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The spatial polarisation distribution in inhomogeneously polar molecular crystals has been imaged by 
scanning pyroelectric tomography and simulated by a Markov process. The experimental technique 
combines scanning pyroelectric microscopy (SPEM) with layenvise thinning of crystals. The SPEM 
probes the local spontaneous polarisation by its temperature dependence (pyroelectric effect). A focused 
and intensity modulated laser beam scans the surface of a polar sample and induces temperature 
changes in a volume depending on the laser spot size and the thermal diffusion length &,. Since high 
lateral resolution of the SPEM is only available for small values of &, depth information to a resolution 
of -10 p is achieved by repeated scanning and stepwise thinning of crystals. A layer by layer tech- 
nique can provide 3D imaging of the polar ordering with a lateral resolution of - 2.0 pm at a probed 
layer thickness of - 10 pm. Applied to perhydrotriphenylene (PHTP) co-crystallised with 1-(4-nitrophe- 
ny1)piperazine (NPP) two conical macro-domains of opposite and nearly constant polarisation were 
found. The SPEM results are in good agreement with a homogeneous Markov chain model dnving 
dipolar molecules into a parallel state within channels of PHTP. The new tomographic view reveals that 
the opposing cones are partially overlapping at the tips. Lateral growth processes are assumed to be 
responsible for this. A theoretical section covers aspects of the convergency into the polar state and the 
length of polar chains discussed in terms of intermolecular interaction energies. 

Keywords: pyroelectricity; scanning probe microscopy; tomography; inclusion compound; Markov 
process 
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244 ANDREA QUINTEL ef al. 

1. INTRODUCTION 

The acentric packing of dipolar molecules is one way to establish a permanent 
electrical polarisation in molecular crystals. Most of these pyroelectric and/or pie- 
zoelectric organic single crystals show in principle a spatially homogeneous polari- 
sation. However, intrinsic (orientational disorder[']) or extrinsic (impurities[21) 
defects can give rise to an inhomogeneous distribution of the electrical polarisation. 

There are two recently developed scanning probe techniques potentially availa- 
ble to image the local polarisation: near-field optical second-harmonic micros- 
copy (SHG-SNOM)[31 and electrostatic force microscopyr41. Although their 
lateral resolution limits might be below 10-100 nm, applications are restricted to 
a certain surface smoothness in order to avoid a dependence of the SHG or elec- 
trostatic signal mainly on topography. SHG-SNOM and SHG-microscopy in the 
far-field mode of operationr5] are furthermore restricted to acentric molecular 
materials which molecular building bricks are sufficiently hyperpolarisable. 

Scanning pyroelectric microscopy (SPEM) permits the probing of the perma- 
nent polarisation with a sensitivity which depends on (i) the resolution of the 
optical excitation path, (ii) the thermal diffusion length and (iii) the pyroelectric 
coefficient of the material. Since SPEM is based on the pyroelectric effect, many 
acentric arrangements of molecules with permanent dipole moments are poten- 
tially accessible by this technique. Recently, we have demonstrated the capability 
of SPEM for the determination of the surface polarisation distribution in molecu- 
lar crystals[6771. In the present paper we extend the SPEM to a tomographic tech- 
nique for the imaging of the 3D polarisation distribution. The material we 
consider here is a perhydrotriphenylene (PHTP) inclusion compound with 
1-(4-nitrophenyl)piperazine (NPP) as one of the many possible guest mole- 
cules[*]. In the supramolecular assembly, PHTP molecules form stacks which 
enclose parallel chains of dipolar moleculesi8]. 

Several basic issues are addressed in the following sections: (I) Revealing the 
overlapping of the cones at the tips by improvement of the SPEM technique. 
(11) The influence of intermolecular interaction energies on (i) the cone formation, 
(ii) the minimum growth length along the channel axis in order to achieve a con- 
stant value of polarity, and (iii) the mean chain length between two dipole revers- 
als. 

