
The theory developed above can be applied to the in- 
tercalation compound TaS2(~y),,,, whichdisplays super- 
conducting properties a t  low temperatures. For W <  T, 
and d - p i 1 ,  which, apparently, is fulfilled for this com- 
pound, the critical field should not exceed 50-60 kOe. 
Measurements in a parallel field with such values have 
already been p e r f ~ r m e d , ~  but only the longitudinal res is-  
tivity was measured. It was discovered that at low tem- 
peratures it is equal to zero even in very strong fields 
H- 150 kOe. Unfortunately, i t  is not possible to detect 
the phase transition considered above by measuring the 
longitudinal conductivity. Measurements of the trans- 
verse conductivity might clarify the situation. 

In conclusion the author thanks A. I. Larkin and P. B. 
Vigman for a discussion on the work. 
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The methods of Raman light scattering and optical probing are used to study the orientation-statistical 
properties of some new nematic liquid crystals of the tolane class: methoxy-amyltolane, ethoxy- 
hexyltolane, ethoxy-octyltolane. An improved method of Raman-scattering spectroscopy is proposed, 
which makes it possible to eliminate the effects of multiple scattering and to develop the spectroscopy of 
specimens with a thickness comparable with the scattered wavelength. On the basis of the experimental 
results, single-particle orientational distribution functions are constructed for the three crystals. It is 
shown that the negative order parameter observed experimentally is due to neglect of the anisotropy of 
the local field of the light wave. The effect of elongation of semiflexible segments of molecules and of 
increase of the mobility of their end groups on the orientation-statistical properties of a rigid molecular 
nucleus is explained. It is shown that the Maier-Saupe mean-field theory agrees satisfactorily with 
experiment far from the phase transition to an isotropic liquid, but that it does not give a satisfactory 
description of the orientational statistics of the mesophase in the pretransition temperature range. 

PACS numbers: 61.30.Gd, 78.30.Cp 

1. INTRODUCTION 

The physical properties of nematic liquid crystals 
(NLC) a r e  determined to a significant degree by the 
orientation-statistical properties of the structure of 
the mesophase. These in turn a r e  connected with the 
character of the intermolecular interactions and depend 
on the chemical nature and conformational properties 
of the molecules. The orientation-statistical degree of 
order of molecules in a NLC is described by the single- 
particle orientational distribution function %(q, 6 ,  i ) ,  
which gives the probability of finding the orientation of 
a molecule within a small solid angle dJZ close to  the 
corresponding Euler angles q ,  8,&. The latter deter- 
mine the orientation of the molecular system of coor- 
dinates with respect to the laboratory system (x, y , z ) .  
The z axis coincides with the direction of the director 
r, and the x and y axes lie in the plane perpendicular 
to it. On the basis of x-ray structural data it can be 
c o n ~ l u d e d ~ * ~  that the directions r and -r in a NLC are  

equivalent and that the projections of the long molecu- 
lar axes on the xy plane a r e  randomly distributed. 

The local uniaxiality of the nematic mesophase, the 
presence of rotation of the molecules about the long 
axes, and the closeness of their form to  cylindrical 
permit us to  regard a NLC a s  an ensemble of uniaxial 
structural units with an orientational distribution func- 
tion E(;Ie). This function can be represented a s  a se r i e s  
of even Legendre polynomials P, ( ~ 0 ~ 8 ) ~ :  

21+1 
F(0) = z--j-(~, (cos 8) )Pi  (cos 8), (1) 

i 

where the coefficients of the ser ies  a r e  determined by 
the expression 

(PI (cos 8) )=J PI (cos O)F(O)sin Od8. (2) 
0 

The first  three coefficients have the form 
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The function F(8) satisfies the normalization condition 

jP(e).inede=i. (4) 
0 

Knowledge of the function F ( 0 )  enables us to  find the 
mean values (M) of physical quantities that depend on 
the orientational order of the NLC: 

<M)- 1~(8)~(0)s in0d0.  (5) 
0 

On the basis of experimental data on Raman light scat- 
tering, one can determine the values of (P,) and (P,) 
and construct F"' (e), the distribution function through 
the third term in the expression (I). Thus one estab- 
lishes the correlation between the distribution function 
~ " ' ( 8 )  and the molecular and physical properties of the 
mesophase. 

