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ABSTRACT
Structural parameters, electronic and optical properties of chrysene have been investigated using the
plane-wave ultrasoft pseudopotential technique based on the first principles density functional theory.
The pressure dependence of the electronic band structure, density of states and partial density of
states of chrysene were presented. Meanwhile, the complex dielectric function, refractive index,
absorption coefficient, reflectivity, and the extinction coefficient are calculated and analysed. According
to our work, we found that the optical properties of chrysene undergo a red shift with increasing pressure.
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1. Introduction

Organic molecular solids have attracted considerable interest
for both fundamental reasons and possible technological appli-
cations. Recently, organic molecular solids have attracted sig-
nificant attention owing to their proposed applications in
(opto)electronic devices such as field-effect transistors, light-
emitting diodes and photovoltaic cells [1–4]. Moreover, due
to the relatively weak intermolecular interaction of organic
molecular solids, the characteristic of these solids is very
responsive to applied pressure [5]. In some cases, this has
resulted in intriguing and unexpected physical properties,
such as metallic behaviour [6] and superconductivity [7,8].

Chrysene was chosen for this study, as a representative of
the large class of polycyclic hydrocarbons that have served
for a long time as model compounds for organic molecular
crystals. At ambient pressure and room temperature, pure
chrysene crystal structure belongs to the monoclinic has
space group I2/c with four molecules in the primitive unit
cell [9]. The molecules arrange in a herringbone manner
which is typical for many aromatic hydrocarbon molecular
solids and can be seen as a consequence of the densest possible
packing of the molecules within the crystal with the least poss-
ible repulsion [10]. While these fascinating material properties
have attracted much attention, many theoretical investigations
have provided the first insight into the electronic properties of
chrysene. Earlier studies revealed that each carbon forms three
covalent s bonds, the fourth valence electron stays in a 2p orbi-
tal perpendicular to the molecular plane generating the
p-electron cloud [11]. The electronic and optical properties
of compounds with two to five aromatic rings, using first prin-
ciple methods, were studied by Hummer et al. [12]. F. Roth
et al. have investigated the electronic properties of chrysene
molecular solids by performed electron energy-loss

spectroscopy in transmission [10]. These theoretical calcu-
lations were suggested that first principle studies of the elec-
tronic properties under pressure and obtaining equation of
state of chrysene are possible. Moreover, pressure as one of
the fundamental state parameters can be used to tune the lattice
and electronic structure efficiently, which alters the structural
and magnetic ordering. In order to gain a deeper understanding
of the relationship between the geometric structure, and electri-
cal properties behaviour as well as optical properties in molecu-
lar materials should promote advancement of functional
organic devices. Here, we examine the pressure dependent geo-
metrical and electronic properties of chrysene under hydro-
static pressure up to 9 GPa. The information of the pressure
dependence of lattice parameters, the band structure, the total
density of states (DOS) and partial density of states (PDOS)
are provided. Meanwhile, the complex dielectric function,
refractive index, absorption coefficient, reflectivity, and the
extinction coefficient are calculated.

2. Calculation method

The calculations carried out in this work are based on the den-
sity functional theory (DFT) using the VASP program package
[13]. The geometric structure was fully optimised using DFT
with the generalised gradient approximation with van der
Waals interactions treated using the vdW-DF2 correlation
functional [14]. Moreover, the dispersive interaction between
atoms and molecules is important for many molecular and
solid structures. The vdW-DF2 method and the semi-empirical
DFT method of Grimme (DFT-D2) [15], as well as the opt-
B88-vdW method are successfully applied to several systems
[16,17]. While more and more studies suggest that a many
body approach is necessary for the realistic calculation of the
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intermolecular cohesive energies, the vdW-DF2 method has
been shown to reliably model the structures and energetics of
organic molecular crystals under ambient and high-pressure
conditions [18,19]. The self-consistent calculations were car-
ried out with a 4 × 3 × k-point mesh. In this simulation, the
ultrasoft pseudo-potentials are employed [20]. To balance
accuracy and speed, the plane-wave basis set cutoff was set to
750 eV. The convergence criteria for total energy, max force,
max tress, and SCF iterations were 5× 10−6 eV/atom,
0.01 eV/Å, 0.02 GPa, and 5× 10−7eV/atom, respectively.