2. THE METHOD OF SCANNING PYROELECTRIC TOMOGRAPHY 

In the thermally and mechanically unperturbed state, the intrinsic polarisation P of 
a polar material is normally compensated by outer charges. This charge compensa- 
tion, however, can be disturbed by a rapid change in temperature resulting in net 
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3D IMAGING AND SIMULATION OF POLARISATION 245 

dP surface charges due to the pyroelectric effect (p = m, p: pyroelectric coeffi- 
cient). A detailed analysis of the pyroelectric properties of PHTP-NPP[61 revealed 
that thermal expansion, which reduces the dipole density (p3 < 0; 3:  direction of the 
channel axis), represents the main contribution to the pyroelectric effect in these 
crystals. During the mapping of the lateral distribution p3(x,y), the intensity modu- 
lated beam of a laser diode is scanned over a crystal surface which is coated by a 
thin absorption layer in order to ensure heat generation at the surface. The sinusoi- 
dally modulated heat flux creates a periodical temperature variation (amplitude T). 
This is described by a thermal wave which propagates perpendicular to the surface. 
The penetration depth is given by Xth = mf (with T,=x~,,/T,=o = 1 / e ) ,  

provided that the lateral expansion of the heat is large compared to &, (planar ther- 
mal wave approximation). Under such condltions, the measured thickness of the 
probed surface layer depends only on the thermal diffusivity K and the modulation 
frequency f. The lateral resolution is roughly limited by the laser spot size (we will 
call this operation mode su@ce-SPEM). 

In surface-SPEM, we used a lateral scanning increment of 20 pm in the x- and 
y-directions (Ax, Ay), which matched the laser spot diameter of about 20 pm. A 
modulation frequency f = 415 Hz induced a penetration depth At,, of - 10 pm, 
assuming a thermal diffusivity of K G 1.33 . 710-7m2s-' for PHTP-NPPL9]. As a 
result, surface-SPEM probes the lateral distribution p3(x,y) in a surface layer of 
- 10 pm thickness (see Fig. 1). 

In cases where polarisation information along the third dimension (depth p3(z)) is 
to be gained, the thermal penetration length can be increased by lowering the mod- 
ulation frequency. A drawback of this operation mode would, however, be that at a 
high penetration length & > Ax, Ay, heat transport obeys a hemispherical heat 
flowL6], which reduces the lateral resolution. We therefore used an alternative way 
to achieve high resolution within the bulk. The present work combines sur- 
face-SPEM with layer-wise thinning of crystals. Although this layer by layer tech- 
nique is destructive, it nevertheless enables 3D characterisation of the polar 
ordering with a lateral resolution of - 20 pm at a probed layer thickness of - 10 pm. 

Crystal preparation 

Growth of nearly hexagonally shaped needles of PHTP-NPP resulted from 
2-butanone solutionsD1. Here, it is important to note that only crystals which 
grew as single crystals were used, i.e. those unperturbed from the effects of 
neighbouring individuals or the container wall. Crystals were thinned by means 
of fine abrasive paper and washed with ethanol. The crystals were covered with a 
light absorbing coating by dipping them in a solution of a black permanent 
marker dye in ethanol. 
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246 ANDREA QUINTEL et al. 
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FIGURE 1 Experimental set-up. As indicated, the sample consists of two areas of opposite polarisa- 
tion. Heating samples in either domain of polarisation, opposite excess charges result on both capping 
faces, i.e. at electrodes. This induces a discharge current flowing through the outer circuit. Depending 
on the heated domain, the current direction is either positive or negative (See Color Plate XVII at the 
back of this issue) 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

A series of SPEM images (Fig. 2) shows the x,y dependence of the pyroelectric 
response on prismatic faces thinned down in steps to reach the middle section of 
a needle-like crystal. Red squares represent a positive current, whereas blue 
squares indicate a negative signal. According to Fig. 1, the current direction is 
directly related to the direction of the average polarisation within the heated vol- 
ume. Hence, the colour intensity is a measure of the local polarisation strength. 
White spots represent regions of vanishing net polarisation. Obviously, p3(x,y,z) 
is varying in all three directions. Fig. 2 features (i) two main areas of opposite 
polarisation (change in sign of the current, Fig. l), (ii) a polarisation reversal 
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3D IMAGING AND SIMULATION OF POLARISATION 247 

close to the middle of the needle, and (iii) outer zones being less polarised. In 
Fig. 2b and c the upper part of the red conical structure is reduced stepwise, 
which indicates an overlapping of both domains. In particular, Fig. 2d reveals a 
double-cone structure of the polarisation distribution. The central zone where 
polarisation vanishes corresponds to the location of the seed. From the fact that 
PHTP-NPP develops into two cones with vanishing polarisation inbetween, we 
conclude that most probably the process of nucleation creates a non polar seed 
which is then subjected to a progressive mechanism of growth developing polar- 
ity (see chapter 4). 

