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Abstract 
 

The interactions between organic dye molecules and light in dilute solution is weak and described as a 
perturbation. In contrast, in single crystals of dye molecules these interactions can be large, making the 
perturbative treatment no longer accurate. 

In applications such as organic electronics, single crystals are used increasingly often. In this investigation 
the organic dye molecule 7,7,8,8-tetracyanoquinodimethane (TCNQ) was used as a model compound to 
investigate the strong light-matter interaction. 

TCNQ single crystals were grown and their optical properties such as reflection and refraction were 
studied. A model is derived to describe the dispersion of light in organic single crystals. 
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1 Introduction 
Organic crystals and their properties have been a topic of growing interest in the last several years due to 
advances in the fields of optotronics1 2 and organic electronics3. Tuning crystal growth and morphology is 
believed to improve production technologies and device stability.4 Also, a better understanding of the 
relation between morphology and optical and electronic properties often allows for further, targeted 
optimization of the performance of devices.3 

Optical properties near the allowed transition of organic single crystals made of strongly absorbing dye 
molecules are not well understood. The interactions between organic dye molecules and light in dilute 
solution is weak and can be described as a perturbation. In contrast, in single crystals of dye molecules 
these interactions can be large, making the perturbative treatment no longer accurate. 

In this investigation the organic dye molecule 7,7,8,8-
tetracyanoquinodimethane (TCNQ), illustrated in 
Figure 1-2, was used as a model compound to 
investigate the strong light-matter interaction. TCNQ 
is a well-known electron acceptor in charge-transfer 
salts and studied intensely for the use in organic semi-
conductors.5,6 As this compound is used for many 
applications, a better understanding of the 
fundamental properties is also desired.7 The unique 
properties of this compound can already be observed 
when looking into a jar of TCNQ (Figure 1-1).  

The goal of this project was to study strong light-
matter interaction in organic single crystals of TCNQ, 
to develop a better understanding of how reflection 
and refraction in terms of polariton dynamics work. This was 
done by growing organic single crystals as described in Chapter 
2 and measuring optical properties such as UV/Vis reflection 
under various incident angles as described in Chapter 3. Chapter 
4 describes a curious phenomenon inherent to the refraction of 
light in TCNQ. Finally Chapter 5 describes a computational 
model to obtain the dispersion and reflection of light in TCNQ 
single crystals. 

  

Figure 1-2. 7,7,8,8-tetracyanoquinodimethane structural 
formula (left) and space fill as seen from three different 
orientations (right). 

Figure 1-1. Metallic like reflection from TCNQ 
powder. 
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2 Growing single crystals of TCNQ of optical quality 
Abstract 

In this chapter crystal growth of single crystals of TCNQ is discussed. A procedure to grow single crystals 
by means of slow solvent evaporation is described. The shape of the crystals obtained is analyzed and 
discussed. 

2.1 Growth method 
Pennelly and Eckhardt report growing TCNQ crystals out of acetone with slow solvent evaporation to 
obtain well-formed crystals of optical quality.1 This method was adapted and TCNQ single crystals could 
be grown in a reproducible manner. Analytical grade acetone (99.8%) was used to dissolve approximately 
2.7g/L TCNQ (98%, used old bottle) at room temperature under occasional stirring. Of this solution 4mL 
was transferred to a 20mL screw cap bottle, and left in a dark undisturbed place with the screw cap slightly 
loosened. Within five days on average 1-4 crystals of sufficient size could be obtained out of four bottles. 
When the starting solution was too concentrated, or the acetone evaporation too fast, no suitable crystals 
were found. 

To check if actual single crystals were formed a sample was placed under a light microscope with 
polarization filter. As shown in Figure 2-1, by changing the polarization angle a position of extinction could 
be found, indicating an optical anisotropic single crystal. 

 

Figure 2-1. TCNQ crystal as seen through a reflection microscope at two different polarizer angles. The crystal is rotated slightly 
in the right picture relative to the left picture; the rainbow colored inhomogeneity that can be seen in both pictures serves as a 
guide of the eye. 
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2.2 Crystal shape and faces 

 

Figure 2-2. Three TCNQ crystals grown with the slow solvent evaporation method. The images are taken normal to the table 
surface the crystals are resting on. The images are not up to scale. 

In Figure 2-2 three crystals that were grown are shown. Using 
the work done by Pennelly and Eckhardt1 and crystallographic 
data2 the longest axis is assigned to the a-axis of the lattice 
(Figure 2-3). The large top and bottom faces are assigned (001), 
the four sides (110), and the two small sides (only visible on the 
left crystal) (010). Perpendicular to the a-axis on the (001) face 
the b-axis is found. Because the lattice is monoclinic the c-axis is 
not normal to the (001) plane. This is also observed in Figure 2-2 
(especially in the right picture), where all three pictures are 
taken normal to the (001) surface. 

