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ANALYSIS OF SURFACES PROPERTIk'S BY ACOUSTIC 
METHODS AS APPLIED TO LIQUID CRYSTALS 

KAPUSTINA OLGA 
I n s t i t u t e  of Acoust ics  Academy of Sc iences ,  
MOSCOW, USSR. 

Abst;ract A c o u s t i c  v i s u a l i z a t i o n ,  a c o u s t i c  
microscop$, acous t i c  probing, method of acous- 
t i c  emission and photoacoust ic  methods a r e  
d iscussed  a s  applied t o  l i q u i d  c r y s t a l s .  

INTRODUCTION 

Surface physics is ari extremely d i v e r s i f i c d  f i e l d  
of' sc ience  a s  Tar a s  the range of i t s  probleias 
is concerned. Among present-day experimental  
techniques of studying f r e e  s u r f a c e s  and phase 
i n t e r f a c e s ,  i t  is a c o u s t i c  methods of nondestruc- 
t ive t e s t i n g  based on the p e n e t r a b i l i t y  of acous- 
t i c  waves tha t  a r e  p a r t i c u l a r l y  a t t r a c t i v e .  Some 
of these methods may be recommended f o r  i n v e s t i -  
gating the i n t e r a c t i o n  between l i q u i d  crystals 
(LC) and boundary phases ( s o l i d s ,  gases ,  li - 
quids) .  Those a r e  : acous t i c  v i s u a l i z a t i o n ,  acous- 
tic microscopy, acous t i c  probing, method of 
acous t io  emission, photoacoust ic  methods. Among 
a l l  known U s ,  nematic LCs which have only one 
type of thelong rang order a r e  the  most suscep - 
t i b l e  t o  e x t e r n a l  a c t i o n s ,  inc luding s u r f a c e s  
f o r c e s .  For this reason we shall re fer  mainly t o  
the nematic l i q u i d  c r y s t a l  (NLC). 
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174 0.KBPUSTINA 
ACOUSTIC VISUAL1 ZA TION 

-I-/ 

Nature has  not gifted man the a b i l i t y  t o  "see" 

with the he lp  of sound. However, during the l a s t  
sixty yea r s  m a n y  var ious ideas have been sugges - 
ted  t o  devise  acous t ic  instruments which could 
enable man t o  overcome the l imi t a t ion .  A chsrac- 
t e r i s t i c  f ea tu re  of LCs cons i s t s  i n  the i r  unique 
capabi l i ty  of transforming the information of an 
acous t ic  f i e ld  i n t o  the v i s i b l e  image w i t h o u t  
using any ax i l i aqy  devices.  Figure I presents  
simplified scheme of producing the image of a 
wave f i e ld  i n  NLC placed i n  a c a p i l l a r y  whose 
wal l s  o r i e n t  somehow the  mesophase molecules. V i -  
s u a l i z a t i o n  becomes poss ib le  due t o  an ul t rasoni-  
cally induced change i n  po la r i za t ion  of the light 
passing t h r o u g h  the NLC layer, o r  due t o  a change 
i n  the l ight  s c a t t e r i n g  i n t e n s i t y .  

optically source of l ight  
crossed t ri nspare n t 

acous t ic  p l a t y  
-/ $ 

beam 

t o  observer 

F I G m  1. Scheme of acous t ic  v i s u a l i z a t i o n  
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ACOUSTIC NETHODS A N D  LIQUID CRYSTALS I75 

A s o l i d  w a l l  a c t s  on the LC i n  two way: a ) i t  
imposes boundary condition8 f o r t h e  whole volume 
of the specimen and t h u s  determines the behaviour 
of the M;c under the a c t i o n  of disturbances;  b ) i t  
changes the s t r u c t u r e  and p rope r t i e s  of  the  NLC 
boundary l aye r .  The above scheme makes i t  possi-  
b l e  t o  i d e n t i f y  the boundary conditions i n  the 
c a p i l l a r y  and f i n d  the degree of  the o p t i c a l  ho- 
mogeneity of specimens ( completely dependent on 
sur face  conditions) by means of a volumetric cham 
ge in or i en ta t ion  caused by acoust ic  actions.We 
s h a l l  not touch upon var ious acousto-optical ef - 
f e c t s  in N L C s  reported i n  numerous papers ( s e e  
reviews 'l *2>, b u t  we consider p a r t i c u l a r  examples 
t o  f i n d  how the p i c tu re  of the wave f i e l d  i n  the 
M;C l a y e r  is connected w i t h  the type of boundary 
condi t ions i n  the cap i l l a ry  and with the op t i ca l  
homogeneity of the specimen. 

