | abte laacrhgieer\gevdaultivi esh o f

increasingly lower/legi mespanisngliyyl arger field

Ther etfto@oen,st ructi on of a heat NMG&hGH ewielnlt hewd
consi derA tchoinspr omt e Hevdeersponsai vimagnanhddeh
t he wICIEI have to be met

3.9.2 Calorimetry results of main -chain liquid crystalline elastomers
with varying crosslinker concentration

Hi ghesol uti on calorimetry measurementd CiiEere pe
exhibitoraoshadoa der phase transition . BPegw®en t he
shows the experimentally obtMGLNCEli triesad ¢ $s loif n'
concentir=adt0i5qQ=s 8.0 6i,= 0.0 7{,= 008(,=009, Tan0d  2uR0Gl.2 ]

Wi tihncreasing crossthemkphasontorgaensg idtrioam behiang v

fiostder at | ow crosdfliiofKeér toosedemnodat sumperCr i
high crosslinkeT 0&®)n.c ehfidrm tigriodnec a(t i on t hat t he
be some | atent heat proeasdmt tate tlloew ghaoses | i m&r
sampTlkeese results are in gowdlragueement swpeh |
byCordoyi annbi8}kienng arlel axati on calorimetry, it
i=005 sample had any detectable amount of | at
rel ati velj= 606l KJF rgatmh,ii ¢ can bethatf etomleodw f
concentrati émubgonpdieers.t Whil e reducing the <cro
even mbgkt produce a -crathed eplvadd tar dngisti on a
a |l arge amount of | at swtdMCHLeCaEt g mdlte staurrnése autt &
prestat mpossible to produce, since they bec
resemblLE€Epal ymer mor e tmhb@EIbhbegatsdiammgass!| i nker
concentsrhatften phase transii ttioowa rtdesmpheirgahteurr eval u
increasing tbhacenbssatinkemakes the el astomer
more ther mal energy t o Noprheasceo nee d chmesBarsnegdi ed i sty
on these caloexmedtgttinoadsu Itahsee | ower crosslink
sampl ese wa | leeBgtihrearn t he hi gher concentration sa
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3.9.3 Thermomechanical results of main  -chain liquid crystalline
elastomers with varying  crosslinker concentration

By measuring the theromoenzehbbenbdor mesphenes e,
conclusions from the calorimetry measurement
sampl es wil/ have a | airgelrti empethad urd ecH amwe
concentration sampl ed{in)wouurlvde hianv et hae svtiece pneirt y
transition. Thiise b se.rpwik @i srted Ws [Wh atvhleire t he
sampl e | enlgpthha sisn at hfeunc teiroantiuéf®r t e mpee sampl e:
crosslinker Tco0D6 & rt007at aidpwWB0Ban&i gwrxshows the
der i vydyinive t he vicinity of the[ BHAasgsadalnf abnesi t i
clearly seen t hat reducing t hel|lyyrijo s STihierslee r
experi mesuakts are in good agreemenMCLWIEt h t he
obt ai ned [b2yd 3Sksa Cweejtoluraown s.i mul ati ons
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3.9.4 Elastocaloric effect measurement results of main -chain liquid
crystalline elastomers with varying crosslinker concentration S

Here we present the experi memnads uresmdMCGitss obdft a
LCEwi th wvarious crosslinker concentrations. E
percentages of its current | ength around the
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dark red bold Ipirmgecrtepmes oift itthi®e |ip oign Jod

wher e tdredefri rpsitase transition t-erdeingit®® ahd bec
criticabepoiceststhd ch ctkiynl tiFmag[ulr2d3he | i ne of <criti cal
represents the uppermost |XBni taypadfw hae rceo nibhien apt hi aosne
transitionoricsdesaridilngf itrstour spec6Pti biecheat resul
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transition with a moderate | atent heat val ue.
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thus, slightly iellevaeedi sai ngs tfofelhidghearl usetsr. e As |
critical point is reached=@at 0% stahmpz kterpa nsstirteisosn fii
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more smeared t-tmintiiFadalOBe smaenpt e, l eading to t
peak valiudsi.ofThe samplOesO6wiatrhe already supercr
theit /. ipeak values similapet or itthidesal .fGdinddsdi of
T=0.06 s&8mmlefdrect s waeanrse nogh see rcwrayds ki s ®P bPThi( M g
(PMRTY erroelectrwberel axbasge enough el ectric
order transi tatnl itcoreitteifrcnai | n aptoei snut pse racnrdi tbieccaol mef o
fields

Using our phenomenolohéecabesmiAdpwad byalLClEIsat e
n the vicinity of tBh~e0.0 a n § t+ 0.ac(all, 5 5ptohi en t 15 e saurl otusr
resented 8[mR4Pi, Rodtrlgd Wohawghly corresponds to
oncenfrlantiitoinhbsippoensi vity sl owly i ngr earsteisl wiitt
eaches a pegkoOba@aluveobrowed by a rapiX¥ Bdrop. |
s a furmcftoironcomfst agarwvahdes hbé peak tamed c o mj
xperi mennadl| gl ethbt@as a funictiidn caafn be seen th
ual i tati ¢EIl g0as eanBbl[ Br4 0.,Thdel]e C r e s olnesxihviibtiyt s
uch sharper drops for tRgéFhgfafec6imibat poiw
experimentally_ iinbkérwedtfromriniecl@@ B ampl e (Figur
6%) This suggests that t han oemxapbeerhiane nofir & @160 tohbes e r
samplagtiusa ltlospdtoe i mi e Itdaniet iod al points.
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