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NONLINEAR EFFECTS I N  ULTRASONIC PROPAGATION I N  A 
NEMATIC L I Q U I D  CRYSTAL 

C.A.  CASTRO, A. HIKATA and C .  ELBAUM 
Department of Physics and Metals Research Laboratory , 
Brown University,  Providence, Rhode Is land 02912 

(Received: January 26 ,  1977) 

Measurements of t h e  u l t r a son ic  second harmonic ampli- 
tude i n  the  nematic l i q u i d  crystal MBBA have been made 
a t  fundamental frequencies of 2 ,  5 ,  and 1 0  MHz. I t  is 
found t h a t  t he  i s e n t r o p i c  der ivat ive of t h e  sound ve- 
l o c i t y ,  which i s  r e l a t e d  t o  the  nonlinear coupling co- 
e f f i c i e n t  C ,  decreases by approximately 37% as temper- 
a tu re  decreases from 35OC above t o  2OoC below the ne- 
matic t o  i s o t r o p i c  t r a n s i t i o n  temperature, T c ,  and may 
be discontinuous a t  T . I n  the  nematic phase the cou- 
pl ing coe f f i c i en t  i s  gound t o  be independent , within 
experimental e r r o r ,  o f  t h e  angle between the  u l t r a son ic  
wave vector and t h e  nematic d i r e c t o r .  This confirms a 
previous r e s u l t .  Here, however, we a r e  ab le  t o  place a 
l i m i t  of a t  most a 4% change i n  C with a change i n  d i -  
r ec t ion  of propagation. 
an upper bound of 
der ivat ive of t h e  sound veloci ty  anisotropy with respect  
t o  pressure.  

From t h i s  value w e  ca l cu la t e  
dynes/cm2 f o r  t he  i s en t rop ic  

In a previous paper’ w e  reported the  r e s u l t s  of measure- 
ments of t h e  u l t r a son ic  second harmonic generated i n  the ne- 
matic l i q u i d  c r y s t a l  n-(p-rnethoxybenzy1idene)-p-butylaniline 
(MBBA). In  those measurements t he  1 0  MHz u l t r a son ic  second 
harmonic generated by a 5 MHz u l t r a son ic  wave was monitored 
as a function of  temperature. 
p l i t u d e  A (T ,R)  of t h e  second harmonic were measured and 
compared with t h e  general  phenomenological expression* 

Changes i n  the r e l a t i v e  am- 

2 

-2a n. -a R 2 2 e  1 - e  2 
0 a, - 2a, A2(T,R) = C k A 

L I 

where R ,  k ,  Aoy and a 
wave vector ,  i n i t i a l  amplitude, and at tenuat ion coe f f i c i en t  
of t he  fundamental u l t r a s o n i c  wave, respect ively,  and a2 in-  
d i ca t e s  t h e  at tenuat ion coe f f i c i en t  a t  twice t h e  fundamental 
frequency. 
of t he  mater ia l .  

i n d i c a t e  t h e  propagation dis tance,  1 

C represents  t h e  nonlinear coupling coeff ic ient  
In  p a r t i c u l a r ,  it w a s  found t h a t  a s m a l l  
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166 C. A. CASTRO, A. HIKATA and C. ELBAUM 

systematic difference AA2 exis ted between the  measured 
second harmonic and t h a t  calculated from Eq. (1). This d i f -  
ference w a s  a t t r i b u t e d  t o  a change with temperature i n  t h e  
nonlinear coupling coeff ic ient  C. 
within experimental e r r o r  t h i s  difference was independent of 
whether t h e  samplenwas unoriected+or or iented by aAmagnetic 
f i e l d .  
the d i r ec to r .  

It w a s  a l s o  found t h a t  

The cases n I I % and n 1 k were examined; n being 

I n  t h i s  note w e  present new da ta  on u l t r a son ic  second 
harmonics i n  MBBA. 
our previous measurements t o  include 2-4 MHz and 10-20 MHz 
( the  first number i n  each p a i r  refers t o  t h e  fundamental 
frequency and t h e  second t o  t h a t  of t h e  harmonic). For  the 
10-20 MHz measurements w e  have extended t h e  temperature 
range under study from room temperature t o  about 3 5 O C  above 
the  nematic t o  i s o t r o p i c  t r a n s i t i o n  temperature T . For t h e  
10-20 MHz case, measurements have a l s o  been made as a func- 
t i o n  of propagation distance.  

We have extended the  frequency range of 

C 

Most of t h e  present  measurements were performed i n  un- 
or iented samples because of t h e  lack of dependence of the 
coe f f i c i en t  C on t h e  angle between t h e  u l t r a son ic  wave vector 
k and t h e  d i r e c t o r  G. 
i n  t he  present  case (see below). 

-+ This independence w a s  again v e r i f i e d  

The equipment and procedure used i n  making our harmonic 
amplitude measurements a r e  e s s e n t i a l l y  t h e  same as those used 
previously1 . 