We adopt the experimental lattice parameters of chrysene
with a = 25.203 Å, b = 6.196 Å, c = 8.386 Å and b = 116.20◦,
to build the initial crystal structure [10]. In this simulation,
the pressure was increased in 1 GPa steps. During the geometry
optimisation, the space group of the chrysene crystal has been
constrained to I2/c. Thus, no structural phase transition will be
considered in this study.

Moreover, the different band and electronic density to states
can induce different dielectric response. The dielectric function
1(v) = 11(v)+ i12(v) is an important function to describe the
optical properties. Because the imaginary part 12(v) is the pan-
dect of optical properties, we use formula (1) to calculate the
12(v) of chrysene. In the formula, the superscript c and n rep-
resent conduction and valence bands, respectively. û is the elec-
tric-field vectors of incident light field.

12(v) = 2e2p
V10

∑
k,v,c

|cc
k|û× r|cv

k|2d(Ec
k − Ey

k − E) (1)

The real part 11(v) was calculated by the Kramers–Kronig
relation (formula (2)). In the relation, p represents the principal
value of the integral. The formula (1) and (2) show the 11(v)
and 12(v) are the response of the incident light.

11(v) = 1+ 2
p
p
∫1

0

v′12(v′)
v′2 − v2

dv′ (2)

Optical constants are important in designing optical devices.
We use the following three formulas (3)–(6) to calculate the
optical constants: the absorption coefficient (a(v)), reflectivity
(R(v)), refractive index (n(v)) and extinction coefficient (k(v))
[21,22].
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3. Results and discussion

3.1 Evolution of structural properties with pressure

At ambient conditions, chrysene in a monoclinic unit cell
where molecules are arranged in a herringbone configuration
in the ab plane and are stacked along the c axis (as shown in
Figure 1). The optimised results of the primitive cell of pure
chrysene are shown in Table 1. Experimental and other theor-
etical values are also listed. Based on the vdW-DF2 functional,
the optimised crystal lattice parameters are obtained as
a = 25.065 Å, b = 6.017Å, c = 8.321 Å, and V = 1130.8 Å

3
.

Though the lattice parameters were computed at zero tempera-
ture, it is obvious that the optimised geometry parameters are
good agreement with experimental results, meaning that our
calculation is reasonable.

Variations of the lattice parameters of chrysene with
pressure are plotted in Figure 2. At first, the lattice parameters
rapidly change under the external pressure up to 2 GPa, then
they change more slowly. When applying a linear fitting in
the whole pressure range, the linear compressibility of the lat-
tice parameters a, b, and c is 0.13 GPa−1, 0.056 GPa−1, and
0.126 GPa−1 up to 9 GPa, respectively. And the value of the lat-
tice constant a is reduced by 1.127 Å with an increase of the
external pressure from 0 to 9 GPa, while b and c show a
pressure dependence of Db = 0.575Å and Dc = 1.115Å,
respectively. The non-uniform pressure dependence of the lat-
tice parameters may mean that the chrysene undergoes aniso-
tropic compression. More interesting, the monoclinic angle
increased by Db = 0.53 in the same pressure region, which is
may due to the reduction of the lattice parameters and the
associated increase of the layer distance. This similar behaviour
was often observed in aromatic compound such as anthracene
[13], perylene [23] and naphthalene dimmers [24,25].

Moreover, by increasing pressure, the unit cell volumes are
readily compressed. The variation of the unit cell volume for
chrysene with pressure is shown in Figure 3. The bulk modulus
B0, as a parameter directly reflecting the hardness of material, is
derived by calculating cell volumes at different pressures and
fitting it using the Birch–Murnaghan equation of state as
below: P = (3/2)B0[(V/V0)

−7/3 − (V/V0)
−5/3]× {1+ (3/4)

(B′
0 − 4)[(V/V0)

−2/3 − 1]}, where B′
0 is the derivative of bulk

modulus and V0 is the volume at ambient pressure [26]. At
9 GPa the volume compression is V/V0 = 82.3%. The bulk mod-
ulus at ambient pressure and temperature is B0 = 12.26GPa
and its derivative is B′

0 = 7.08. The low bulk modulus shows
that the sample is easily to be compressed under pressure.