NLC of the tolane class a r e  the best materials for  
solution of this problem. Molecules of the tolanes con- 
sist  of a rigid nucleus and flexible lateral segments; 
the mobility of the end groups increases rapidly with 
increase of the length of the  segment^.^ Comparison of 
the results of experiment for several terms of a homo- 
logous series enables one to  explain the effect of the 
conformation of the lateral segments on the orientation- 
statistical properties of the rigid nucleus, on the basis 
of a decisive majority of the physical characteristics 
of the mesophase (diamagnetic and optical anisotropy 
etc.). 

It i s  interesting also to explain the influence of con- 
formational instability of the molecules of a LC matrix 
on the degree of order of mixtures of molecules of a 
dye. This is especially timely in connection with the use of 
such systems for generation and frequency retuning of 
 radiation.'^^ On the other hand, the molecular-statis- 
tical theory of Maier and Saupes and other theories that 
now existg-" offer the possibility of calculating the dis- 
tribution function p(0): 

p(0) =Z-' exp [-U(cos e)lkT], 

Here k is Boltzmann's constant, T is the absolute tem- 
perature, and ~ ( c o s 8 )  is the potential of the mean field 
and is given by 

The value of v depends on the molecular properties. 
By use of the function p(8) one can find the theoretical 
values of (P,), (P , ) ,  and F"' (0) and compare them with 
the values found from experiment. 

On the basis of mean-field theoryso1' one can explain 
satisfactorily many physical properties of NLC, in par- 
ticular the temperature behavior of the order param- 
eter @,). But the f i rs t  experiments on investigation of 
orientational order of NLC by the Raman light-scatter- 
ing method showed an anomalous behavior of (P,) near 
the point T f  of phase transition between the nematic 
phase and an isotropic liquid. It was observed that in a 
doped crystal of methoxybenzylidene butylaniline 
(MBBA)' and in pure pentylcyanobiphenyl (~CB)" the pa- 

ramet e r  (P,) has negative values in the pretransitional 
region. This contradicts the predictions of the theo- 
ries'." and also experiments performed recently on 
spin probing" of the nematic LC Merck Phase IV and on 
scattering of neutrons in para-azoxyanisole.14 In these 
experiments the values of (P,) obtained were in good 
agreement with the theoretical values. 

The question of the correspondence of mean-field the- 
ory to experimental data remains short of final clarifi- 
cation for the following reasons. First ,  such data a re  
a t  present vary scanty and contradict each other. Sec- 
ond, x-ray and neutron methods give information on the 
orientation of the whole molecule; and when the end 
groups have appreciable length, the information about 
the orientational properties of the rigid nucleus becomes 
less precise. The advantages of Raman-scattering (RS) 
spectroscopy in the study of the orientational statistics 
of liquid crystals lie in the possibility of determining 
(P,) , (P,) , and F I I 1  (0) for any structural elements of 
the molecule. A second problem of the present research 
is comparison of experimental data on (P,) , (P,) , and 
F "I (8) for the rigid nucleus of molecules of a homo- 
logous series of tolanes with the predictions of molecu- 
lar  -statistical8 and continu~rn'~ theories developed for 
description of the orientational statistics of rigid mole- 
cules. 

2. EXPERIMENTAL METHODS AND RESULTS 

In this work, we studied the nematic liquid crystals 
methoxyamyltolane (MOAT), ethoxy-hexyltolane (EO~T), 
and ethoxy-octyltolane ( ~ 0 8 ~ ) .  The structural formulas 
of the molecules and the temperatures of the transitions 
between crystal (C) and nematic (N) and between ne- 
matic and isotropic liquid (I) a r e  given belowx5: 

The supercooled nematic mesophase was not investigat- 
ed. Some details of the synthesis of these crystals a r e  
given in Ref. 16. 

