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HOLOGRAPHIC GRATINGS IN DIACETYLENE SINGLE CRYSTALS 

HANS-DIETER BAUER, THOMAS VOGTMANN, AND MARKUS SCHWOERER 
Physikalisches lnstitut and Bayreuther lnstitut fur Makramolekulforschung ( BlMF 1, 
Universitat Bayreuth, P.O. Box 101251, D-8580 Bayreuth, Federal Republic of Germany 

Abstract Holographic gratings have been produced in macroscopic TS6 dia- 
cetylene single crystals via UV-photopolymerlzation. These gratings could be 
shown to  be high efficient volume phase gratings with homogeneous absorption. 
Some diffraction characteristics significantly depend on the geometry of the write 
/read situation: Both the crystal anisotropy and the spatial anisotropy of the 
solid-state polymerization can influence the diffraction behavior. In this paper we 
discuss the effects of birefringence on the diffraction properties as well as 
some simple models whlch are a first approoch to  describe the phenomena ob- 
served in terms o f  reaction kinetics. As a result we give an estimate of the 
kinetic chain length during the induction period of the reaction. 

INTRODUCTION 

Diacetylenes 
The 1,4-polyaddition of diacetylenes is the very example of a topochemical solid-state 
reaction. Monomer crystals of many diacetylene compounds can be quantitatively 
transformed into macroscopic polymer single crystals by applying pressure, heat or ra- 
diation, like UV light, x- or y-rays: 

In many fields of research these compounds are subject to  intense work”*. In this 
paper we deal with the diacetylene investigated best: TS6, where 

R = - C H z  - 0 - S O z - 0 - C H a  

The conversion curve obtained from thermal Colymerization ( Fig. 1 1 starts with a 
flat increase of polymer content with time ( induction period 1 and then enters a 
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phase where the reaction rate rapidly grows ( autocatalytic region 1. The reason for 
this behavior is the “mismatch“ of monomer stacking distance in b-direction between 
monomer and polymer crystal. This mismatch causes a certain strain, which, in the 
course of the reaction, supports further polymerization and should result in longer 
polymer chains than at the beginning of the reaction”‘. 

The intermediate states of TS6 during this reaction are well known except for 
the structure of the chain ends 5’6’7’*19r10 . Once terminated, at room temperature chains 
are believed not to become active again. Unlike other polydiacetylenes, the poly-TS6 
chains are insoluble in all organic solvents. For poly-4BCMU” and TS12 l2 chain 
lengths of some hundred to some thousand monomer units have been found. 

Optical properties 
The optical properties refractive index, no, and absorption coefficient, ao, change 
extremely during the reaction. In former experiments we showed that both quantities 
don’t vary linearly with polymer content P ”. Phenomenologically, the functions which 
fit P and no best during the induction period ( and only in this period ! 1 are 

P ( t )  = a / ( b  - t) - c for P < 0.5 (1) 

no(P) = u l  1 - v e x p ( - w P ) I  (2) 

with a=0.128h, b=9.2h, c=0.0021 and u=1.674, v=O.O68, w=23.275. 
no approximately represents the main value n ( see experimental section 1 
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HOLOGRAPHIC GRATINGS IN DIACETYLENE SINGLE CRYSTALS 423 

Diacetylene crvstals as 
In previous papers” we showed that these crystals can be used to  record high effi- 
ciency volume phase gratings, yielding up to 63% efficiency and showing a clear Bragg 
behavior, causing sharp angular selectivity halfwidths A 6  down to 0.12O. An analysis 
using the well-known coupled-wave approach established by Kogelnik’’, Magnusson 
and Gayl~rd’~’’’, gave refractive index modulation amplitudes ranging from 0.001 to 
0.01 and let us understand the dependence of A 6  on sample thickness and W pe- 
netration depth. 