However, for most crystals assigning the a-axis was not that 
straightforward since most grown crystals were not symmetric 
along their long axis (e.g. two right crystals in Figure 2-2). 
According to Gibbs-Curie-Wulff theory this would indicate that 
the growth speed within the {110} family differs.3 This could be 
due to a difference in surface free energy, or an experimental 
variation like diffusion of TCNQ to the various faces. Comparing the exposed parts of the TCNQ molecule 
on each face in the {110} family no differences are found. For example, the (001) face is clearly more 
hydrophilic because the cyano-groups are dominant on this surface. The TCNQ molecules on the {110} 
surfaces expose the cyano-groups and more of the hydrophobic quinone part, making it more 
hydrophobic than the (001) face. On the (010) face the TCNQ molecules expose even more of their 
quinone part, making it the most hydrophobic of the three. Since the different sizes of the {110} faces 
cannot be explained with a variation in surface energy, likely an experimental variation such as diffusion 
plays a role. 

  

Figure 2-3. TCNQ crystal with assigned axes and 
planes. 
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The angles between the various {110} faces was measured from the pictures taken normal to the (001) 
faces and found to be 104.8±1.1° and 74.6±2.1° (n=8). The angle between (001) and (110) was measured 
from pictures where the crystals were held in the right orientation using tweezers (Figure 3-1, right 
image); the measured angle is 81° (n=2). Calculating these angles using the TCNQ lattice parameters 
results in 103.2° ((110) to (-110)), 76.8° ((110) to (1-10)), and 81.5° ((001) to (110)) which is in agreement. 

2.3 Conclusion 
Using slow solvent evaporation single crystals of optical quality large enough to measure the optical 
properties of the (001) face were obtained. 

 

1. Pennelly, R. R. & Eckhardt, C. J. Quasi-metallic reflection spectra of TCNQ single crystals. Chem. 
Phys. 12, 89–105 (1976). 

2. Long, R. E., Sparks, R. A. & Trueblood, K. N. The crystal and molecular structure of 7,7,8,8-
tetracyanoquinodimethane. Acta Crystallogr. 18, 932–939 (1965). 

3. Li, R. et al. Gibbs-Curie-Wulff Theorem in Organic Materials: A Case Study on the Relationship 
between Surface Energy and Crystal Growth. Adv. Mater. 28, 1697–1702 (2016). 
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3 Optical properties of TCNQ single crystals 
Abstract 

In this chapter we describe measurements of the reflectivity of TCNQ crystals under various angles of 
incidence. Also the Brewster angle for the reflection is determined. Data obtained is compared with the 
work of Pennelly and Eckhardt1. Also for the first time ellipsometry data on TCNQ single crystals is 
reported. 

3.1 Reproducing reflectivity spectra 

 

Figure 3-1. TCNQ single crystals observed from different viewpoints. Left: (001) face, mid: (010) face, right: (110) face. 

By visually inspecting TCNQ crystals (Figure 3-1) the anisotropic optical properties of the TCNQ crystal 
become apparent. The (001) face (left) is mostly transparent, while the (110) face displays a metallic like 
reflection. Such metallic like reflection of organic crystals has been reported before.2,3 The reflectivity’s of 
the various crystal faces indicated in Figure 3-1 have been measured by Pennelly and Eckhardt1 (P&E). In 
this chapter we describe our methods for measuring the reflectivity of TCNQ crystals in detail. 

3.2 Method 
TCNQ single crystal samples were placed on a glass substrate using carbon tape and were then measured 
using a J.A. Woolam spectroscopic ellipsometer V.A.S.E. VB400. Spectra were taken using s- or p-polarized 
light in the range of 2500-6000Å with steps of 10Å at angles ranging from 15° to 75° off-normal with steps 
of 10°. Unless noted otherwise the orientations a and b as illustrated in Figure 3-2 were used. 
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3.2.1 Results 
Figure 3-3 shows reflectivity spectra recorded for the (001) face of a TCNQ crystal under an incidence 
angle of 15°. In the left graph, the black lines illustrate the reflection for p-polarized incoming light on the 
(001) face of a TCNQ crystal orientated such that its crystal a-axis lies in the plane of incidence ((p-a) 
orientation illustrated in Figure 3-2). The blue line represents the reflectivity of s-polarized light off the 
(001) face of the crystal with its b-axis in the plane of incidence (s-b). The red line displays results reported 
by P&E and pertains to reflectivity of light polarized parallel to the crystal a-axis under a 10-axis under a 
10° angle of incidence. P&E report a maximum reflectivity of 74% whereas we find 51.0% at maximum for 
(s-b). Note that the photon energies at which the local maxima in reflectivity occur are in agreement for 
the data sets by P&E and the one reported here. All spectra show a local maximum in reflectivity at 2.9eV 
and an absolute maximum at 3.9eV. 

The right graph in Figure 3-3 shows again the spectra taken by P&E in red. The other two spectra are the 
same crystal orientation as before with reversed polarization. The maximum reported reflectivity is 12.1% 
compared to 5.0% found in this study. The spectra agree well, the p-b at 15° spectrum has all the features 
P&E observed. Notably the s-a spectrum does not show the feature at 4.1eV. 

