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Roles of inter- and intramolecular vibrations and band-hopping crossover
in the charge transport in naphthalene crystal
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We calculate the hole and electron mobilities in naphthalene crystal from 10 to 300 K
within the framework of the Holstein-Peierls model coupled with first-principles
density-functional-theory-projected tight-binding band structures. All the electron-phonon coupling
constants, including both local and nonlocal parts for inter- and intramolecular vibrations, have been
taken into considerations through density functional theory. The band-hopping crossover transition
temperature for the electron transport in the ¢’ axis is calculated to be around 23 K. We have
identified a few high frequency intramolecular vibrations which are very important to the charge
transport in naphthalene crystal due to their comparatively large electron-phonon coupling
constants. However, their contributions to the temperature dependence of mobility are minor
because of the small phonon occupations and small nonlocal coupling strengths. The low frequency
intermolecular modes (longitudinal optical modes) are found to be the major contributions to the
temperature dependent charge transfer properties in naphthalene crystal. Even though the calculated
qualitative temperature dependence is in agreement with experiment, the predicted absolute mobility

is about one to two orders of magnitude larger. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2751191]

I. INTRODUCTION

Organic semiconductors have been widely studied in re-
cent years.l’2 Organic materials have been used in light-
emitting diodes, thin-film transistors, and photovoltaic cells.
The advantages lie in the mechanical flexibility, large area
coverage, and inexpensive mass production in the near
future.* To realize these applications, one of the most im-
portant tasks is to improve the charge transport property.
Recently, single-crystal organic transistors provide a useful
tool to explore and to understand the intrinsic charge trans-
port processes in organic electronic devices.* Although rapid
progress has been made,”"? the fundamental understanding
of the charge transport mechanism is still incomplete even
for the ultrapure organic crystals.

Charge transport can be classified into two different
types, band model’® and hopping model.”'? At low tem-
peratures, coherent bandlike transport of delocalized carriers
is believed to be the dominant transport mechanism in single
crystals. The mobility decreases with temperature because
the lattice vibrations scatter the carriers. At high tempera-
tures, transport occurs by hopping of charges between local-
ized states, where transport is phonon assisted, so the charge
mobility increases with temperature. The transition between
band and hopping mechanisms in organic crystals was first
observed in naphthalene crystal.13 Even though great
efforts”®*'” have been spent on studying the conductivity
in naphthalene crystal, a clear understanding in terms of mo-
lecular vibration contributions to the anisotropy and band-
hopping transition is still limited. In addition, we are inter-

YElectronic mail: z gshuai @iccas.ac.cn

0021-9606/2007/127(4)/044506/9/$23.00

127, 044506-1

ested in answering the following question: Is it possible to
predict the transport properties for organic solids from first
principles?

A useful model to describe the charge transport in or-
ganic materials is based on the small-polaron theory pro-
posed by Holstein® for polaron motion in a one-dimensional
molecular crystal, within which a single excess charge car-
rier is contained. After applying a number of simplifications,
the zeroth order adiabatic treatment of the polaron problem
was developed. Kenkre et al.” assumed directionally depen-
dent local coupling constants and obtained the Holstein-type
mobility expression which can be applied to fit the measured
electron mobilities reasonably well. They gave the first ex-
planation of the mobility behavior in naphthalene crystal.
Nonlocal couplings were also considered in more general-
ized polaron methods. Munn and Silbey6 suggested a varia-
tional theory, which contained both local and nonlocal linear
electron-phonon couplings. They found that nonlocal cou-
plings increase the scattering, which give lower band contri-
butions and higher hopping contributions. Recently, Han-
newald and Bobbert®'” have generalized the Holstein model
to the Holstein-Peierls model by including nonlocal electron-
phonon couplings with parameters calculated at the ab initio
level. Their investigations on naphthalene crystal were in
qualitative agreement with the experiment in terms of tem-
perature dependence.8 The temperature dependences for
electron and hole mobility as well as the spatial anisotropy
behaviors have been obtained by taking only three intermo-
lecular vibration/rotation modes into considerations.