holoaraphic recordinq material 

THEORY 

Recording process 
Two fully coherent plane waves of equal amplitude and wavelength Xw superposed 
symmetrically in an isotropic medium of thickness d ( Fig. 20 1 give an interference 
pattern 

with the contrast K ,  

1 

cos ( 2ew 1 

for H-mode polarization: scalar grating 

for E-mode polarization: vector grating 
K =  

- D Z  _ -  

k 
4 

FiGURE 2 a) Writing a grating by superposing two plane waves symmetrically 
on the sample, yielding a fringe distance A. b) k-space representation of recording 
and readout process with different wavelengths. For abbreviations see text. 
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424 H.-D. BAUER, TH. VOGTMANN, AND M. SCHWOERER 

where 8, is the angle of incidence inside the medium. The grating spacing A is gi- 
ven by the grating vector K using 

or, like it can be seen from the k-space representation in Fig. 2b, by 

Readout process 
Applying only one of the two plane waves ( the "reference wave" 1 on the hologra- 
phic grating leads to a reconstruction of the other one ( the "object wave" ) if the 
correct angle of incidence has been chosen equal to the writing angle 8,. if another 
wavelength h is used for the reconstruction, the correct readout angle 0 is given by 

8 = arcsin ( hsin ((3,) / h,) (6) 

This situation is shown in Fig. 2b. The most important feature of a grating is its effi- 
ciency q, which is the ratio of diffracted intensity and incident intensity, 

This quantity usually is a function of hologram thickness d, modulation amplitudes of 
refractive index, ni, and of absorption coefficient, ai, overall absorption ao and angle 
of incidence, 8. The relation between q and these values is established by the cou- 
pled-wave approach first introduced by K~gelnik'~, Magnusson and Gaylordi6'". The 
grating is represented by a Fourier series in n and a, which is restricted to  cosine 
terms in the case of the symmetric writing process applied here: 

03 

n(x,z) = no + exp ( -z / l )  1 ;hcos(hKx) 

a(x , t )  = a0 + exp ( -z / l )  1 k c o s ( h K x )  

(8) 
h=l  
m 

(9) 
h=l  

where an exponential decrease of the modulation according to the finite penetration 
depth I of the UV light is assumed. A dependence of no or a0 on z shall be neglec- 
ted. The propagation vectors 0 1  of the diffraction orders i emanating from the grating 
are coupled to the one of the incident light, cl0 ,  by 

Kogelnik treated the case of pure cosine gratings ( nh, ah = 0 for h E 2 ) and 
assumed only a first diffraction order ( i = 1 1 to be present. For this situation the 
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HOLOGRAPHIC GRATINGS IN DIACETYLENE SINGLE CRYSTALS 425 

analytical expression for the diffraction efflciency q can be given: 

where d is the hologram thickness, 0 the angle of incidence, X the readout wave- 
length and a0 the overall absorption. For profiles ni, a1 not constant in z the corre- 
sponding average values have to be used. Magnusson and Gaylord generalized the 
problem on gratings of arbitrary profile and more than one diffracted wave. They 
arrived at a system of coupled differential equations, which we showed for our case 
can be simplified to yield a matrix equation 

with the matrix M containing all the information on the n and a profile and on the 
geometry involved and the vector S whose elements are the field amplitudes of the 
different waves present. The solution is simply 

This equation can be implemented on a computer to calculate efficiencies in a very 
quick way, especially necessary for fitting routines. For details see reference 13. 

EXPERIMENTAL 

The way to synthesize TS6 and to grow rnacroscoplc diacetylene single crystals has 
been described elsewhere'*. We used platelets, approx. 20 to 200pm thick and some 
mm2 in area, cleaved from a parent crystal parallel to the (100) surface. For compa- 
ring the two different exposure geometries discussed below we split these platelets 
into two parts of nearly the same thickness and the same optical quality ( "platelet 
pairs" 1. 

Writing was performed with either a cw HeCd laser ( Xw=325nm 1 or a XeQ 
excimer laser ( hw=308nm ). Readout was done with a HeNe laser ( A=633nm ). 

The setup we used has been described thoroughly in previous  paper^''''^. Here 
we want to point the reader's attention to the two kinds of exposure geometry gi- 
ven in Fig 3. The "bll" orientation means that UV and VIS waves are polarized per- 
pendicularly to the plane of incidence and that the polymer growth direction b is pa- 
rallel to the grating fringes produced. The " b l "  case is given, when UV and VlS pola- 
rizations and the b direction are lying in the plane of incidence, thus b is perpendi- 
cular to the fringes. Analyzing a holographic grating with a readout beam polarized 
perpendicularly to the b-axis leads to diffraction efficiencies more than one order of 
magnitude smaller and not well reproducible. 