A reflectivity measurement on the (110) face was attempted as shown in the scaled reflectivity spectra in 
Figure 3-4. A maximum in reflectivity of less than 1% was found; P&E report a maximum reflectivity of 
71.3%. The low reflectivity is assigned to experimental difficulties. However, the features of the (110) 
reflection as reported by P&E are clearly recognizable, confirming the (110) plane on our own crystals. 

Figure 3-2. Standard orientations of the TCNQ crystal within the lab-frame coordinate system (x,y,z cross) and p-
polarization/incident plane (yellow plane) with a light beam (yellow arrows) that is reflected on the (001) crystal faces. Left: 
orientation (p-a), where the a-axis lies in the incident plane. Right: orientation (p-b), where the b-axis lies in the incident plane. 
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Figure 3-3. Black lines: reflectivity spectra of the TCNQ (001) face  taken at an incidence angle of 15° off-normal using p-polarized 
light (left) and s-polarized light (right); in this case the crystal is orientated with the a-axis in the incidence plane. Blue: 15° off-
normal using s-polarized light (left) and p-polarized light (right); the crystal is orientated with the b-axis in the incidence plane. 
Red: adapted reflectivity spectra  from Pennelly and Eckhardt taken at an incidence angle of 10° and with light polarized along 
the indicated axis (//a, and //b). 

 

  

Figure 3-4. Scaled (110) reflectivity spectra compared to the (110) spectra reported by Pennelly and Eckhardt. The maximum 
reflectivity measured was less than 1%, just barely distinguishable from the noise, compared to 75% of the reference spectrum. 
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3.3 Angle dependent reflection 
Figure 3-6 shows reflection spectra under various angles of incidence, crystal orientations and 
polarizations. In the top two spectra the crystal is aligned with the a-axis in the incident plane, while the 
bottom two spectra are aligned with the b-axis in the incident plane. The left spectra are taken with p-
polarized light, and the right spectra with s-polarized light. 

All spectra show a feature at 2.8eV; for p-polarized spectra at large angles (65 and 75°) this feature 
appears to be inverted into a dimple. The spectra can be divided into two parts, to lower energies from 
3.4eV where the recurring feature is found, and towards higher energies from 3.4eV towards 4.6eV where 
the most variation in reflectivity is found. 

The top left (p-a) and bottom right (s-b) spectra taken at 15° are very similar. The same counts for the top 
right (s-a) and bottom left (p-b). For these combinations the molecular and incoming electric field 
orientations are the same at normal incidence. In the p-a spectra the maximum reflectivity peak narrows 
and shifts to higher energies (3.8 to 4.1eV) with increasing incident angle (15° to 75°). For the s-b spectra 
the peak at 3.9eV broadens with increasing incident angle. The sharp feature at 3.65eV is assigned to the 
apparatus switching its aperture size, leading to incorrect baseline correction at that point. The s-a and p-
b spectra show a minimum in reflectivity at 3.7eV. The p-b spectra show the earlier mentioned feature at 
4.1eV, which increases in reflectivity and shifts to higher energy with increasing incident angle. Also at 
larger incident angles, ≥55° an extra feature appears with increasing reflectivity. 

Now spectra of both orientations a and b using s- and p-polarized were discussed, the influence of rotating 
the crystal 180° starting in orientation a or b creating orientations a’ and b’ remains unknown. The scaled 
reflectivity graphs in Figure 3-7 and Figure 3-8 compare spectra of orientation a/a’ and b/b’ respectively. 
For orientation a the maximum reflectivity at an incident angle of 15° is 42% (p-a) and 31.5% (s-a) 
compared to 23% (p-a’) and 25.6% (s-a’). The scaled graphs of orientation a/a’ are with some minor 
deviations in the low energy part of the spectra in good agreement. 
For orientation b the maximum reflectivity at an incident angle of 15° is 51% (p-b) and 3.5% (s-b) compared 
to 40% (p-b’) and 2.6% (s-b’). The scaled graphs of s-b/b’ are above 3.64eV in good agreement. Below the 
3.64eV some large deviations are observed starting at the sharp peak at 3.64eV, this is mainly assigned to 
a baseline correction error by the used software. As for the scaled graphs of p-b/b’ the comparison is less 
straight forward. At low angles, 15 and 25°, the max. reflectivity peaks at 4.1eV vary in relative intensity; 
the same is true for the 75° spectra. The spectra ranging from 35-65° agree well. Also the relative positions 
of features agree well. 