W 
FIGURE 2 SPEM images of a PHTP-NPP single crystal thinned down in four different steps. The 
position dependent pyroelectric response p3(x,y) at a constant frequency f = 415 Hz is shown for four 
layers. Colour code: red = positive current, blue = negative current, white = zero current. Step size: 
20 pm. Current range: - 0.2 pA < Ipyro 0.2 pA (See Color Plate XVIII at the back of this issue) 

The development of the cone, i.e. macro-domain formation, in the z-direction 
can be followed in Fig. 3: cross sections in the x-z plane composed from x-line 
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248 ANDREA QUINTEL eb al. 

scans at constant y-positions are shown. In the tomographic view the overlapping 
of both cones and the development of polarisation inside the red domain are 
revealed. 

FIGURE 3 Tomographic view through the SPEM images of Fig. 2. Cross sections in the x-z plane 
composed from x-line scans at constant y-positions (See Color Plate XIX at the back of this issue) 

4. CALCULATION AND STOCHASTIC SIMULATION 
OF THE POLARITY EVOLUTION 

Successive growth in channel-direction (longitudinal) and perpendicular to chan- 
nels (lateral) leads to a double-cone structure, which exhibits some distortion in 
real crystals. The deviation from the ideal geometry may be due to irregularities 
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3D IMAGING AND SIMULATION OF POLARISATION 249 

in the lateral growth direction, i.e. the nucleation of new channels. There is no 
experimental evidence so far that the orientation of dipoles during the process of 
the formation of new channels is correlated to the polar state of the previously 
formed ones. 

A theoretical explanation for the observed phenomena has been developed 
recently['01: a Markov-type mechanism drives the orientational selective inclu- 
sion of dipolar molecules into the parallel channels of PHTP. A guest molecule 
can attach to the end of a chain (terminated either by 1' or 4) with orientation ? or 
1. The interaction energies between dipoles determine corresponding probabili- 
ties for 1' or 4 attachments. Four attachment probabilities represent the elements 
of a Markov matrix['']. Set to the power of the number of attachments q, this acts 
as transition matrix between the initial state (non-polar seed) and the polar state 
after q steps. The net polarity nnet(q) after q attachments is given by: 

where nA(q) and nD(q) are the normalised numbers of dipole orientations L or 1', 
and PDD, PAA are the probabilities for attachments A+D-DtA, D t A - A + D  
(-+ is indicating the direction of the dipole moment). h = 1 - PDD - one of 
the two eigenvalues of the Markov matrix (A' = 1). For a definition of nnet(q) (0 I 
nnet(q) I 1) we set here an equation describing a final state where nA(q) > nD(q), 
which results for EAA > EDD. The corresponding equation nD(q) - 
nA(q) = -nnet(q) holds for nD(q) > nA(q), i. e. EDD > EAA. 

The constant net polarity nnet(w) for q + 00 is given by: 

where 

and p = l/RT. In cases of a large difference EAA - EAD (strongly destabilising 
A...A and strongly stabilising A...D interactions) the third term in the denomina- 
tor of Eq. (2) can be neglected. Therefore, nnet(w) is mainly given by the differ- 
ence EAA - EDD. A significant difference between EAA and ED, can push 
nnet(=) to its maximum value of 1, a state where all dipoles are aligned parallel 
(Fig. 4). 
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1 

0.5 

0 

0.99 l-oo n 
Oag8 0.97 1 7  
0.96 - 

10 15 20 25 30 35 40 
EAA - EAD 
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FIGURE 4 Constant net polarity nnet(-) as a function of the relevant energy differences. The differ- 
ence EA, - ED, is relevant for a high value of net polarity, whereas the influence of EA, - EA, on 
nnet(-) is marginal. In both plots the third energy is fixed at the value which was calculated for NPP. 
AH energies are in ICJ mol-' 

For the investigated guest molecule NPP, the following values for the intermo- 
lecular interaction energies have been used" 'I: 

EAA E 12.3 kJ m ~ l - ~ , E o o  % -0.1 kJ m o l - l , E ~ ~ ~  E -26.4 kJ  m01-l. 