TS6 belongs to the monoclinic space group P21/c and, therefore, is a biaxial 
crystal. With the help of a comfortable spindle-stage methodm the position of the 
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426 ti.-D. BAUER, TH. VOGTMANN, AND M. SCHWOERER 

FIGURE 3 
to one another. 

The two orientations of crystal axis b and polarizations relatively 

two optical axes relative to the crystal axes have been determined together with the 
main refractive index values for 633nm ( Fig. 4 1: 

nx = 1.570 t 0.002 n,, = 1.609 ? 0.002 nz = 1.70 2 0.01 (14) 

These values showed no dramatic changes within the whole visible spectrum so that 
we assume nx < ny < nz for the near UV region, too. 

FIGURE 4 Orientation of crystal axes, indicatrix and optical axes relatively to 
one another. (100) is the surface shown unshaded in Fig. 3. 

RESULTS 

Birefrinsence effects 
When writing a grating in bll orientation one gets maximum diffraction for red light at 
the Bragg angle, also after rotating the sample around the z-axis for 180°. When 
the same writing process is done with unpolarized UV light, the pattern of Fig. 5 is 
observed: The usual Bragg peak is accompanied by a second one; it can be found on 
the same side of the main peak for +lst and -1st order. After a z-rotation of the 
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HOLOGRAPHIC GRATINGS IN DIACEMENE SINGLE CRYSTALS 
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TS6, A=3.3pm. XU,=308nm 
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l ~ ~ l ’ - l ~ - l ~ ~ l ~ -  
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-40 -30 -20 -10 0 10 20 30 40 

READOUT ANGLE e DEG 

FIGURE 5 First order diffraction efficiency versus angle of incidence for a 
grating written with unpolarized UV light ( AW=308nm, h=3.3pm 1 and read with 
WS light ( 1=633nm 1. 

sample for 180° both extra peaks are found on the other side of the Bragg peaks. 
A grating which has been written in b i  orientation and analyzed with red light 

shows two satellite peaks at each Bragg peak. Both are located in the same angular 

F 

2. 
0 z w u c 
LL w 

0.15 

0.12 

0.09 

0.06 

0.03 

0 

FIGURE 6 2lst order diffraction efficiency of a grating written with 
XW=325nm in b l  orientation. Braggpeaks and sidepeaks according to the gra- 
ting vectors K, K’, and K. 
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428 ti.-D. BAUER, TH. VOGTMANN, AND M. SCHWOERER 

distance from the main peak ( Fig. 6 1. The distance to  the main peak is the same 
for both satellites. Their position is not influenced by a sample rotation of the kind 
mentioned above. 

Influence ~ orientation aeometw gg efficiency values 
In a series of experiments "platelet pairs" were used for recording holographic gra- 
tings of different orientation but same exposure. Some of these pairs had been 
thermally "prepolymerized" to a certain degree before. Though large statistical errors 
- obviously due to optical inhomogeneities - the following trend could be noticed : 

In the average the q values of the bII case exceeded the 9 values of the b l  
case, This trend became clearer with increasing prepolymer content and with decrea- 
sing grating distance ( Fig. 7 1. 

0.25 

0.20 

I= 

> 0.15 
V 
Z 

V 

LL w 

w 
z 0.10 

0.05 

0 

TS6, A=0.8pm 

d=37pm 

b parallel 
b perpendicular 

-25 -24 -23 -22 -21 - 

READOUT ANGLE 0 / DEG 

FIGURE 7 Efficiency of the two gratings recorded in one "platelet pair" and 
applying different writing geometry. Both samples have undergone the same ex- 
posure. 

Thermal development holoaraphic gratinas 
In another series of experiments we used fresh samples to write holographic gratings 
with A = 3.3pm, which then were further thermally polymerized in the absence of UV 
light. During the induction period of the reaction the diffraction of these gratings was 
observed. A remarkable difference between both orientations could be seen: 

In the b 11 case the first diffraction order showed a slight increase, a second 
order, if present at aH, hardly showed ony growth ( Fig. 8 ). Higher orders usually did 
not appear or ranged hardly above stray light in intensity. 
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I - - - - - - orders 0-5 
- 

0 5 10 15 

TIME / HOURS 

FIGURE 8 Thermal development of a holographic grating: h=3.3pm, T=70°C, 
bl( orientation. 