Reflectivity at various fixed wavelengths as function of the incidence angle was measured for both the a-
axis in the incident plane (a)(Figure 3-5, left) and b-axis in the incident plane (b)(right). All the 
measurements done using s-polarized light show an increase in reflectivity with increasing angle of 
incidence. The p-polarized measurements show a v-shaped curve when the reflectivity is plotted on a log 
scale. Note that the v-shaped curve is not observed for the measurement done near the maximum in 
reflection (4.1eV curves). In the a spectra the minimum in reflectivity, i.e. the Brewster angle (𝜃 ), shifts 
towards higher angles, 63° to 65°, when the energy of the light is closer to the maximum in reflectivity 
(~4eV). For the b spectra the minimum in reflection appears to be steady at 51°. 
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For isotropic materials 𝜃  corresponds to the p-polarized light making an 90° angle with the mainly s-
polarized refracted light in the sample. Since the sample is not isotropic (see §3.4 and Chapter 4) this is 
only an estimate; several reports discuss the Brewster angle for anisotropic media4,5; for these approaches 
additional information about the orientation and size of the principal axes of the crystal is needed. In §3.4 
ellipsometry for this purpose is discussed. For now, assuming the material is isotropic, the following 
expression can be derived: = tan (𝜃 ), where 𝑛  and 𝑛  are the refractive indices of the environment 

and the material respectively. Using 𝑛 = 1 for air, the refractive index for the 2.07eV measurement is 
estimated 𝑛 (63°) = 1.96 for a, and 𝑛 (51°) = 1.23 for b. For the change in 𝜃  observed for a: moving 
closer to the energy where higher reflectivity is observed, larger 𝜃 , thus larger refractive indices are 
found. 

 

Figure 3-5.  Reflection spectra of the TCNQ (001) face under various incident angles and crystal orientations. Left: p-polarized light, 
right: s-polarized light. Top, a-axis oriented in the incident plane, bottom: b-axis oriented in the incident plane. 
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Figure 3-6. Reflectivity under various angles and wavelengths of a TCNQ crystal where, left: the a-axis is aligned in the incident 
plane, and right the b-axis is aligned in the incident plane. Thick lines are reflectivity measured with p-polarized light, thin lines 
are measured with s-polarized light. 
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Figure 3-7. Scaled reflectivity spectra to compare the  a and a’ orientations for p-(top) and p-(bottom)polarized light. The 
colors for spectra with the same incident angle are the same, the thick line represents a’ (a1) and the thin line a (a2). 
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Figure 3-8. Scaled reflectivity spectra to compare the  b and b’ orientations for p-(top) and p-(bottom)polarized light. The colors 
for spectra with the same incident angle are the same, the thick line represents b’ (b1) and the thin line b (b2). 
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3.4 Ellipsometry 
Ellipsometry was performed using the same equipment as for the reflection measurements and 
interpreted using W.V.A.S.E. software (J.A. Woollam Co. version 3.888). Six sets of data were collected, 
four in the a orientation, and two in the b orientation. For both orientation a (2x) and b a spectrum was 
taken in a spectral region where the sample has high reflectivity (2500-6000Å, Appendix A). These were 
not processed since no method is known to us, and thus only included for future reference. The other the 
three ellipsometry measurements were taken in a spectral region that is mostly transparent (6000-
17000Å, steps of 100Å, 15°-75°, steps of 10°, Figure 3-12); data obtained from measurements on 
orientation b was fitted to obtain refractive indices: starting with an isotropic model, then anisotropic 
uniaxial and biaxial models which had the best fit. The software returns the mean square error (MSE) of 
the fit. For the various models the MSE was respectively: 42.22%, 5.90%, and 4.12%. The biaxial model 
involves three Cauchy type functions to describe the three wavelength dependent refractive indices in 
our lab-frame reference system. Note that the Cauchy type functions do not account for absorption. 

The biaxial model provides refractive index as a function of wavelength for the three principal axes. The 
orientation of these axes with respect to the lab-frame is described with Euler angles. The model made 
with the data from orientation b was fitted on the data obtained from the first measurement on 
orientation a. In this fit only the Euler angles could be varied, since only a rotation about the lab-frame z-
axis occurred. The model fits both data sets with a MSE of 11.55% for orientation a, and 4.12% for 
orientation b. Building the model using the first set of data from orientation a results in a MSE of 11.48% 
for orientation a, and a MSE of 5.37% for orientation b. 

The resulting refractive indices are graphed in Figure 3-9.The obtained Euler angles for orientation a are: 
98.06±1.32, 13.17±2.13, 52.63±12.6 and for orientation b: 11.72±1.03, 24.89±0.85, 6.17±8.66. Plotting 
the refractive indices at a fixed wavelength with the corresponding Euler angles in 3D (illustrated in Figure 
3-10), and then rotating the second data set 90° around the lab-frame z-axis does not results agreement 
of both datasets (angles between 𝑛 , 𝑛 , 𝑛  are 43, 28, 38°). Both datasets agree on the 𝑛  axis pointing 
mostly in the y-direction and the 𝑛  and 𝑛  axes to be mostly in the (001) plane. The 𝑛  optical axis parallel 
to the (001) face, and the 𝑛  optical axis pointing in the z-direction is consistent with the low reflectivity 
of the (001) face. The Brewster angle measurements resulted in a refractive index of 1.23 of p-polarized 
light parallel to the y-z plane of Figure 3-10, and 1.96 of p-polarized light parallel to the x-y plane. 