Here again as in t h e  5-10 MHz case, w e  f i n d ,  for 10-20 
MHz, a Systematic difference,  AA2(T,R) between the  measured 
second harmonic amplitude and t h a t  calculated from Eq.  (1). 
This is shown i n  Figure 1 where the  measured and calculated 
second harmonic amplitudes have been normalized a t  T-T 
3 5 O C .  The dashed l i n e  i n  the f i g u r e  is  the  expected d f f f e r -  
ence when the  temperature dependence of k = w/v is  taken in- 
t o  account3 ( w  and v are the angular frequency and sound 
ve loc i ty ,  r e spec t ive ly ) .  
dependence of t h e  wave vector k i s  not  s u f f i c i e n t  t o  account 
f o r  t h e  difference AA2 between measured and calculated 
values.  Thus, within the  framework of Eq.  (11, t h i s  d i f f e r -  
ence is a t t r i b u t e d  t o  a change i n  t h e  coupling coeff ic ient  
C(T) with temperature. 

It i s  seen t h a t  t h e  temperature 

The da ta  i n  Figure 1 show t h a t  C decreases uniformly as 
temperature i s  lowered i n  t h e  i s o t r o p i c  phase (T-Tc > 0)  and 
f u r t h e r  decreases i n  the  nematic phase (T-Tc < 0 ) .  I n  the  
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FIGURE 1 AA2 versus T-T a t  10-20 MHz. The experimental 
and calcula.tea values have been noramlized a t  T-T = 35OC. C 

C 

immediate neighborhood of Tc ,  t he  e r r o r  bars  of the experi- 
mental points  a r e  large and it i s  impossible t o  say whether 
t he re  is  a discont inui ty  i n  C(T) a t  t h e  t r a n s i t i o n  tempera- 
t u r e  o r  i f  C(T) simply decreases continuously, but much more 
rapidly with temperature i n  t h e  range T-T = 0 t o  -3OC. The 
data  a t  10-20 MHz a re  consis tent  with thoge at  5-1G MHzl. 

The quant i ty  M2 which we a t t r i b u t e  t o  a change i n  C ,  
was a l s o  measured as a function of propagation dis tance,  L, 
a t  10-20 MHz for T-T = -;L5OC. The r e s u l t s ,  normalized so 
t h a t  AA2 = 0 a t  T-Tc = t 5 O C  ( t h i s  temperature was chosen t o  
f a c i l i t a t e  comparison with our previous work1], are shown in 
Figure 2 (see c i r c l e s ) .  They ind ica t e  t h a t  for values of R 
in excess of some value which l i e s  between 0 .25  and 0.44 c m ,  
AA i s  indeed constant. For smaller values of R, AA2 de- 
creases i n  magnitude, A t  present w e  do not know t h e  reason 
for t h i s  decrease,  but it may be due t o  an i n s u f f i c i e n t  d i s -  
tance (in number, of wavelengths) t r ave led  by the  u l t r a son ic  
wave. 

C 

2 

Measurements made a t  2-4 MHz for values of R = 0.55 cm 
re su l t ed  i n  a bA 
This may be due $0 the  presence of an e f f e c t  s i m i l a r  t o  t h a t  
described above where hA 
RIA r a t h e r  than t o  the  d s e n c e  of a change i n  C (1 is the  

whose e r r o r  ba r s  overlap the  value zero. 

decreases i n  magnitude f o r  small 
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168 C. A. CASTRO, A. HIKATA and C. ELBAUM 

FIGURE 2 &a versus k / h  a t  T-T = -J.5OC, Experimental and 
calculated values have been normaliked a t  T-T = 5OC. T r i -  
angle:  2-4 MHz. Square: 5-10 MHz. Circles? 10-20 MHz. 
For 10-20 MHz, t h e  values a / %  = 16.5, 28.5, and 35.6 come- 
spond t o  !?, = 0.254, 0.439, and 0.549 c m ,  respect ively.  

C 

wavelength a t  t h e  fundamental frequency). 
2-4 MHz case R/h = 7.2,  which i s  l e s s  than h a l f  t he  value of 
k / h  a t  which t h e  10-2.0 MHz measurement of LA2 started t o  de- 
crease from i t s  constant value f o r  l a rge  R / h .  Unfortunate- 
l y ,  it was not possible  t o  obtain a measurable harmonic am- 
p l i t ude  a t  2-4 MHz, with our instrumentation, a t  l a r g e r  V a l -  
ues of R/X. 
-15OC are shown i n  Figure 2 f o r  2-4 MHz, 5-10 MHz,  and 10-20 
MHz . 