A. Optical probing 

The method of optical probing is based on comparison 
of the intensity of the impurity absorption of differently 
polarized components of the light beam incident on the 
NLC, and it can be applied to the study of the structural 
order of NLC.17 If the dipole moment of the electron 
transition of the impurity is polarized along the long 
molecular axis and if the absorption band of the impur- 
ity lies in the transparency range of the liquid crystal, 
the value of (P,) for  the impurity can be determined 
from the expression17 

<Pz)=(Ng-1)/(Ng+2). (8) 

Here N = D , , / D ,  is the dichroism; D,, and DL are  the in- 
tegral optical densities of the specimen in the absorption 
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band of the impurity for  components of the light beam 
incident on the crystal that a r e  polarized parallel and 
perpendicular to  the optic axis of the specimen. D 
= log(J,/J), where J, and J a r e  intensities of the inci- 
dent and transmitted radiation, respectively. 

The correction factor 

depends on the refractive indices n ,, and n, of the ma- 
tr ix and on the components of the local-field tensor f .  
The indices of refraction n, ,  and n, for the nematic 
phase of ~ 0 6 ~  and ~ 0 8 ~  have been measured by the 
wedge method over the spectral range 420 to  740 nm and 
a r e  given in our paper Ref. 18. The values of n, for the 
MOAT crystal were taken from the paper of Labrunie 
and ~ r e s s e . "  The tensor f relates the amplitude E 
of the macroscopic field of the light wave in the liquid 
crystal to the amplitude E' of the local field that acts 
on the molecule: E'= f ,,E,. In the laboratory coordin- 
ate system defined above, the tensor f is diagonal, and 
i t s  components have the form 

where Lii  a r e  the components of the Lorentz-factor 
tensor, which is diagonal in this system. 

The properties of the tensor f  in uniaxial liquid cry- 
stals have been treated in detail in Refs. 20 and 21. 
The values of ni and fii in (9) a r e  taken at the wavelength 
A, that corresponds to  the maximum of the impurity ab- 
sorption band in the ith component of the spectrum. A 
suitable material for application of the method of opti- 
cal probing in tolanes is the dye 

which has dimensions, a shape, and an electronic struc- 
ture of the molecule that a r e  close to the liquid crystals 
being studied, especially to MOAT. The lowest elec- 
tronic transition of the dye is polarized along the long 
molecular axis. The absorption band of the dye has a 
maximum in the neighborhood of 490 nm in a LC ma- 
tr ix and lies in the transparency range of the matrix. 
The long-wavelength edge of the lowest electronic ab- 
sorption band of the tolanes is in the neighborhood of 

FIG. 1. Temperature variation of the dichroism N of impurity 
absorption of a dye in the nematic phase of crystals MOAT (0) 
and E06T (0). Tf  is the temperature of transition between the 
nematic phase and an isotropic liquid. 

380 nm. The procedure for preparation and control of 
the specimens was described in detail earlier." The 
impurity absorption spectra were obtained on a VSU- 
2P spectrometer, with optimal values of specimen thick- 
ness d =  20 to  40 ,um and of impurity concentration 0.1 
t o  0.3 wt%. The temperature variation of the dichroism 
N of the dye in MOAT and ~ 0 6 ~  crystals is shown in 
Fig. 1. By use of thedata of the figure, values of (P , )  
were calculated by formulas (8)-(10) fo r  the impurity in 
the LC matrix; they a r e  shown in Fig. 3 (see below). 
The components L,,  and their temperature variation 
were determined by the method described in Refs. 16 
and 20. Figures 3a and 3b show also the values of (P , )  
corresponding to the approximation of an isotropic local 
field, f,, = f,. 

B. Raman light scattering - - 
In this work we used the LC cell mount shown in Fig. 

2a. The beam that excites the RS spectrum is directed 
along the Z axis and polarized along the X axis of the 
system of coordinates of the apparatus. The two com- 
ponents of the light scattered in the Y direction, polar- 
ized along X and 2 ,  a r e  analyzed. The intensities Jxx 
and J, ,  of these components a r e  measured for two or- 
ientations of the director r of the crystal: r L X  (a) and 
r I I x  (b). To these specimen orientations correspond the 
experimental values of the degree of depolarization of the 
chosen spectral line 

pl=Jxz ( a ) l J x ~  (a), 

p p J x z  ( b ) l J x x  (b). 