Surface acoust ic  waves ( S A W )  seem t o  be the 
most a t t r a c t i v e  f o r  the purpose of ident i fy ing  
boundary conditions,  the corresponding scheme is 
shown i n  f i g u r e  2. I n  a general  case,  a t  the  ar-  

t o  observer 

shear  
transducer es ive l a y e r  4 / S A W  transducer h 

I 

f r o m  l i g h t  source q u a r t z  l i n e  ,.; 
c a p i l l a a  p l a t e s  

FIGURE 2. I d e n t i f i c a t i o n  of boundary condi- 
t i o n s  i n  NLC l aye r  by S A W  
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176 OoKAPUSTINA 
b i t r a q  r e l a t i o n  of the l a y e r  thickness  d and the 
sur face  wavelength, the wave field i n  the NIX: lay- 
e r  is a complicated p a t t e r n  of  in te r fe rence  of 
modes with d i f f e r e n t  wave nuinbers and attenuation 
constants .  T h i s  in te r fe rence  p a t t e r n  can be calcu- 
l a t e d  only by numerical methods. However, we suc- 
ceeded in showiw3 t h a t  the wave f i e l d  i n  the 
l a y e r  is the superposi t ion only of two modes i n  a 
frequency range where the thickness of the NLC 
l a y e r  and the c h a r a c t e r i s t i c s  of wave fields obey 
following i n e q u a l i t i e s  

1 7> d 

(lR- sur face  wavelength i n  the p l a t e  mater ia l ,  1- 
wavelength i n  the N X ,  lvis- viscous wavelength 
in the  NLC). In th i s  case i t  becomes possible  t o  
obtain the a n a l y t i c a l  form of the r e l a t i o n  bet- 
ween the o r i e n t a t i o n  d i s t o r t i o n ,  l a y e r  thickness 
and the acous t ic  parameters. The p ic tu re  of the 
d i s t o r t i o n  is s p a t i a l l y  modulated4 b u t  i t s  perio- 
d i c i t y  depends on the type of boundary conditions.  
Fo r  homeotropic condi t ions the s p a t i a l  period L of 
d i s t o r t i o n  caused by S A W  is given by following re- 
l a t i o n s h i p  L = 0,5 lR( C,/C - 1 )-' and is inde- 
pendent of the l a y e r  thickness.  Here CH means the 
SAW velocity in the plate, and C is the ve loc i ty  
of the e l a s t i c  wave i n  the NLC ( CR=3..ZIO 5 cm/s; 
C = I .5xIO 5 cm/s ). For  p lanar  boundary conditions 

the period of d i s t o r t i o n  is L = O,6ld and does 
not depend on the sound f r e q u e n c y .  ( I t  i s  d u n p o s e d  
tha t  the SAW propagates along the d i r e c t o r  ). A t  
typical layer thicknesses of 10 t o  40 m inequa- 

5 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
44

 1
9 

Fe
br

ua
ry

 2
01

3 



ACOUSTIC METHODS AIiD LIQUID CRYSTALS I77 

l i ty  (1) is valid in a range of 5 to 40 DWz,this 
determining the limits of the applicability of 
the present method f o r  NLC testing. The acoustic 
power PBrequired f o r  visualization of the image 
depends on the layer thickness, SAW frequency and 
physical constant of the NLC 394 .  For a layer 40pm 
thick, at a SAW frequency of 28.38 MHz the value 
of P,is about 10 mW/cm 3 .  The method of acoustic 
visualization can be made more sensitive, For 
this purpose a source of shear vibrations (Y-cut 
quartz) is added into the above visualization 
scheme 6. It produces a coherent viscous wave in 
a NLC near the phase boundary,this essenfially 
changes the picture of stationary acoustic f lows  
responsible f o r  orientation d i s to r t ion .  The consi- 
dered ways of combined actions on the NIIX: lead to 
an increase in the spatial homogeneity of the op- 
tical image and also result in that the value of 
PR decreases by factor of 10 t o  100. 