In the b l  case the second order showed a dramatic increase which covered one 
or two orders of magnitude. A 3rd, 4th and even 5th order appeared in the course 
of the reaction ( Fig. 9 1. The 1st order approxlmatly behaved like in bll case. 

In both figures the maximum efficiency of the order of interest is depicted, i.e. 
each of them was measured at  the according Bragg angle. 

> 10-2 

w 
10-3 

0 
Z 

LL 
W 

TIME / HOURS 

FIGURE 9 Thermal development of a holographic grating: h=3.3pm, T=70°C, 
b l  orlentation. Thickness and exposure of this sample approximately the same 
than of the one shown in Fig. 8. 
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430 H.-D. BAUER, TH. VOGTMANN, AND M. SCHWOERER 

The decrease of the "0th order", the transmitted light, is due to an increase in 
absorption. Crystals entering the autocatalytic region become nearly totally opaque for 
633nm light, which can be seen by the breakdown of all the curves given in Figs. 8/9. 

Our main interest was pointed towards the appearance of higher diffraction or- 
ders in the b l  case. Some quantitative results are: 
Absolute values: 

1) The maximum efficiency values of the 1st diffracted order, qimax, always sur- 
passed or a t  least were found to  equal the starting values, qi*t f Fig. 10 1. 

2) The higher diffraction orders i = 2, 3, and 4 reached 0.14, 0.04 and 0.01 as 
maximum values qlmax. As can be seen from Fig. 10, an increase in qiSt led to 
an increase of qmax , too. 
The starting efficiency of the second order, qzet, also shows an increase with 
increasing qist. At very low qist the values < 0.1% may be partially due to 
stray light. 

4) The maximum efficiency qzmaX also clearly grows with growing qimax ( Fig. 11 1. 

3) 

1st order 

2nd order 

3rd order 

4th order 

STARTING EFFICIENCY qlst / % 

FIGURE 10 The maximum diffraction efficiencies of order 1-4 reached during 
a thermal development versus starting efficiency of the first order. Sample 
thickness ranged from 100 to 200pm typically. h=3.3pm, b l  orientation. 

Relative values: 
The quotient of maximum efficiency during thermal development and starting effi- 
ciency, qimox/qts', is a measure for the degree of growth of the first order. 
This quotient can reach values up to 10 at very low 171~' .  For higher starting 
efficiencies this value decreases rapidly and for qiS' > 0.2 no increase can be 
observed onymore. 
The ratio q2max/q2sf is found to be very high for small qis' values, decreasing 
rapidly for higher qist. 
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FIGURE 11 Maximum efficiency observed in for the second diffraction order 
versus the one observed for the first order in the same experiment. 

t o  reach the maximum value: 
The time, at  which the maximum value qimax is reached, timox, also strongly 
depends on the starting efficiency qist. The smaller qimax is, the closer to the 
"autocatalytic edge" is this time ( Fig. 12 1. 
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FIGURE 12 Tme to reach the maximum efficiency during a thermal develop- 
ment as it has been measured for the first and second diffraction order, versus 
the starting efficiency of the first order. 
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432 H.-D. BAUER, TH. VOGTMANN, AND M. SCHWOERER 

2) For the second order this dependence is much weaker, but the tzmax values al- 
so tend to get smaller with increasing qist ( Fig. 12 l. 

DISCUSSION 

k-sDace scenarios 
The two writehead geometries can be eplaind by the k-space representations in Fig. 
13. In bll orientation both writing beams travel in a plane spanned by the two opti- 
cal axes and are polarized perpendicularly to this plane and parallel to the b ( = n - l 
axis, hence their polarization is not altered. The refractive index for both is ny and 
a readout beam polarized in H-mode, too, gives the usual diffraction pattern like in 

Y 

an isotropic medium. 

OA P kt 
FIGURE 13 

k-space representations for writing a holo- 
graphic grating in bll orientation ( above ) or 
in b l  orientation ( below ). 

In the case bll the "normal" grating vector K 
is produced, like it would have been in an 
isotropic medium. By rotating the UV polari- 
zation into the plane of incidence, a tilted 
grating K' is produced. 

In the case b l  four waves interfere to pro- 
duce three gratings, a "symmetric" one, K ,  
and two which are tilted relatively to one 
another, K+ and K-. 