3.2 Band structures and density of states

Experimental investigations of the electronic properties of
chrysene at high pressure are limited. Consequently, the aim
of this part of the work is to understand the electronic band
structure, partial density of states and the band gap under
pressure. The calculated electronic band structure of chrysene

Table 1. Calculated and experimental structural data [10] of the crystal chrysene
under zero pressure.

Method a0 (Å) b0 (Å) c0 (Å) b(◦)
GGA 26.149 6.395 9.244 116.82
LDA 21.963 5.851 9.224 114.29
vdW-DF2 25.065 6.017 8.321 115.61
Exp. 25.203 6.196 8.386 116.20
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Figure 1. (Colour online) Crystal structure of chrysene. The red (green) spheres represent H (C) atoms.

Figure 3. (Colour online) The unit cell volume compressibility of chrysene at zero temperature.

Figure 2. (Colour online) The lattice parameters of chrysene under high pressure up to 9 GPa.
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along with the high-symmetry points of the Brillouin zone is
shown in Figure 4. The band structure calculations have been
carried out following a path along the most high symmetry
points L, M, A, G, Z, and V. The internal coordinates of
these points are (−0.5, 0, −0.5), (−0.5, −0.5, −0.5), (−0.5, 0,

0), (0, 0, 0), (0, −0.5, −0.5), and (0, 0, −0.5) in the first Brillouin
zone, respectively. As can be seen from Figure 4, the valence
band maximum (VBM) and conduction band minimum
(CBM) are located at same high symmetry G point. It means
that chrysene is direct band gap semiconductor. We can see

Figure 4. (Colour online) The band structures of chrysene at 0, 3, 6, and 9 GPa, respectively. The red dashed line is marked the Fermi level.

Figure 5. (Colour online) The density of state (PDOS) and partial density of state (PDOS) of chrysene at 0, 3, 6, and 9 GPa, respectively. The red dashed line is marked the
Fermi level.
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that a direct band gap is 2.45 eV, which is smaller than exper-
imental data 3.3 eV due to the well-known underestimation of
conduction band state energies in DFT calculations [27,28].

However, as the pressure increases, the conduction and
valence band shift to lower and higher energies, respectively.
The shifts of the conduction and valence band result in a
decreasing band gap. Figure 4 shows the band gap of the chry-
sene under 3 GPa, 6 GPa, and 9 GPa are 2.19 eV, 2.05 eV, and
1.94 eV, respectively. The pressure dependence of the band gap
is shown in Figure 5, clearly indicating the band gap decreases
with increasing pressure. To determine the pressure coefficient,
we fitted the direct band gap to determine the pressure coeffi-
cient, we fitted the direct band gap (Eg(P)) with a quadratic
function: Eg(P) = Eg(0)+aP + bP2, and obtained a =−0.09 eV/
GPa and b = 0.004 eV/(GPa)2.

To further elucidate the nature of the electronic band struc-
ture, the total density of states (DOS) and partial density of
states (PDOS) of chrysene under 0 GPa, 3 GPa, 6 GPa, and
9 GPa are shown in Figure 6. According to the PDOS, the
valence bands near the Fermi level between −2.37 and 0 eV
mainly come from C 2p state and the band energy between
−5.98 eV and −2.4 eV mainly derives from C 2p and H 1s
states, while C 2s contributes little in this energy range. The
valence band between −8.59 eV and −5.98 eV derives from C
2p and a strong hybridisation can be found between H 1s
state and C 2s state in the valence band. The conduction
band minimum is mainly composed of C 2p state. When
increasing pressure, a slight shift of the peaks of PDOS for

conduction and valence bands are shifted to lower and higher
range. For example, the main peak of C 2p orbital in the valence
band energy of chrysene shifts from −3.14 eV under a pressure
of 3 GPa to −3.11 eV under a pressure of 6 GPa and then to
−3.08 eV under a pressure of 9 GPa. The bottom of the con-
duction band shifts from 1.93 eV under a pressure of 3 GPa
to 1.79 eV under a pressure of 6 GPa and then to 1.68 eV
under a pressure of 9 GPa. As a result, the shifts of the conduc-
tion and valence band are consistent with the band structures.