The ellipsometry results obtained on orientation a could not be fitted in a unique manner, therefore the 
measurement was repeated on another crystal. In the W.V.A.S.E. software ellipsometry experimental 
setup the option of measuring anisotropic ellipsometry, which gathers additional data on the change of 
polarization of the reflected light (Figure 3-12 compared to Figure 3-11). On this data also no unique fit of 
the biaxial Cauchy model is found. Even the Cauchy model itself, which should hold for the wavelength 
range in which the material does not absorb light seems questionable as it predicts ∆ = 180° or ∆ = 0° at 
variance with the experimental observations (Figure 3-12). 
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Figure 3-10. 3D model of orientation a (left) and b (right) with the optical axes positioned with the obtained Euler angles. The 
colors of the axes correspond to the principal axes directions 𝑛 (red), 𝑛 (green), and 𝑛 (blue). 

Figure 3-9. Refractive index of TCNQ obtained by fitting ellipsometry data to a biaxial model. 
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Figure 3-11. Ellipsometry data (dots) and model fits (lines) extracted from the W.V.A.S.E. software. The top graph show the data 
from orientation b, bottom orientation a. The graphs show the ellipsometric angles related to the  reflectance amplitude ratio (ψ), 
and the phase difference (∆). 
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Figure 3-12. Ellipsometry data from measurements on orientation a with additional change in polarization data (s->p, and p->s). 
Solid lines are the model fits extracted from the W.V.A.S.E. software. 
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3.5 Discussion & conclusion 
Reflectivity spectra of the (001) and (110) faces are mostly in agreement with the work of P&E. The 
intensity of reflectivity is found to be lower in this work compared to that of P&E. Various reasons may be 
given; likely scattering of light by imperfections on the reflecting surface and associated roughness 
contribute to the loss in reflectivity. Especially in a set-up such as used here with a long path length 
between source and detector and no light focusing elements, one is sensitive to losses in reflectivity due 
to scattering. 

Changing the crystal orientation, incident angle, and polarization results in distinct variations in 
reflectivity. Rotating the crystal 180° results in very similar spectra with small relative deviations. There 
are significant variations in absolute reflectivity between various orientations. It is also noted that 
absolute reflectivity is difficult to compare between measurements. 

Ellipsometry measurements suggests that the material is biaxial. Obtaining the orientation of the principal 
axes with respect to the lab-frame is not conclusive with the used method. The orientation of the crystal 
has influence on how well the data can be fitted with the Cauchy type biaxial model. Indications of 
absorption in the measured region, which are not accounted for by the Cauchy model, were found. 
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4 Refraction of light by TCNQ crystals 

Abstract 

Refracted light from coherent sources with wavelengths of 633 and 543nm through a TCNQ single crystal 
was studied. The refracted light follows a curved conical set of rays under some orientations of the crystal, 
hinting at conical refraction by the optically biaxial TCNQ crystal. 

4.1 Conical refraction 

Biaxial crystals are expected to show conical refraction; a phenomena, predicted by W.R. Hamilton in 1832 
and experimentally observed by H. Lloyd in 1833. In Figure 4-11 internal conical refraction is illustrated. A 
non-polarized beam of light is refracted into a hollow cone where each segment has a different 
polarization.2  

Observing conical refraction would be experimental evidence that confirms the biaxiality of TCNQ found 
with ellipsometry experiments(Chapter 3). 

 

 

Figure 4-1. Internal conical refraction of light parallel to the optical axis of the material.. A beam of light enters the material and 
internally refracts as a cone. 

4.1.1 Method 

A TCNQ single crystal was fixed between two 
cardboard plates with holes, like a window, using 
parafilm, seen in Figure 4-2. Red lines are used to 
indicate the approximate contour of the crystal. 
Note that two edges between the (001) and (110) 
faces are oriented horizontal. The sample was 
placed in a holder and aligned with a laser, 
illustrated in Figure 4-3. Various literature sources 
report cutting and/or polishing their biaxial crystal 
in order to get the surface normal aligned with one Figure 4-2. TCNQ single crystal holder. The approximate contour 

of the crystal is drawn over the figure in red. 
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of the optical axes.1,3–5 Due to the size and brittle nature of the TCNQ crystal this was not successful.  

The setup was made so that the refracted laser light was displayed on a wall 1375mm from the sample. 
The sample was rotated around its holder axis to expose the crystal to laser light from various orientations. 
A3 paper sheets were taped to the wall, and observations were recorded using a pen. These sheets were 
then scanned and the experimental environment was recreated using the sheets, pictures, and 3D 
modelling software, an overview is shown in Figure 4-4. The top-view of the experimental setup is shown 
in Figure 4-3. The experiment was done twice, once using a laser producing light with 543nm wavelength 
and once with another laser emitting 633nm light. 

 

  

Figure 4-3. Experimental setup with measured distances from the laser to the sample (310mm) and from the sample to the wall 
(1375mm). Also an approximation of the cone angle using a 543nm laser is given. 
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Figure 4-4. 3D model of the experimental setup and observations. The black rectangles represent the A3 papers taped to the wall 
for recording. The purple lines are constructed from the observation; black numbers indicate measurements in millimeters or 
degrees. 