Acoustic visualization has been successfully 
applied in the characterization of the orientation 
homogeneity of NLC layer. The chematic drawing to 
obtain the image is shown in figure 1. The necas- 
sary condition for the SUCCBS of such tests is 
the homogeneity of the wove field in the W lay- 
er, In the case of remote visualization all ob - 
servation must be carried out on ly  in the Praunho- 
fer's zone. The contact method of visualization 
requires that the source of acoustic waves should 
be a Straubel-cut quartz. This enables a more 
uniform distribution of vibration amplitude over 
the transducer surface. The value of PR a t  fre- 
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178 0.ICAPUSTIMA 

quencies of about u n i t i e s  MHz f o r  l a y e r  I 0  t o  100 
p m  t h i ck  is 40 and 600 mW/cm 2 , respec t ive ly .  7 

ACOUSTIC NIICROSCOPY 
Acoustic microscopy i s  a modification of  the me- 
thod of  acous t ic  visua1iaation.There e x i s t  seve- 
re1 schemes of an acous t ic  microscope which dif- 
f e r  one another aa in ly  i n  the p r i n c i p l e  of  trans- 
forming the acous t ic  image i n t o  the visible image. 
Spec i f i ca t ions  of modern acous t ic  microscopes a r e  
as follows: a frequency range - from 50 t o  3000 
MHz, r e so lu t ion  - 50 t o  0,l  ~ L U ,  magnification x5O 
t o  ~5000, depth of pene t ra t ion  - l p m  t o  1 mm. I n  
the University of Stenford ( U S A )  a family of cry- 
ogenic scanning acous t ic  microscopes; has  been ded 
vised f o r  s tuding sur faces  of mater ia ls .  One of 
them 
t o  30 nm a t  8 GHz, l iqu id  helium a t  0.7 K being 
used as the immersion l i qu id .  The method of acou- 
s t i c  microscopy is  r a t h e r  s e n s i t i v e  t o  the pre- 
sence of inhomogeneities i n  micro-objects,inclu- 
ding op t i ca l ly  opaque onw. Such a technique has 
the a b i l i t y  t o  detect disturbances of adhesion, 
f l ak ing ,  microcracks, pores,  fo re ign  inc lus ions ,  
devia t ions  from the prescribed thickness  of a lay- 
e r  in mult i layer  systems and coatings.  Possible  
appl ica t ions  o f  t h i s  method a r e  topographical and 
morphological i nves t iga t ions  of smooth and textu- 
red surfaces. It may be he lp fu l  i n  qua l i t y  cont- 
rol of mult i layer  s t r u c t u r e s  used for NLC orien- 
t a t i o n  and composite mater ia l s  (NLC-polymer) 
whose components a r e  very c lose  t o  each o ther  as 

8 possesses the highest reso lv ing  power - 25 
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ACOUSTIC METHODS A N D  L I Q U I D  CRYSTALS 179 

regards  t h e i r  o p t i c a l  c h a r a c t e r i s t i c s ,  b u t  d i f f e r  
in t h e i r  acoust ic  proper t ies .  Pa r t i cu la r ly ,  i t  
may be recommended for studing the polymer-dispe- 
r sed  l i q u i d  c r y s t a l  films ( analysis the drople t  
size,spacing and d i s t r i b u t i o n  ). 

MEJ?HOD OF ACOUSTIC PROBING 
I n  the l a s t  years  inves t iga t ions  of the ac t ion  of 
v ib ra t ions  on the NIX: have received a marked deve- 
lopment . I n  particular, experiments have 
shown t h a t  the s e n s i t i v i t y  of  NLC t o  shear  vibra- 
t i o n  depends on the anchoring energy. I n  f igure3  
the s o l i d  and dashed l i n e s  show the amplitude de- 
pendence of the dc component of  the op t i ca l  sig-  
n a l  for the NLC l a y e r  placed between “clean” po- 
lished g l a s s  p l a t e s  and between p l a t e s  with an 
amorphous film’; d = I U O p m ,  f = 500 H Z ’ ~ .  Accor- 
ding t o  Naemura” and Kl.emang for these specimens 
the anchoring energy W is (3 . . . 5 ) IOo3  and (3 . . . 4 )  
10 erg/cm , respect ively, i .e .  the r a t i o  IB more 
than l0.These r e s u l t s  give q u a l i t a t i v e  r e l a t i o n  
between the anchoring energy and the op t i ca l  re- 
a c t i o n  of the NLC t o  the acoustic act ion.  