An important fact is that the spectrum was obtained 
under conditions close to total internal reflection of the 
exciting beam. This was achieved by choosing a cell 
material with an index of refraction n satisfying the con- 
dition n, < n < n ,, and an angle c of inclination of the cell 
to the i! axis that was small, E c 5 to  7". Herethevalues 
of n ,, and n, correspond to  the wavelength of the exciting 
beam. Under such experimental conditions, the fraction 
of the molecules that take part in the scattering is sig- 
nificantly increased, and the effect of multiple scatter- 
ing, which leads to a strong dependence of the values of 

FIG. 2. Temperature variation of the degrees of depolariza- 
tion pl and pz of crystals E06T (a) and EOBT (b), at various 
specimen thicknesses d: 0, 60 pm; A, 35 pm; 0, 5 pm. Fig- 
ure 2a shows also a schematic diagram of the liquid-crystal 
cell mount and of its position with respect to the coordinate 
system (X, Y, Z)  of the apparatus. In case b, the first three 
divisions correspond to the values 0.16, 0.18, and 0.24; the 
rest are as in case a. 
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p, on the specimen t h i ~ k n e s s , ~  is eliminated. As experi- 
ment shows, the intensity of the lines is approximately 
the same for crystal thicknesses from 60 to  5 pm. The 
scattering wavelength is X = 0.736 1 pm. 

The method described here makes it possible to de- 
velop RS spectroscopy on thin specimens, d = 5 g m = X ,  
with low-power lasers and with good experimental ac- 
curacy. The RS spectrum was excited by a laser with 
generation wavelength X,= 632.8 nm and power 30 mW. 
The radiation scattered from the active part of the cry- 
stal within a solid angle 51 = 0.2 steradians was collected. 
The method of exciting and recording the spectrum was 
similar to that described earlier." We analyzed the in- 
tensity of the RS spectrum at  the nondipolar valence os- 
cillation (v = 2220 cm-') of the C I C bond, which coin- 
cides with the long molecular axis 3. The RS tensor for 
this oscillation in the characteristic coordinate system 
has the form 

where b,, is the Kronecker symbol. From the degree 
of depolarization p of the chosen spectral line of the 
isotropic phase, by the formula 

we found R = a / b  = 0.045* 0.007 for  all  three tolanes. The 
experimental values of p, in the nematic phase of cry- 
stals i 0 6 T  and E O ~ T ,  for various specimen thickness- 
es ,  a r e  shown in Fig. 2. 

The degrees of depolarization for MOAT were mea- 
sured by us earlier." As is seen from the figure, the p, 
are  practically independent of specimen thickness; 
that is, the effect of multiple scattering has been elim- 
inated. The very slight variation of p, with thickness 
at d =  60 p m  is explained by the fact that the measure- 
ment of p, is made with n <  n,,, which does not satisfy 
the condition for total internal reflection of the exciting 
beam. The degrees of depolarization p, depend on the 
mean values (s2) = (sin2@ and (s4) =(sin4@. With allow- 
ance for the effects of reflection and refraction of the 
scattered radiation a t  the LC-glass boundary, and also 
for the anisotropy of the local light field in the LC, we 
have 

In (11) and (12), the coefficients A ,  B, C, D, E, F, and 
G depend on the geometry of the experiment and on the 
value of R and a re  given in Ref. 22. The refractive in- 
dices n,, and n,, here and in formula (lo), correspond 
to the wavelength of the scattered light. From the ex- 
perimental values of p, one can determine the values of 
(s2) and (s4) and the coefficients (P,) and (P,) in the 
series expansion (1) of the function ~ ( 6 ) :  (P,) = 1 - $(s2), 
(P,) =*(s4) - 5(s2) + 1. The temperature behavior of the 
quantities (P,) and (P,) for the tolanes investigated here 
is shown in Fig. 3, in the isotropic andanisotropic local- 
field approximation. 