4.1.2 Results 

In both the 543nm and 633nm experiment curved projections of light were observed, hinting at conical 
refraction; a photograph of the 633nm projection is shown in Figure 4-5. The side view along the direction 
of the 633nm laser and 543nm laser is shown in Figure 4-6 and Figure 4-7 respectively; the rectangular 
shapes are the A3 papers used for recording. The 543nm recording is more detailed because more time 
was taken to record and due to its larger features. Fitting a circle to the curved lines of each experiment 
results in a radius of 1.4m for the 633nm and 2±0.13m (n=4) for the 543nm experiment. Angles of the 
apparent cone (Figure 4-1, 𝜒) are estimated at 64 and 71° for the 633 and 543nm experiment respectively. 
Note that the surface normal of the crystal (001) face is rotated 52° with respect to the incident beam; 
this may have an effect on the resulting projection. 

Projections of straight lines that cross the curved projections were observed as illustrated in Figure 4-5 
and Figure 4-6. No reports of these lines were found in literature; they may be due to the rotated incident 
surface. 
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Figure 4-5. Photograph of the 633nm laser refraction experiment. The bright spot is the main laser spot. A diagonal line from left 
to right can be distinguished and curved lines from top to bottom. Due to the intensity of the main spot the photograph is not 
quite clear. 
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Figure 4-6. Recorded observations on A3 sheets (rectangles) using a 633nm laser. Black and blue lines were drawn on refracted 
laser light projected on the wall. Purple lines are a fitted circle with a radius of 1.4m (R1400) and a fitted straight line to the 
recorded data. In the crossing of these lines the position of the main refracted laser spot was observed. In green the contour of 
the (non-rotated!) crystal is illustrated as a guide to the eye. 
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Figure 4-7. Recorded observations on A3 sheets (rectangles) using a 543nm laser. Black and blue lines were drawn on refracted 
laser light projected on the wall. Purple lines are a fitted circle with a radius of 2m (R2016) and several fitted straight lines to the 
recorded data. In the crossing of these lines a red mark indicates the position of the main refracted laser spot. 
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4.2 Conclusion 

Conical refraction of laser light through a TCNQ crystal at two different wavelengths was observed, adding 
to the evidence that TCNQ is biaxial. 
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5 Optical properties of TCNQ single crystals 

Abstract 

On the basis of the molecular structure of TCNQ and its crystal structure we try to calculate dispersion 
relations for polaritons in the TCNQ crystal. In this calculation we renormalize the excitation frequency of 
the lowest allowed optical transition of the TCNQ molecules by taking into account the exciton-exciton 
interactions between molecules in the crystal. The polariton dispersion curves are used to predict the 
optical reflectivity of the TCNQ crystal and predictions are compared to experimental measurement of  
the reflectance. 

5.1 Calculating the dispersion relation of light in organic single crystals 

In this chapter a dispersion relation of TCNQ single crystals is derived. Isolated organic dye molecules, 
such as TCNQ can have a distinct and isolated transition dipole moment (TDM) with a medium to strong 
oscillator strength (f). In dilute solution the interaction between the TDM and resonant excitation light is 
weak and can be described perturbatively. When the molecules are packed more closely such as in crystals 
the TDMs of different molecules can couple coherently resulting in delocalized excitations with a TDM 
that is much larger than of an individual molecule. For these large TDMs, the coupling with light becomes 
much stronger. The strong coupling results in formation of a polariton, a quasi-particle that is a hybrid 
between a photon and an exciton and that is characterized by its polariton dispersion relation. The 
dispersion relation, 𝑘(𝜔) is shown in the left path of Figure 5-1. In this dispersion relation, 𝜔  is the 
excitation energy of an isolated TCNQ molecule while 𝜔  denotes the plasma frequency. The plasma 
frequency depends on the magnitude of oscillating charge on the molecules when excited resonantly and 

Figure 5-1. Approach in deriving the dispersion relation. 
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the number density of oscillating charges. This number density is related to the molecular density and the 
volume a molecule occupies in the crystal: 

𝜔 =
𝑁 ∗ 𝑞

𝜀 ∙ 𝑚
=

𝑍 ∙ 𝑓 ∙ 𝑞

𝑉 ∙ 𝜀 ∙ 𝑚
 

Where Z is the number of molecules in a TCNQ unit cell which has volume 𝑉 , f is the oscillator 
strength of an isolated TCNQ molecule, and 𝑞  is the elementary electron charge. The resulting polariton 

dispersion is shown in the left graph of  
Figure 5-2; an upper- and lower-polariton branch (UPB and LPB respectively) are observed. Using 

Fresnel’s equation the reflectivity spectrum ( 
Figure 5-2, right graph) can be obtained from the dispersion relation, keeping in mind that 𝑛(𝜔) =
𝑘(𝜔)/𝜔: 

𝑅 =
(1 − |𝑛(𝜔)|)

(1 + |𝑛(𝜔)|)
 

In the reflectivity spectrum two peaks are observed, the longitudinal peak (𝜔 ) at an energy where the 
UPB has a wavevector equal to zero, and the exciton peak (𝜔 ) at the singlet-singlet transition energy of 
an isolated TCNQ molecule. The minimum in between is found at an energy where the UPB has the same 
wavevector as the photon in vacuum. When the difference in wavevectors for the photon and polariton 
vanishes no reflection is expected here since the incoming light can continuing propagating though the 
crystal unimpededly as a polariton wave in the material of the same frequency. Note that at this minimum 
in reflectance, the refractive index equals 1. 