Indeed, f o r  t h e  

Values of LA2 as a function of % / I  a t  T-Tc = 

A s  mentioned e a r l i e r ,  a check was perfqrmed fo ver i fy  
t h e  independence of C on t h e  angle between k and n. 
w a s  done a t  room temperature by o r i en t ing  t h e  sample with a 
magnetic f r e l d  and monitoring t h e  change in amplitude of the 
u l t r a son ic  second harmonic as t h e  magnetic+fie&d was 
switched from t h s  e r  endicular posi t ion ( H  1 k)  t o  the par- 
a l l e l  positi'on (H 71 El. The measured change i n  amplitude 
of t h e  second harmonio was then compared t o  t h e  change ex- 
pected on t h e  bas i s  of Eq .  (1). 
A (T ,II) was calculated using previously determined values o f  
t i e  at tenuat ion coefficLents a1 and a2 , and independently 

This 

T h i s  expected change i n  
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NONLINEAR EFFECTS 169 

measured values of t h e i r  changes Aal and Aa 
difference between the  value cc of t h e  at tenuat ion coeff i -  

c i e n t  of an u l t r a son ic  wave with k I I A and t h e  value a of 

a wave with 2 1 < I .  

(here Acc is the 2 

1 1  3 

L 
A t o t a l  of f i v e  measurements a t  2-4 MHz and 5-10 MHz 

were made. 
and 0 .5  c m  i n  t h e  o the r  two. The average difference i n  dB 
between t h e  measured and calculated changes i n  harmonic am- 
p l i t u d e  was found t o  be 0.36 dB ind ica t ing  a change of a t  
most 4% i n  t h e  value of the  coupling c o e f f i c i e n t  C with o r i -  
en t a t ion  of t h e  d i r e c t o r  (aligned by the  magnetic f i e l d ) .  
For t he  two measurements of 0 . 5  cm path length,  the average 
difference between measured and calculated changes i n  har- 
monic amplitude w a s  only 0.16 dB ind ica t ing  a change of a t  
most 2% i n  C .  The l i m i t  of a change i n  C of a t  most 4% (or 
2% f o r  t h e  smaller, 0 .5  cm path length)  may be more indica- 
t i v e  of e r r o r s  associated with measuring a and Aa ( typ ica l ly  
5%) r a t h e r  than ac tua l  changes i n  the  coupling coe f f i c i en t .  

A path length of 1 c m  was used in t h ree  of these 

The nonlinear coupling coe f f i c i en t  C can be expressed 
i n  terms of t h e  i s en t rop ic  der ivat ive of t he  sound veloci ty  
v with respect  t o  p r e ~ s u r e ~ , ~ .  

c = 2r1 t povCav/apls3 c2 1 

where p i s  t h e  unperturbed value of t h e  dens i ty .  Using Eq. 
(2 )  and our experizenta; l i m i t  05 atemost a 4% change i n  C 
i n  going from the  k I 1 n t o  the  k 1 n configurat ion,  one can 
e s t a b l i s h  an upper bound for the  anisotropy of  the isentrop- 
i c  de r iva t ive  of the sound veloci ty  with respect  t o  pressure.  
If one wri tes  v 

coupling coe f f i c i en t  for the  two configurations can be wri t -  
t e n ,  t o  first order  i n  6 ,  as 

0 

v (1 + 6), then the  r a t i o  C / C  of the I I  = L I I  L 

The veloci ty  anisotropy 6 is  frequency dependent6. 
frequencies used here ,  6 i n  MBBA is of t he  order  of 
Also, p 2? 1 g/cm3 and v 2 1 . 5  x lo5 cm/sec. The quant i ty  
(av/3p)s has n o t ,  t o  our knowledge, been measured f o r  any 
l i q u i d  c r y s t a l .  
= 5 t y p i c a l  of organic l i qu ids7 ,  one f inds  t h a t  tge room 
temperature value of Ca6/ap) is  a t  most 10-11 dynes/cm2. 
I f ,  on the  o the r  hand, one assumes t h a t  t h e  second term i n  

For  the 

However, i f  one uses the value p v(av/3p)s 

S 
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170 C. A. CASTRO, A. HIKATA and C. ELBAUM 

t h e  numerator i n  brackets i n  Eq. (3) i s  of the  same order of 
smallness as t h e  first term, then t h e  r a t i o  C 

d i f f e r  from un i ty  by a few p a r t s  per  thousand. 
difference would be impossible t o  determine from second har- 
monic amplitude measurements. 

I I 'Y 
This small 

From our measurements we observe a decrease i n  the co- 
e f f i c i e n t  C with decreasing temperature (see Figure 1). 
Since the  product p v increases  with decreasing temperature 

v increases335 by % 19% i n  going from T - T ~  = 3 5 0 ~  t o  T-T 
~ p ~ 2 0 0 C )  , w e  conclude t h a t  t h e  i s en t rop ic  de r iva t ive  (av/3pjS 
i n  Eq. (2) decreases with decreasing temperature. The over- 
a l l  decrease i n  (av/apl amounts t o  approximately 37% over a 
temperature range of 55BC. 
der iva t ive  may be discontinuous a t  t he  t r a n s i t i o n  tempera- 
t u r e  T . 

0 

O u r  data  a l s o  suggest t h a t  t h i s  

C 
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