FIG. 3. Temperature variation of the order parameters (P2) 
and (P~) in the liquid crystals MOAT (a), E06T (b), and E08T 
( c ) ,  according to the results of various methods: 0 and e, RS 
spectroscopy; A and A, optical probing. ?he symbols 0 and A 
correspond to the approximation of an isotropic local-field 
tensor f, and A to allowance for the anisotropy of the tensor f .  
The dash-dot curves in Figs. 3b and c correspond to a calcula- 
tion of the values of (P~) and (P4) by the Maier-Saupe theory.' 

3. DISCUSSION 

Comparison of the data on RS in Fig. 3 shows agree- 
ment, within the limits d experimental accuracy, of 
the values of (P,) for the three crystals. At the same 
time, the values of (P,) decrease sharply as we go from 
the more rigid molecule of MOAT to the molecules of 
E O ~ T  and 6 0 8 ~ ,  especially in the pretransition range 
of temperature. Thus the value of (P,) is very sensitive 
to the conformational properties of the molecules in the 
mesophase. Without allowance for the anisotropy of the 
local field, the values of (P,) for ~ 0 6 ~  and ~ 0 8 ~  in the 
pretransition range become negative. A quantitatively 
and qualitatively similar variation of (P,) was observed 
in PCB," where the approximation of an isotropic local 
field was used. We emphasize that the results presented 
here show the effect of anisotropy of the local field on (P,) 
in a pure form, since they relate to the orientational 
properties of the rigid nucleus of the molecule. The 
experiments of Ref. 4 were performed on C = N  end 
groups, whose mobility and orientation with respect to  
the long molecular axis a r e  not known with certainty. 
Furthermore, the strongly polar oscillation of the C = N 
bond is very sensitive to  intermolecular  interaction^,^^ 
and this may lead to a difference in the orientational 
statistics of the end group from that of the rigid nucleus 
of the molecule in the mesophase. Therefore the com- 
parison made in a number of papers4*' between the ex- 
perimental results4 and the predictions of mean-field 
theory is not entirely correct. 

As is evident from Fig. 3a, in the NLC MOAT the 
values of (P,) for  the dye impurity coincide with those 
for the crystal matrix. The increase of the length and 
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mobility of the end groups in the f i 0 6 ~  molecule leads 
t o  a lowering of the value of (P,) of the impurity. Hence 
it is clear that the method of optical probing can give 
correct information about the structural order of the 
crystal matrix when the impurity molecule has dimen- 
sions and shape close to those of the molecules of the 
liquid-crystal matrix. 

Also shown in Figs. 3b and 3c a r e  the temperature 
variations of (P,) and (P,) predicted by the Maier- 
Saupe theory.' In this theory, the primary role in the 
establishment of orientational order of the mesophase 
is assigned to anisotropic dispersion forces of attrac- 
tion with the potential (7). The theory uses the mean- 
field approximation, in which short-range correlations 
in the orientations of the particles a re  neglected. The 
Maier-Saupe theory predicts a universal dependence of 
the parameters (P,) and (P,) on T/T, for all  NLC. As 
is seen from Fig. 3, the absolute values of (P,) far  from 
the phase transition a r e  higher in experiment that in 
theory. This is apparently due to neglect of the forces 
of intermolecular repulsion in the establishment of or-  
ientational order. In the pretransition range, the ex- 
perimental values of (P,) are  satisfactorily described by 
the theory. But the value of (P,) agrees better with theory 
in the low-temperature range near the phase transition; 
this may be due to neglect, in the Maier-Saupe the- 
ory, of the conformational properties of the molecules 
and of their variation in the mesophase. As another 
test of the correctness of the theory, we may compare 
the predicted relation between (P,) and (P,) with experi- 
ment. In order to bring out the most important differ- 
ences between the theories of the liquid-crystal state 
that exist at present, we have selected for comparison 
with experiment the theories of Maier and Saupe, of 
Luckhurst and Yeates,' and of Faber.l0 

In the Luckhurst-Yeates theory, it is assumed that the 
mesophase consists of cylindrically symmetrical mole- 
cules, between which there a r e  interaction forces of 
purely repulsive nature. The repulsive pseudopotential 
is chosen in the form 

U ( 0 )  =o, 0<00, (13) 
u ( e )  =-, e>e,. 