When UV light is present which is polarized in the plane of incidence, the re- 
fractive index is a function of the angle of incidence and both UV waves will undergo 
different diffraction according to ni  and n2. This results in a tilted grating K'. 

M e n  read with red light of H-mode, the Bragg condition is fulfilled for an an- 
gle different from the "original" one. 

The case of bl orientotion is characterized by a special symmetry: 
Both writing waves enter the crystal symmetrically to the plane spanned by the opti- 
cal axes. Both beams undergo birefringence, splitting up into two waves polarized 
perpendicularly t o  one another. Therefore, four plane waves of different polarization 
are present in the medium to interfere with each other. This results in the formation 
of four gratings, two of which are identical ( K 1 and the other two ( K+ and K- 1 
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HOLOGRAPHIC GRATINGS IN DIACETYLENE SINGLE CRYSTALS 433 

are tilted with respect to K in opposite directions. When read with VlS light, the 
Bragg condition is fulfilled successively for each of these three gratings. The intensity 
of the satellite peaks depends on the degree of birefringence, i.e. their intensity is 
the smaller, the smaller 8, is: We could observe these peaks at A=0.4 and O.Bpm, 
but not at A=3.3pm. 

Chain lenqth. polymer Drofile, and qratina profile 
A model describing the spatiolly inhomogeneous reaction kinetics of diacetylenes must 
take into account a kinetic chain length L, which depends on the polymer conversion 
P. The monomolecular reaction in a simple homogeneous situation then is given by 

For the experiments described in 4.2. L can be assumed constant during the exposure 
time, because only very little conversion takes place. And for all experiments descri- 

X X 

FIGURE 14 Microscpic model to understand the interaction of the two characteri- 
stic lengths A and L: The two geometrles investigated change the angle bet- 
ween chain growth direction and grating fringes. 

bed the factor ( 1 - P 1 will be dropped, because they have been carried out in the 
low conversion regime of the induction period and because saturation effects would 
have affected the development experiments of both orientatlons. For the two orienta- 
tions different situations must be investigated, corresponding to the different interac- 
tion of the two characteristic lengths A and L ( Fig. 14 1: 

Here a polymer molecule grows parallel to the fringes, contributing with its whole 
chain length L to the polymer growth at point x, where it has been initiated. In the 
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434 H . 4 .  BAUER, TH. VOGTMANN, AND M. SCHWOERER 

other case a chain initiated in x contributes to the polymer growth in the whole in- 
terval I x-L/2, x+L/2 1: 

x+L/2 
b l :  dP/dt - Cos2(Xx'/A)dx' 

x-L/2 
(17) 

Integration of both equations yields ( for an exposure time t, 1: 

PII (x, te) - L ( P I  t,cos'(nx / A (18) 

(19) P,(x,t,) - I L / 2  + A / ~ 2 n ~ ( c o s ~ 2 n x l A ~ s i n ~ ~ l l A ~ ) l t ,  

So the chain growth "smears out" the photoproduct distribution for a certain amount 
in the second case. This effect should be the stronger, the more L / A  approaches 1. 
For L = A no grating and, therefore, no diffraction should be observable anymore. 
For the quotient of both polymer modulations we get the ratio 6: 

This quantity now is independent of exposure time and independent of contrast ! In 
good approximation An ( = 2n l  1 can be assumed to be proportional to AP. The 
analysis of efficiency values from the experiments described above then should render 
a good estimate of 6 ,  and, therefore, L(P), possible. Nevertheless, some corrections 
have to be done before: Different reflectivity of the sample for both orientations has 
to be taken into account as well as the intensity that went into the formation of 
satellite peaks. Unfortunately this only can be done when knowing about refractive 
index values in the W region. The same corrections have to be made for the read 
process. We used a set of n,,,, values approx. 5% higher than the VIS values. An 
eventual anisotropy of he polymer yield was neglected. 

The resulting 6 values range between 0.95 and 0.85 for fresh samples and 
tend to decrease with increasing prepolymer content. For samples prepolymerized 5-6 
hours ( 3-4% polymer 1 we found 6 ranging between 0.8 and 0.65. These values would 
indicate chain lengths of 0.15 to 0.4p-n or 300 to BOO repeat units. 