These interaction energy values should be taken as a probable guess, because 
they were calculated for the gas phase, assuming the geometry as found by an 
X-ray analysis['*] of the inclusion compound. In reality, crystals have been 
obtained from solution growth, although growth from the vapour has been demon- 
strated. Because of EAA > EDD, we expect to find mainly A-groups at both capping 
faces of a growing PHTP-NPP crystal. This has already been confirmed by meas- 
urements of the sign of the SPEM signalt6]. Both differences are significant: 

EAA - EAD E 38.7 kJ mol-l, EAA - EDD % 12.4 kJ mol-l. 

This leads to a large value of nnet(m) f 0.986. Fig. 5 shows the behaviour of 
nnet(q) in the case of NPP (solid line) and for a decreasing EA, - EAD difference. 
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3D IMAGING AND SIMULATION OF POLARISATION 25 1 

For NPP it takes q - lo5 attachments to reach 90% of the stationary net polarity. 

for sequences between two dipole 

In Fig. 6 both most probable lengths, LA = - (In pAD)-'and LD = - (In PDA)- 1 , 

are shown, where 

are the probabilities for the attachments A+D...A+D, D t A . . . D t A  . Whereas LA 
is only determined by the difference EAA - EAD, the corresponding length LD of 
opposite polarity is a function of both differences (in case of EM > EDD). 

The increase of nnet(q) is steep for q in the range of LD. At q << LD, the probabil- 
ity for dipole reversals becomes too low to produce significant net polarity. Produc- 
tion of net polarity is efficient at q z LD (meaning that dipole reversals are very 
probable) whereas at q >> LD the value of nnet(m) is almost reached. Consequently, 
Lo is the relevant most probable length for net polarity evolution, because LD is 
always smaller than LA (in case of EAA > EDD, Fig. 6). This property is a function 
of the fundamental difference EAA - ED,, being responsible for polarity formation 
in the general case of condensed dipolar molecular materials"'. 

In summary, a design principle for A-n-D guest molecules is obtained as fol- 
lows: to achieve nearly nnet(m) 3 1 after only a few attachment steps, the differ- 
ence IEAA - EDDI should be maximised, whereas either IEAA - EADl or IEDD - 
EADI should be minimised, depending on whether A- or D-groups preferably 
decorate the capping faces. 

For a comparison between the Markov model and SPEM results we applied 
stochastic simulations where longitudinal and lateral growth was taken into 
account. Because individual channels are considered independent, such a 2D 
polarity development map is set up by assembling stochastic results of a certain 
number of channels. However, nucleation of a new channel is associated with 
two additional random processes: (i) the orientation of the dipole starting a new 
channel, and (ii) its attachment location along the length of the existing needle. 
All simulations started with one randomly orientated dipole in the middle of the 
map (Fig. 7). The starting point of a new polar chain (channel) was randomly 
generated from the total number of possible (equally probable) attachment posi- 
tions (along the length of the last grown channel). This produced the conical 
geometry of the macro-domains. The orientation of the first dipole in a new 
channel is random. The relation between the cone length and its width is given 
by the ratio of channel to lateral growth velocity v,/vl. For a realistic ratio of 
growth velocities vc/vI = lOA, an area of lo5 layers (attachments per channel) 
and lo4 channels was considered. Out of this data, squares of lo3 layers and lo3 
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1 10 1 o2 103 104 l o5  1o6 
FIGURE 5 Net polarity nnCt(q) as function of the number of attachments q for NPP (solid line) and a 
sequence of decreasing EM - EAD differences (at fixed EDD, Npp) used in 2D simulations 
(Fig. 7b-d). q = 106 corresponds to a typical length of one half of a PHTP-NPP needle crystal 
(-lmm). All energies are in kJ mol-’ 