From the expressions (2), (61, and (13) one can derive 

Because there a re  no obvious physical considerations 
to determine the choice of the angle 0, in (13) and i ts  
relation to thermal molecular properties, it is impos- 
sible to  calculate absolute values of (P,) and (P,) for 
the tolanes studied. But from (14) one can plot the varia- 
tion of (P,) with (P,). This variation is shown in Fig. 4, 
together with the variation given by the Maier-Saupe 
theory. We note that the Luckhurst-Yeates theory pre- 
dicts negative values of (P,) for values of (P,) less than 
0.54. In Faber's continuum theory,'' the reason for in- 
completeness of the orientational order is assumed to 
be the existence of normal elastic orientational waves 
in the liquid-crystal continuum; their amplitude de- 
pends on the temperature and on the elastic constants of 
the medium. 

FIG. 4. Relation between the order parameters (P4) and (Pz) 
for the nematic phase of the crystals MOAT (01, E06T (01, and 
E08T (A), according to the results of RS spectroscopy with 
allowance for the anisotropy of the local-field tensor. The 
solid curve corresponds to the theory of Maier and saupe? the 
dashed curve to the theory of Luckhurst and ~eates:  the dash- 
dot curve to the theory of Faber .lo 

The theory gives an expression for the coefficients of 
the ser ies  (1) in the form 

where K is a reduced elastic constant of the NLC, N is 
the number of molecules in the specimen, and V is the 
volume of the specimen. From (15) we get the relation 
between (P,) and (P,) predicted by Faber's theory: 

In ( P , ) = ~ O / ~  In ( P J .  (1 6) 
The relation calculated from (16) is shown in Fig. 4. It 
follows from (15) that in the continuum theory, negative 
values of (P,) a r e  impossible. 

As is seen from Fig. 4, the greatest difference be- 
tween the predicted values of (P,) at  a given (P,) occurs 
near the phase-transition point; that i s ,  in the range of 
values (P,) = 0.4 to 0.5. These differences decrease in 
the high-order region. The Maier-Saupe theory de- 
scribes the (P,) vs  (P,) relation well for the stiffer and 
shorter molecules of MOAT. The Faber theory also 
gives a relation close to the experimental one. Increase 
of the length of the semiflexible tails, as well as ther- 
mal elastic orientational oscillations of the molecule, is 
an additional mechanism for  the lowering of (P,) that is 
not taken into account* in the co?tinuum theory. For the 
longer molecules of E06T and E08T, the experimental 
(P,) vs (P,) relation is well described by the Luckhurst- 
Yeates theory in the region of high orientational order. 

The important role of the forces of intermolecular r e -  
pulsion in the region of high orientational order of the 
mesophase is also indicated by the results of molecu- 
lar-dynamic computer  experiment^.'^ With approach to 
the phase-transition point, the experimental (P,) vs 
(P,) relation deviates from that predicted by the repul- 
sion theory of Ref. 9. Therefore in the pretransition 
range, the role of repulsive forces becomes less im- 
portant and that of intermolecular attractive forces more 
important. This is corroborated also by the agreement 
of the experimental values of (P,) and the values pre- 
dicted by the Maier-Saupe attraction theory in the pre- 
transition range. Here one can trace an analogy with the 
lattice dynamics of a molecular crystal. It is knownz5 
that the frequencies of orientational oscillation of tlie 
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FIG. 5. Single-particle molecular orientational distribution 
function F"'(0) of the nematic phase of crystals MOAT (4, 
EOsT (01, and E08T (A), for AT = T f  - T = lo C (a) and 12" C (b). 
The symbol 0) in Fig. 5a corresponds to crystal E06T in the 
approximation of an isokopic tensor f. Solid curve, calcula- 
tion by the Maier Saupe theory. * 
molecules are primarily determined by the forces of in- 
termolecular repulsion, while the sublimation energy of 
the crystal depends on the forces of intermolecular at- 
traction. Obviously the relation between the forces of 
repulsion and of attraction in the intermolecular inter- 
action depends on the structure of the electronic shell 
and on the shape and conformation of the molecules, and 
this must be taken into account in comparison of theory 
with experiment on other NLC. 