In the case of thermal development another onset has to be made: 
Starting from a profile Po (x, t = 0 1 the development in b 11 orientation is ruled by 

If one assumes a linear dependence of L on P, L ( P )  = Lo(1 + € P I ,  then 

which represents a profile both growing exponentially in overage polymer content and 
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HOLOGRAPHIC GRATINGS IN OIACETYLENE SINGLE CRYSTALS 435 

modulation. For a quadratic dependence, L(P) = L o ( 1  + eP’), one gets 

For b l  orientation we hove 
X 

dP,(x,t)/dt - fix. 

XL 

(24) 

where xL and xR ore functions of P (x ) !  Because of the dependence of L(P),  the in- 
terval [x,. x,] is of variable length and has not to  be symmetric: the point x con be 
reached from chains initiated to  its left or t o  its right; the maximum distance it can 
be reached from is dependent on P. This integral is only numerically solvable. 
A polymer profile will cause a refractive index profile n ( x )  due t o  the dependence of 
n on P: 

n(x,P) = no(P) + Cn,(P)cos(hKx) 
h 

For the simple relation given as equation (2) this would give 

n,(P) = 2uvexp( -wP)  sinh ( -  wP,) 

(25) 

(26) 

as long as nh 4: no. 

10-1 

.- 
I= 

>. 10-2 

w 
10-3 

u 
Z 

0 

LL 
W 

10-5 
1 2 3 4 5 6 7 8 9 

POLYMERIZATION TIME / HOURS 

FIGURE 15 Simulation of a thermal development of the 1st and 2nd order via 
(26) with different parameter sets for the linear model: a) ( squares 1 
Lo=0.025pm, Llo=l.Opm, Po=O.OOl ; b) ( crosses 1 Lo=O.Olpm, Lio=0.5pm, Po=O.OOI; 
c) ( asterisks 1 Lo=O.Olpm, Llo=O.Spm, Po=0.0025. 
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436 H.-D. BAUER, TH. VOGTMANN, AND hi. SCHWOERER 

We tried to  fit an index profile to some of the measurements of the kind given 
in Fig. 9. using the formalism given in (12) and (13). By changing the signs of the 
Fourier coefficients we found these gratings not to vary remarkably, i.e. the diffracted 
waves nearly behave uncoupled. So we simulated thermal development kinetics accor- 
ding to (241, Fourier-analyzed the polymer profiles, and transformed the nh obtained 
by (26) into efficiencies via (11). The parameters we changed were the starting chain 
length, Lo, which can be assumed very short”, and the starting modulation, Po. The 
quantity mentioned last has to be chosen small, SO that no periodic behavior of the 
first order efficiency occurs. Then the chain length at 10% conversion, and therefore 
{, was varied. Figs. 15 and 16 show different results for different parameter sets. 
Both linear and quadratic model give higher diffraction orders. The experiments show 
a scenario which seems closer to  the one suggested by the quadratic model. Especi- 
ally a behavior similar to the one shown in Fig. 12 can be observed. The simulations 
that we have performed until now indicate polymer chain lengths of lpm or more at 
10% conversion. 

100 

10-1 

.- 
E 

> 10-2 

10-3 

u 
Z w 
0 

LL 
W 

1 2 3 4 5 6 7 8 9 

POLYMERIZATION TIME / HOURS 

FIGURE 16 Simulated efficiencies of the 1st and 2nd diffraction order for a 
thermal development following (26) and assuming the quadratic model: a) (aste- 
risks) Lo=O.Olpm, Llo=l.Opm, Po=0.0005; b) ( crosses ) Lo=O.Olpm, Lio=O.5pm, 
P0=0.0001. 

CONCLUSIONS 

Though the analysis of diffraction efficiencies is not a precision method for the 
determination of polymer molecule length, we could show that phenomena observed 
during our work can be attributed to the anisotropic growth of such polymer chains. 
The factors that hinder us from a better quantitative understanding of the effects 
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HOLOGRAPHIC GRATINGS IN DIACEMENE SINGLE CRYSTALS 437 

explained above are the lack of UV refractive index values and their dependence on 
polymer content as well as the variable optical quality o f  our samples which only 
permit a single use experiment. The microscopic models used to  describe the built-up 
of higher orders during a thermal development may not be perfect, but give a first 
insight in a possible way to  understand this phenomenon. 

The estimates we gave for the polymer chain length nevertheless are in the 
range of values measured for other diacetylenes with the help of more common and 
reliable methods""*. 
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