3.3 Optical properties

We are interested in the effect of pressure on the optical prop-
erties. Figure 7 shows the reflectivity (R(v)), absorption coeffi-
cient (a(v)), refractive index (n(v)) and the extinction
coefficient (k(v)) at 0, 3, 6 and 9 GPa with photon energy ran-
ging from 0 to 20 eV. From Figure 7, we can see that peaks of
optical constants shift to lower energies with increasing
pressure, which meaning undergo a red shift. As shown in
Figure 7 (a), it is found that, at ambient pressure, the chrysene
shows the strongest absorptive behaviour around the 5.11 eV.
And the absorption coefficients further decrease rapidly in
the high energy region. Additionally, the optical band gap of
chrysene can be determined by the following relation:
(ahn)2 = A(hn− Eg), where A is a constant and Eg is the opti-
cal band gap, h is Planck’s constant, and ν is the frequency of
the incident photon [29]. The optical band gap was decreased
from 2.45 to 1.94 eV as the pressure increase from 0 to

Figure 6. (Colour online) The dependence of the band gap of chrysene on pressure.
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9 GPa, which is consistent with the calculated band structures.
Notably, the values of R(v) of the main peak are at 6.08 eV, and
8.35 eV under normal pressure are shown in Figure 7(b). With
pressure increase from 0 to 9 GPa, the two main peaks have
moved to a lower energy region from 6.08 to 5.92 eV and
8.35 to 8.21 eV, respectively.

The optical properties of materials can be described by the
refractive index and the extinction coefficient, and are closely
related to dielectric constant. The refractive index and the
extinction coefficient have also been calculated for chrysene
under 0, 3, 6, and 9 GPa as displayed in Figure 7(c,d), respect-
ively. The k(v) shows a main peak at around 4.91 eV and

Figure 7. (Colour online) The optical constants of chrysene: (a) absorption coefficient (a(v)); (b) reflectivity (R(v)); (c) the refractive index (n(v)); and (d) the extinction
coefficient (k(v)).

Figure 8. (Colour online) The dependence of the complex dielectric function of chrysene at 0, 3, 6, and 9 GPa, respectively. (a) The real part 11(v) and (b) the imaginary
part 12(v).
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4.89 eV for chrysene at 0 and 9 GPa, respectively. The peak
intensity at around 4.91 eV is stronger than that at 4.89 eV.
Both the refractive index and the extinction coefficient shift
toward the lower-energy region when the pressure increases,
which is consistent with the absorption coefficient (a(v)) and
reflectivity R(v).

Meanwhile, the dielectric function is a crucial physical par-
ameter describing the optical properties, and it reflects the lin-
ear response of materials to electromagnetic radiation. As
shown in Figure 8(b), we notice there is a main peak at
4.36 eV in the 12(v) spectrum of chrysene under no-pressure
conditions. This peak takes its origin from the optical tran-
sitions between C 2p states in the conduction band. When
the pressure increases from 0 to 9 GPa, the spectrum exhibits
a small red shift without any notable shape changes. From
Figure 8(a), the peaks of 11(v) follow a similar trend of 12(v)
when applying an increasing pressure on chrysene. The zero
frequency dialectric constant 11(0) are found to be about
4.06, 4.64, 5.01 eV, and 5.32 eV at 0, 3, 6 and 9 GPa, respect-
ively. Interestingly, it also can be seen from Figure 8(a), 11(v)
value is positive in the energy range of 4.61–9.38 eV, character-
istic of semiconductor, while there is a broad peak around
5.27 eV below zero. The density of states shows that this
phenomenon is caused by the electronic transition between
the p orbital of carbon atoms and the 1s orbital of H atoms.

4. Conclusion

To extend our knowledge about the chrysene under pressure,
we performed the first-principles method to study its electronic
and optical properties. According to our work, we found that
the optical properties of chrysene undergo a red shift with
increasing pressure. Meanwhile, the pressure dependence of
the electronic band structure, density of states and partial den-
sity of states of chrysene were presented. All in all, the band gap
as well as the optical response of chrysene could be tunable by
pressure.
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