The orientation-statistical properties of a NLC are 
described by the distribution function F ( 8 ) .  From for- 
mula ( 1 )  and the experimental results  shown in Fig. 3, 
F H 1  as a function of  8  was calculated for various tem- 
peratures of the mesophase. The curves are shown in 
Fig. 5. A check showed that the normalization ( 4 )  of 
the experimental function Fn' ( 8 )  is satisfied with an 
accuracy no worse than 0.003. The function F"' ( 8 )  ac- 
cording to the Maier-Saupe theory is also shown in the 
figures. 

It is near the transition point that the conformational 
characteristics of the molecule are most clearly mani- 
fested in the determination of the distribution function. 
As is seen from Fig. 5a, the lengthening of the semi- 
flexible tails of the molecule leads t o  smearing out and 
lowering of the maximum of the distribution function. 
In the approximation of an isotropic local field, the 
maximum of  Fu' (8 )  is still further lowered and is 
shifted from 9=  0" to  the region 0*= 5 to  10'. This re- 
sult has been interpreted,~'~ as a manifestation of ad- 
ditional disordering forces of unknown nature, which 
tend to align the molecules at an angle 8* to the direc- 
tor near the phase-transition point. In the materials 
considered here, the shift of the maximum of F  "' ( 8 )  
is removed by allowance for the anisotropy of the local 
light field in the processing of the experiment. In the 
pretransition range of temperatures, the theoretical 
function F1'' (8 )  differs s u b s t ~ t i a l l y  from experiment, 
especially for the materials E06T and E08T. 

At AT = 12 'C the theoretical function Fn' ( 8 )  already 
agrees better with the experimental, and at AT = 24 'C 
complete agreement of theory and experiment is ob- 
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tained.18 At the same time, it is in this temperature 
range that the difference between the theoretical and 
experimental values of (P,) is greatest. Comparison 
of graphs a and b in Fig. 5 shows the important role of 
the quantity (P,)  in the determination of the distribution 
function F  (0)  of a NLC both fa r  from the phase transi- 
tion to isotropic liquid, and also in the pretransition 
region. The negative values of ~ " ' ( 8 )  at large values 
of the angle 8  are due to  neglect of later terms of the 
series ( 1 ) .  As is seen from comparison of Figs. 5a and 
5b, allowance for  these terms is more important f a r  
from the phase transition, and also for the MOAT cry- 
stal with more rigid molecules. 

The experimental material presented above shows the 
necessity for  developing the theory of the nematic meso- 
phase with allowance for the forces of intermolecular at- 
traction and repulsion, and also fo r  the conformational 
properties of the molecules. 

In conclusion, the authors consider it their pleasant 
duty to thank V. L. ~ o k r o v s k i i  and E. I. Kats for dis- 
cussion of the research. As has been remarked by 
them, these experimental results  may be useful for  
discussion of the energy characteristics of the meso- 
phase. In this case it is advantageous to  use an expan- 
sion of the logarithm of the distribution function as a 
series of Legendre polynomials. 
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High-efficiency electronic accomodation in the interaction of 
atomic hydrogen with single-crystal germanium 

A. E. Kabanskii and V. V. Styrov 
Tomsk Institute of Automatic Control Systems and Radio Electronics 
(Submitted 26 December 1978) 
Zh. Eksp. Teor. Fiz. 76, 1803-1811 (May 1979) 