In this paper, we start with the Holstein-Peierls model,
and we focus on the roles of inter- and intramolecular cou-

© 2007 American Institute of Physics
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plings, calculated from first principles, to investigate carrier
mobility, for the temperature dependence and the anisotropy
as well as the band-hopping transition in naphthalene crystal.
The contributions from inter- and intramolecular vibrations
and the local and nonlocal electron-phonon couplings are
analyzed in full detail in order to give a comprehensive de-
scription for the charge transport process in organic crystals.

Il. THEORETICAL METHODOLOGY
A. Model
The Holstein-Peierls model reads
H=H,+H,+H,,

= E 8mna;an + E ﬁwh(b;b)\ + %)

mn A
+ E ﬁw}\gkmn(b;'i-b—)\)a;an' (1)
mn\

Here, the Hamiltonian contains the electronic part (H,), the
phonon part (H,), and the electron-phonon coupling part
(H,.,). The operators af;) and bgf) represent annihilating (cre-
ating) an electron at the lattice site m with energy &,,, and a
phonon belonging to mode N with frequency w,, respec-
tively. gy, 1S the dimensionless electron-phonon coupling
constant.

The Hamiltonian was canonically transformed into po-
laron plus distorted phonon by using a unitary
transformation.”'"* Then, the conductivity can be evaluated
with the Kubo formalism for linear response theory with a
current-current correlation function.”’ After some approxi-
mations and complex derivations,”’zo Hannewald et al. have
worked out the mobility formula within the framework of the
Holstein-Peierls model, which is qualitatively similar to the
expressiorl7 of Kenre et al. due to the Holstein model. The
mobility can be expressed as

€y * 22
MOE >R f die™ [+ (& = Appn)?

ZkBTﬁ2 n#m

1
+3 (hwngm,»zcbq(r)]e-zﬁxGx“”Nx-W’ﬂ, @
q

where Amn = %E)\hw)\[g)\mn (g)\mm + g)\nn) + %Ek#m,ng)\mkgkkn] .
R, 1s the distance between lattice sites m and n in the «
direction. G)\zg)z\mm+%Ek¢mgimk is the effective coupling
constant of mode N, which includes both the local and non-
local parts. Ny=1/(e"*V*7—1) is the phonon occupation
number of mode N. The time dependent quantity ®,()
=(1+N,)e” "'+ N e'“d" describes the incoherent scattering
events caused by phonon number changes, and the factor
e PRGN in  Eq. (2) represents the bandwidth
narrowing.s’20 I" is a phenomenological parameter for inho-
mogenous line broadening.

In order to understand the temperature dependence of
mobility, we separate the local and nonlocal contributions to
the mobility according to Eq. (2) by defining
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FIG. 1. (a) DFT/PBE calculated band structure. The high-symmetry points
in units of (2w/a,2w/b,2w/c) are I'=(0,0,0), Y=(0.5,0,0), B
=(0,0.5,0), and Z=(0,0,0.5); (b) comparison of the DFT-calculated and the
fitted tight-binding band energies for 64 selected k points.

1a(T) = A f(T) + 2 Bogh(T). (3)
q
where
__© 2 2 2
A, =—— R + -A s
o Zthz,gm amn[smn (8mn mn) ]
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TABLE 1. First-principles-mapped tight-binding model: on-site energies, transfer integrals, and the electron-
phonon coupling constants for the most important 13 phonons.