In Figure 5-3 in the bottom graph we show experimental reflectivity spectra for the TCNQ crystal from 
literature. The reflectivity shown pertains to near normal incidence on the (010) face with polarization of 
the light parallel to the crystal a-axis. In the experimental reflectivity spectra the green line is obtained at 
an incident angle of 10° as reported by Pennelly and Eckhardt1. The blue spectrum was reported by 
Philpott et. al.2 also from the (010) face, measured under an incidence angle of less than 13° at low 
temperature T = 6 kelvin. Note that at lower temperature more and sharper features are observed. 

The top most spectrum in Figure 5-3 shows the reflectivity predicted from the polariton dispersion in  
Figure 5-2. Comparing the experimental and predicted reflection spectra, one notices that the 
experimental spectra feature several local minima which are not reproduced in the predictions based on 
the simple polariton dispersion. Clearly the polariton dispersion relation is not complete. 
The polariton dispersion relation discussed above does not account for the interactions in the excited 
state between the molecules in the crystal. To account for these interactions a many-body approach is 
needed3, illustrated in the right branch of Figure 5-1. 

Summing interactions between many bodies placed in a regular lattice results in solutions that converge 
slowly and are not absolute convergent.3 Expanding on the work of E. Madelung, P. Ewald derived a 
method to sum charges in a lattice so that the sum is absolute convergent and converges rapidly.4–6 This 
Ewald summation method is also used in this derivation. 
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Figure 5-2. (left) Polariton dispersion relation for TCNQ. The blue dotted lines are the wavenumbers of a photon in vacuum, the 
black dots are calculated values. UPB and LPB stands for Upper- and Lower-Polariton Branch respectively. (right) Reflectivity 
obtained from the polariton dispersion relation. The orange dotted lines indicate which feature of the reflectivity corresponds to 
the dispersion relation. 
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Figure 5-3. Reflectivity spectra obtained from the polariton dispersion relation (top), corrected for strong neighbor and periodic 
interactions(mid), and reflection spectra for the (010) face from literature (bottom). 
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For the calculation readily obtainable parameters of TCNQ 
were used as input, these are: lattice parameters7, oscillator 
strength8 and transition charge density (TCD) obtained by 
quantum chemical calculations using Amsterdam Density 
Functional (ADF)9. From the ADF calculations a singlet-singlet 
excitation energy of 3.05eV with an oscillator strength of 
0.916 were found. ADF also calculates the HOMO and LUMO 
orbitals. The TCD is calculated by multiplying the HOMO (b3u) 
and LUMO (b2g) molecular orbitals of TCNQ, resulting in the 
S1(1B1u) TCD. In (Figure 5-4) the TCD of TCNQ is illustrated. 
The oscillator strength compares well to the value found in 
literature (1.07 in hexane)8. The excitation energy of TCNQ 
has a large solvent dependency10 and is therefore less 
straightforward in comparison, but is reported to be between 
3.09 and 3.19eV in various solvents. Chaki et. al.11 report gas 
phase measurements on TCNQ with the (0,0) transition at 
24262cm-1 (3.01eV). 

A Hamiltonian was constructed in which the interaction 
potential (V) between the four molecules (A-D) in the TCNQ 
unit cell and their periodic images was calculated using the 
Ewald summation. In the summation the TCD’s on the 
molecules were approximated as a set of point charges one 
for each C or N atom in the molecule. Any transition charge 
density on the hydrogen atoms was neglected. 

𝐻(𝜔, 𝒌 ) =

𝑉 𝑉 𝑉 𝑉
𝑉 𝑉 𝑉 𝑉
𝑉 𝑉 𝑉 𝑉
𝑉 𝑉 𝑉 𝑉

 

This Hamiltonian is a function of the frequency of incoming light and the wavevector of the resulting 
exciton wave: 

𝒌 = 𝒓 ⋅ 𝑘  

Where 𝑘  is the wavenumber of the exciton and 𝒓  is the direction of the exciton wave, in this model 
chosen to be normal to the (010) face of the TCNQ crystal. In this orientation the TCNQ molecules are 
close to parallel with the crystal face. On the diagonal the interaction potential of each molecule with 
itself is found (e.g. 𝑉 , molecule A with A). These interactions are the summation between the TCD of 
molecule A and the periodic images of the TCD of molecule A, while for the interaction 𝑉  the summation 
is over the TCD of molecule A and TCD of molecule B in the unit cell and over the TCD of molecule A in the 
unit cell and period images of the TCD of molecule B. 