-4 2 

‘dc’ 
I 

1 

I, 
0-3 
o - ~  

d 

1 m- 

I 0-3 10-1 ’ 10 i,, pm 
.isplacement amplitude 

FIGURE 3 .  Behaviour of the dc component of the 
o p t i c a l  s i g n a l  under shear  v ibra t ions  
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180 0,KAPUSTINA 
For  a q u a n t i t a t i v e  e s t ima t ion  o f  the an- 

choring energy we suggest t he  new method based on 
measuring the  dc couponent o f  the o p t i c a l  s i g n a l  
for the homeotropic l a y e r  of the NLC under simul- 
taneous a c t i o n  of two types of v i b r a t i o n s  of fre- 
quencies  k)  s h i f t e d  i n  pkase by $/2. Suppose the 
motion of one of  the plates is described by 

where a - r a t i o  of t he  ampli tudes of t he  compone- 
nts Vx and Vz. The c h a r a c t e r  of the anchoring of 
the NLC molecules with the p l a t e  s u r f a c e s  is  d e t e  
rmined by 

Here @ i s  the angle  made by the d i r e c t o r  w i t h  t he  
z -axis .  We a r e  i n t e r e s t e d  i n  the o r i e n t a t i o n a l  
behaviour of the d i r e c t o r  i n  the audib le  frequen- 
cy range s a t i s f y i n g  the  cond i t ion  lo> d <  lvis, 
l L L s ~ l v i s ,  L,Pd (here L, - the sample length,  

- the  o r i e n t a t i o n  wavelengths). F o r  specimens 
I 0  ... l00prn thick th i s  condi t ion  is v a l i d  up t o  
f r equenc ie s  of about l o 3  Hz. A n  a n a l y s i s  shows'* 
t h a t  i n  the geometry considered the non-linear 
i n t e r a c t i o n s  between t h e  d i r e c t o r  o s c i l l a t i o n a  and 
the v e l o c i t y  f i e l d  give r i s e t o  a s t a t i o n a r y  d i s t o r -  
t i o n  of the  s t r u c t u r e  o f t h e  layer  so t h a t  the di- 
r e c t o r  o s c i l l a t e s  near  the new q u a s i - e q u i l i b r i u m  
s t a t e .  
c o n d i t i o p  ( 3 )  the angle 
n a q  e f f e c t  is w r i t t e n  as 

or 

Following our analys is12  f o r  the boundary 
€Pst desc r ib ing  a s t a t i o -  
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ACOUSTIC IiBTHODS AUD LIqdID CRYSTALS 181 

where '6 = K /Wd is the dimensionless parameter 
which characterizes the anchoring of the NLC mo- 
lecules with the boundary. A t  amplitudes and f re -  
quencies satisfying the inequal i ty  O;lpL;,Fod/K Y I 
nonlinear effects a r e  very considerable and the 
contributuion made by the s t s t i o n a r y  distortion 
into change in the o p t i c a l  transmittivity of the 
layer is exhibited distinctly. I n  such a situa - 
t i o n  dc component of the optical s igna l  is given 
by mo= 0,5 [I - J0(Pq) cosPolI, if the the angle 
between the p o l a r i z e r  and the direction of shear 
vibrations of the plate makes 5/4. Here Iois the 
intensity of the incident linearly polarized 
l ight ,  Jo is Bessel's function of the first kind. 
The parameters Po and PI depend on the values of e0. It implies that the  dc component m o i s  a func- 
t i o n  02 q0. At high value of Po (for P,7 P,,) the 
first maximum of this function is determined by 
the fol lowing condition: 

3 

3 

- 0,67 v/?2 + f (s) t- ~ n f $  k0/2d, (6) 
where k o = 2 ~ / ~ o , A n  is the birefringence of the 
NLC,2, a n d r  a r e  v i s c o u s  c o e f f i c i e n t s  of the NLC, 
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182 0 .KAPUSTINB 
The relations between the anchoring energy W and 
the amplitude 
maximum of ino derived from ( 5 )  and (6) are shown 
in figure 4 f o r  a NLC sample, l s ~ m  thick, at 123 
Hz for the following number of  values of the para- 
meter a = Vz/Vx: 0.16, 0.4 and 0.9 ( curves 'I-3). 
It can be seen that  in the region of  weak ancho - 
amounts which can be neasured. Experimental va - 
lues of are also shown in figure 4 ( a  mix- 
ture of MBBA and mBA; the plates bounding the 

erg/cm ). The change i n  the values 

of est on W (curve 4 f o r  d = 50 vm, z = d/2, fo= 
l p m ,  a = 0,l and 

corresponding t o  the first 

ring small changes in W l e a d  to shift of to 

7' 
NLC l aye r  were treated with lecithine,W '=c I 0  -3 

2 

function of W is in agreement with 
Y 

1 
2 

3 

f = I00  az>- 

a I 
0 - 0.16 
x - 0.4 

I 
4 

10-3 lo-2 2 
0.1 

W, erg/cm 
FIGURE 4. Evaluation of anchoring energg 

METHOD OF ACOUSTIC B d I S S I O N  
It was considered f o r  a long time t h a t  acoustic 
emission (BE) was inherent in solids only.However 
as it turned out AE is also characteristic of LCs 
in which there  are a lot of inhomogeneities.Itali- 
an colleagues have shown that one of the simplest 
situations t o  observe AE is a change i n  the sarnple 
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ACOUSTIC METHODS A M 3  LIQUID CRYSTALS 183 