We describe an original experimental procedure for determining the probability of electronic excitation of 
a crystal qe, with formation of dissociated electron-hole pairs, and of the coefficient /3, of electronic 
accommodation in the acts of chemical excitation of atomic hydrogen with the (111) surface of single- 
crystal germanium. The results q, = 0.6k0.1 and /3, >0.10*0.02 attest to effective conversion of 
chemical energy into energy of electronic excitation of the crystal. The surface quasimolecule 
approximation is used to construct a theoretical model that describes the production and transport of 
electronic excitation in a crystal in the elementary chemical act. It is concluded that the electron 
accommodation must be taken into account in addition to the phonon accommodation in processes of 
chemical energy relaxation on a surface. 

PACS numbers: 82.65.M~ 

1. INTRODUCTION t h e r m a l  effect of the  reaction event). It is assumed h e r e  
that  t h e  accomodating energy is received by the  sol id in 

Interest h a s  increased lately in  the  problem of energy the  f o r m  of vibrat ional  energy,  and just as in t h e  case 
exchange on the interface between a g a s  and a solid, in  of Knudsen accomodation, it l eads  i n  f inal  ana lys i s  only 
connection with the  study of the  possible u s e  of lasers to t h e r m a l  effects.  
f o r  selective activation of adsorpt ion and catalytic pro- 

It h a s  been recognized of late, however, that the  ac- 
c e ~ s e s l - ~  and adstjrption isotope This  is 

comodation of chemical  energy in heterogeneous reac- 
a vital problem f r o m  many points of view, inasmuch 

t ions  c a n  lead to substant ial  disruption of the  equili- as energy dissipation p r o c e s s e s  play an important r o l e  
b r ium in the electronic s y s t e m  of the  c rys ta l ,  and is ac- 

in many heterogeneous processes  (plasma etching of 
companied by c r y s t a l  luminescence, by electron e m i s -  

semiconductors, c r y s t a l  growth, formation of molecu- 
sion,' and by other  nonequilibrium effects0-" that  are 

lar coatings and layers ,  two-dimensional phase t rans i -  
the  sur face  analogs of the corresponding effects  in  op- 

tions, and others). tical excitation. Thus. bes ides  the  vibrat ional  mechan- 
Energy exchange between sol ids  and g a s  molecules i s m  one c a n  speak of an electronic accomodation mech- 

(atoms) that have in  the genera l  case translational,  ro- anism, i.e., 
tational, and vibrational energies ,  are usually t rea ted  

$=p.+p.=q.E./q+q.Ea/q. 
in  t e r m s  of Knudsen t h e r m a l  accomodation coefficients 

(1) 

( see  Ref. 6). Wood, Mills, and Wise7 introduced the  
concept of the  accomodation coefficient f o r  a chemically 
react ing g a s  consisting of f r e e  a t o m s  (radicals).  Since 
the main contribution to energy exchange is made i n  th i s  
case by chemical  energy, compared with which the  ener -  
gy of thermal  motion can  b e  neglected, we  take the ac- 
comodation coefficient f i  to mean that par t  of the re- 
leased chemical  energy which is t r a n s f e r r e d  i n  the mean 

H e r e  q, and q, are the  probabilities of the  electronic 
(e)  and vibrational (v)  excitations of the sur face  of t h e  
solid in the  course of t h e  react ion (q, +qv=  1) ,  Ee is t h e  
energy of t h e  excited electronic state, E, is the  energy 
t r a n s f e r r e d  to the  vibrat ional  degrees  of f reedom (E, 
+ E, = Q ) ,  fie and p, are the  par t i a l  accomodation coef - 
f ic ients  i n  the  electronic  and vibrat ional  mechanisms.  

-- 
to the  solid in  t h e  elementary reaction act: P =  Q/q If we imagine a g a s  + sol id s y s t e m  in which % = 1 > 17, 
(Q is the  energy t r a n s f e r r e d  to the  body and q is the  and E, >>E,, such that  the  electronic  excitations r e l a x  

916 Sov. Phys. JETP 49(5), May 1979 0038-564617910509 16-06$02.40 O 1979 American Institute of Physics 916 