Each eigenvalue represents a bulk material TDM and yields a renormalized oscillator frequency: 

𝜔 , (𝜔, 𝑘 ) = 𝜔 , + 𝑒𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒(𝐻) 

Figure 5-4. Transition charge density of the 
singlet-singlet excitation on TCNQ calculated with 
ADF. 
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From the eigenvectors of H the plasma frequency for each bulk TDM can be obtained (𝜔 , (𝜔, 𝑘 )). The 
polariton dispersion relation is adjusted for the contribution of the molecular interactions to obtain: 

𝑘(𝜔) = 𝜔 1 +
𝜔 , (𝜔, 𝑘 )

𝜔 , (𝜔, 𝑘 ) + 𝜔
 

At each frequency only one value for 𝑘(𝜔) is expected. By solving for a self-consisting solution where: 

𝑘(𝜔) =  𝜔 1 +
𝜔 , (𝜔, 𝑘(𝜔))

𝜔 , (𝜔, 𝑘(𝜔)) + 𝜔
 

The adjusted polariton dispersion relation, or exciton-polariton dispersion relation was computed, and 
the resulting reflectivity spectrum is illustrated in the spectrum in the middle of Figure 5-3. 

The reflectivity spectrum from the exciton-polariton dispersion relation contains multiple minima and 
maxima, which is in better agreement with the experimental spectra. Reflectivity intensities are not up to 
scale compared to the experimental data. Also, the main reflection bands have shifter to a lower energy. 
The splitting between the largest reflectivity peaks has decreased slightly, from a difference of 0.7eV to 
0.6eV. In the calculated range one new reflection band appears further away from the main reflection 
band at 4.5eV; making the spectral range in which reflectivity is predicted broader than the range found 
in the experimental data, but in better agreement compared to the results found from the polariton 
dispersion. The reflection at the lowest energy is at 2.4eV compared to 2.8eV in the experimental spectra. 
This peak is also split as in the low temperature experimental spectrum; followed by a minimum and 
another split peak. 

5.2 Discussion & conclusion 

Taking into account the exciton-exciton interaction in the polariton dispersion relation results in better 
agreement with experimental data; fine structure features as well as a broader reflection band are 
predicted. The Fresnel equation for reflectivity under normal incidence that we used implicitly assumes 
that the material is isotropic. The limited validity of this assumption for our biaxial material may contribute 
to the error in the calculated reflectivity spectra. Also the question on how to accurately predict the 
intensity of the reflectivity is still open. From the two experimental spectra, one at room temperature and 
the other at very low temperature it also becomes clear that temperature has a clear influence on the 
reflectivity. 
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6 Discussion and conclusion 

The optical properties of TCNQ crystals were investigated with the aim of studying the light-matter 
interaction. Single crystals of sufficient size to measure optical properties of the (001) face were grown 
using TCNQ in acetone solutions and slow solvent evaporation. Obtaining other crystal faces, such as the 
(110) and (010) faces, is difficult due to the brittle nature and preferred crystal growth directions of TCNQ 
and remains an open challenge. 

As predicted from visual inspection of TCNQ single crystals, the material is found to be optically biaxial by 
ellipsometry measurements and confirmed by the phenomenon of conical refraction. Obtaining the 
principal axes by fitting ellipsometry data proved to be challenging. Orientation dependent absorption in 
the long wavelength region is thought to be the main cause. 

Reflectivity of the (001) face was measured under various incident angles and crystal orientations. It was 
found that the quality of the crystal surface has a large influence on the reflectivity intensity. The 
measurements at different orientations result distinct variations in reflectivity. The molecular packing of 
TCNQ molecules in the crystal is such that the long axis of the four molecules in the unit cell are 
approximately pointing in the same direction. Because the lowest allowed electronic transition of TCNQ 
has its transition dipole moment along the long molecular axis , strong optical anisotropy in the visible 
spectral range is expected based on the crystal structure. Curiously, the reflectivity spectra recorded 
incidence angle larger than zero remain  very similar after rotating the crystal over 180o around the normal 
of the reflecting . This observation is surprising because the angle between the long axis of the molecules 
and the direction of the electric field of the incoming light changes when rotating the crystals over 180o 
in its holder. We note that in the process of light reflection no energy is lost. Therefore, reflection in 
contrast to absorption should obey time-inversion symmetry. This property of the reflection , also known 
as optical reciprocity, may explain why the reflectivity does not change under the 180o rotation of the 
crystal around the normal of the reflecting surface.  

The calculation of the polariton dispersion relation was improved by taking into account exciton-exciton 
interactions in the TCNQ crystal lattice. The reflectivity spectra obtained from the exciton-polariton 
dispersion compare very well to experimental data in terms of fine structure and total reflection band 
compared to the reflectivity spectra obtained from the polariton dispersion relation. Many opportunities 
to improve the model are open; such as reflectivity at arbitrary incident angles, realistic absolute 
intensities, and more accurate energy level prediction. 

From this study it becomes clear that the brittle nature, metallic reflectance, conical refraction, and 
molecular structure of crystalline TCNQ are exemplary for research opportunities in the field of organic 
crystals. Steps have been made in developing a better understanding of the optical properties of 
crystalline TCNQ in terms of polariton dynamics. 
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A. Ellipsometry data in the visible region 
 

Figure A-1. Ellipsometry data in the visible region. Top: orientation b, bottom: orientation a. Colors of the data corresponds to the 
same angles as in the NIR region. 