temperature, during th i s  change the LC passes a 
number of phase t ransf  or nation^?^ Such observati- 
om were ca r r i ed  out on thick ( - l c m )  nonoriented 
samples of MBBA, COOB, CBOOA. It was found t h a t  
the acoust ic  a c t i v i t y  was most c l e a r l y  pronounced 
i n  the nematic-isotropic t r a n s i t i o n .  A high sansi-  
t i v i t y  of the method t o  microstructure1 inhornoge- 
n e i t i e s  of mater ia ls  allows one t o  view i t  a s  a 
mean of  cont ro l  of the alignment s t a b i l i t y  of  LC 
sample. Unfortunately, l i t t l e  a t t e n t i o n  is given 
t o  t h i s  problem. 

OPTOACOUSTIC SPECTROSCOPY 

The successful  development of powerful l a s e r s  has 
l e d  t o  the progress of' the e x i s t i n g  methods of op- 
tical spectroscopy, for insbance, of the optoacou- 
s t i c  method (OAM). It is based on the generation 
of a thermal o r  an acoust ic  waves by absorption 
of pulsed l i gh t .  An important f ea tu re  of tihe OAid 
is the dependence of the OA s i g n a l  on thermal 
p rope r t i e s  of the  medium. It enables one t o  emp- 
loy  th i s  method for studing the  phase s t a t e  of 
mater ia l s  and for probing thermal proper t ies  of 
the  samples. For these purposes the  OAM w i t h  in- 
d i r e c t  de tec t ion  of sounds i n  a gas surrounding 
the  sample is most; e f f i c i e n t  i n  condensed media. 
Since the OA s igna l  is proport ional  t o  the  energy 
absorbed by the  sample, the  light sca t t e r ing ,  
which o f fe r s  se r ious  d i f f i c u l t i e s  i n  atandard spe- 
ctroscopy does not play any e s s e n t i a l  r o l e  in the 
i n d i r e c t  OAM. T h i s  makes it possible t o  use the 
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184 0 .UPUSTIMA 
OAM i n  the s p e c t r a l  analysis of s t rongly  sca t t e -  
r i n g  objects, Bosencwaig was the first who de- 
monstrated the p o s s i b i l i t y  of applying the OAM $0 
the stady of p r e t r a n s i t i o n a l  e f f e c t s  i n  LCs 14 . 
More recent lyq5 within the framework of the  gene- 
r a l  theory of 08 spectroscopy i t  became poss ib le  
t o  f i n d  a simple c o r r e l a t i o n  between OA s i g n a l  
(phase, amplitude) and two dimensionless parame- 
t e r s  of LCs ( thermal-diffusion t o  optical-absor- 
p t ion  length  r a t i o ,  sample t o  gas e f f u s i v i t y  ra- 
t i o ) .  Several  methods a r e  employed f o r  the detsc- 
t i o n  of the OA s i g n a l  (gas  microphones,piezoelec- 
t r i c  transducers,  probe beam r e f r a c t i o n ) .  Recenti- 
l y  i n  the  I n s t i t u e  of  A c o u s t i c s  of t he  Academy of  
Sciences (USSR) a family of o p t i c a l  microphones on 
LC has 
in the  de t ec t ion  of OA s igna l .  

been devised. One of themq6 may be used 
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APPENDIX 

We collect here the s e t  of syubols used in the 

paper but  not defined in the text : 
- the i n t e n s i t y  of the inc ident  linearly pola-  
rised light; 
- the dc component of the optical signal mea- 
s u e d  between crossed polarizers; 

I0 

'dc 

0 ,  - the displacement amplitude of the shear; 
h i s  
K3 - Frank elastic constant; 
a - the r a t i o  of the amplitudes of the sound par- 

ticle velocity components 

f (g)  = [5.5(1 +26)-'- 1.652;'2;11" - + 1162(1+36@0 

%t. = I/4 ayat: K3-I [ 3/16 \ r?/?' - I/2 - &la 

- the viscous wavelength; 

V, and Vr; 

(I + 26) 
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