channels were summed up (corresponding to an averaging area of 1 pn’). The 
resulting net polarity was normalised to one effective dipole by dividing the sum 
by the number of square elements ( lo6). The colour intensity is therefore a meas- 
ure of the local net polarity (red: t, blue: J, white: zero), which can be directly 
compared to the pyroelectric response of the local polarisation, as shown by 
SPEM images. To do this we assume an average polarisation over the probed 
layer thickness of - 10 pm. In the case of NPP, a number of lo9 dipoles corre- 
sponds to an area of 120 x 15 pn2 or - 6 SPEM spots. If we attempted to calcu- 
late the total number of spots per SPEM image (500-lOOO), the processing time 
would be above the limits of our present computing ability. Therefore, only the 
polarity reversal will be visible at the present level of numerical resolution 
(Fig. 7a). However, if we decrease the most probable lengths LA, LD (either by 
decreasing the difference E,, - EAD (Fig. 7b-d) or increasing the difference 
EAA - ED, (Fig. 7e,f)), the simulated cone’s outline becomes sharper and more 
visible. The most probable lengths can be regarded as a kind of scaling pattern of 
cones. Present 2D polarity evolution maps correspond to SPEM images meas- 
ured at a hypothetical lateral resolution of - 1 pn, 
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3D IMAGING AND SIMULATION OF POLARISATION 253 
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4 

' 1 0  15 20 25 30 35 40 

105 

I 0 4  

103 

l o 2  

10 15 20 25 30 35 
I 0  

EAA - EDD 
FIGURE 6 a) Most probable lengths LA and LD as a function of EAA - EAD (at fixed EDD, Npp); b) 
LD as a function of EA, -ED, (at fixed EAD, ~ p p ) .  To reduce the relevant length LD, one may reduce 
the energy difference EAA - EA or extend EAA - ED, by synthesising corresponding guest mole- 
cules. All energies are in kJ mol- 9 
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254 ANDREA QUINTEL et al. 

FIGURE 7 Stochastic simulations of the 2D polarity distribution: a) NPP, 120 x 15 pm2(crystal size) 
with summation over an area of - 1 pm2 (spot size). The macroscopic area of 120 x 15 pm2 corre- 
sponds to 6 SPEM spots of 20 x 20 pn'. b)-d) Same type of information, but for a decreasing EAA - 
EAD difference (as in Fig. 5). e)-f) Similar to b)-d), but shown as a function of an increasing E A ~  - 
E,D difference. The colour intensity is a measure of the local net polarity. Colour code: red = 1', 
blue = 1, white = zero (corresponding to the SPEM colours, see Fig. 1). Changing the relevant energy 
difference is leading to a more pronounced cone geometry (energies in kJ mol-I) (See Color Plate XX 
at the back of this issue) 
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3D IMAGING AND SIMULATION OF POLARISATION 255 

As a result of a previous analysis based on X-ray data['21 we concluded that 
EAA - ED, > 6 kJ mol-'and EAA - EAD > 14 kJ mol-'. Following these results, 
most probable lengths figure out to be much shorter. In summary, we can say that 
both the SPEM and the X-ray analysis do not permit us to derive more precise 
data on LA and LD of PHTP-NPP. An experimental resolution of at least - 1 pm 
would be necessary. This might be provided by new techniques, in particular 
near-field optical second-harmonic microscopy (SHG-SNOM)L31 and electro- 
static force microscopy[41. While this manuscript was reviewed, we improved the 
lateral resolution of the SPEM surface mode to 2.5 pn by lowering the current 
noise level to 1 fA[13]. 

5. CONCLUSIONS 

Layer by layer scanning pyroelectric microscopy can provide a tomographic tool 
for the investigation of molecular crystals featuring a spatially inhomogeneous 
polarisation. In cases where thinning of samples is feasible within less than 10 
pm per step, a lateral and depth resolution of the same order can be achieved. Up 
to now, SPEM is the only experimental technique which can reveal the bi-polar 
structure of PHTP inclusion compounds. However, most recent developments in 
the field of scanning near field optical microscopy might represent alternative 
tools, providing a lateral resolution down to probably 10-100 nrnL3]. Experi- 
ments along these lines are in progress. Following Eqs. (2) - (4), the polarity 
evolution is essentially driven by IEAA - EDDI, whereas phenomena of typical 
chain length formation (LA, LD) are due to IEAA - EADI for EAA > ED,, and 
IEDD - EADI for ED, > EAA, In summary, we have developed the mathematical 
tools for simulating the real structure of macroscopic crystals, although the 
present computing facilities allow us only to present maps featuring a lateral res- 
olution of - 1 pn if compared to the experimental resolution of SPEM which 
was 20 pm in the case of PHTP inclusion compounds. 
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