0 a b c ac ab abc
HOMO L (MeV) -835 =23 -42 -3 -1 22 -5
Cimn -0.27 -0.09 0.49 0.13 0.13 -0.12 0.08
Gomn 0.15 -0.29 -0.13 0.19 0.05 -0.02 0.08
Z3mn —-0.08 0.03 -0.12 0.03 0.08 -0.19 0.03
Lamn 0.00 0.00 0.01 0.00 0.00 -0.01 0.00
Z5mn 0.05 0.02 -0.06 -0.02 -0.03 0.05 -0.03
Somn -0.05 0.00 -0.02 0.00 0.00 -0.01 0.00
C7mn -0.21 -0.01 0.00 0.01 0.00 0.01 0.00
88mn 0.06 0.02 0.03 0.00 0.00 -0.02 0.00
Somn -0.15 -0.01 -0.01 0.00 0.00 0.00 0.00
Siomn 0.32 0.00 0.00 0.00 0.00 0.00 0.00
Cilmn -0.10 0.00 0.00 0.00 0.00 0.01 0.00
Ciomn 0.10 0.00 0.01 0.00 0.00 0.00 0.00
C13mn 0.24 0.00 -0.01 0.00 0.00 0.00 0.00
LUMO t,, (MmeV) 2510 7 24 -3 -1 =51 -2
Cimn -0.23 -0.04 -1.31 -0.31 0.01 0.39 0.00
Somn 0.19 -0.04 0.20 0.66 -0.11 -0.86 0.10
L3mn -0.09 -0.03 0.03 0.13 0.04 0.11 0.03
Gamn 0.10 0.01 -0.01 0.01 -0.01 -0.03 0.00
&5mn -0.10 -0.01 0.04 -0.01 0.01 0.04 0.00
Gomn 0.15 0.01 0.01 -0.01 0.00 0.00 0.00
Smn 0.49 0.00 0.00 0.01 0.00 0.01 0.00
Z8mn 0.10 0.00 -0.02 0.00 0.00 0.00 0.00
omn 0.16 0.00 0.01 0.00 0.00 0.00 0.00
Ciomn -0.41 0.00 0.00 0.00 0.00 0.00 0.00
Silmn 0.06 0.00 0.00 0.00 0.00 0.00 0.00
Z12mn -0.05 0.00 0.00 0.00 0.00 0.00 0.00
& 13mn -0.16 0.00 0.01 0.00 0.00 -0.01 0.00
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Now, the mobility is expressed as a linear combination of
temperature dependent functions. The A, contains the local
contribution and B,, belongs to the nonlocal contribution
(gum term, m # n). If we leave the common 1/T factor aside,
the 7' dependences of f(T) and h,(T) are through the phonon
occupation number N, (7). f(T) decreases with N,(7), while
h,(T) has complex T dependence due to an additional multi-

plicative factor N,(7). Different parameters of A, and B,
can cause different 7 dependent mobilities in different direc-
tions.

From another point of view, the mobility can be divided
into several parts according to electron-phonon couplings.
Since all the T dependent functions depend on the effective
coupling constants G, which contain both the local and non-
local coupling constants, we focus on the coefficients A, and
B, which only contain some of the couplings gy,,,. The first
part of the total mobility is A,f(T), and the coefficient A,
does not contain any electron-phonon coupling constant. The
second part is 2 B,h,(T) (g belongs to all the intermolecu-
lar vibrations), and the coefficients B,y only contain the non-
local couplings of intermolecular phonons. The third is
2B o (T) (g belongs to all the intramolecular vibrations),
and the coefficients B, only contain the nonlocal couplings
of intramolecular phonons. We name these three parts as the
local part, the nonlocal-inter part, and the nonlocal-intra part,
respectively. The detailed contributions of the three different
parts to the mobility can give a better understanding of
charge transport in ultrapure crystals.

B. Transfer integrals

A number of computational mtﬂ,thods,lz’lg’zo’zzf24 includ-

ing direct “dimer methods” and crystal band-fitting method,
have been developed to estimate the transfer integrals. One
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of the dimer methods was proposed by Fujita ef al. in mod-
eling scanning tunneling microscopy.24 Later, Troisi and Or-
landi applied this approach to calculate the transfer integrals
in DNA (Ref. 25) and pentacene crystal.12 The transfer inte-
grals in this scheme can be written as

L= <q)i|F|(Dj>’ (4)

where ®; and ®; are the unperturbed highest occupied mo-
lecular orbitals/lowest unoccupied molecular orbitals
(HOMOSs/LUMOs) of the two distinct dimers and F is the
Fock operator of the system using unperturbed density
matrix.'? It has been employed to study the carrier transport
in siloles®® and triphenylamine dimers.”*® Another direct
method was suggested by Senthikumar ezt al.? 1o study the
absolute rates of hole transfer in DNA. Recently, Valeev et
al. have used it to study the effect of electronic polarization
on charge transport parameters.23 The transfer integrals can
be written as

- 10— (1/2)(e; + ¢))S;; )
j 1- 512;
Here, ¢;=(®|H|®,), 1);=(®[H|®)), and S;;=(®,[S|P;), where
H and S are the system Hamiltonian and overlap matrices,
respectively.

Another useful method to calculate the transfer integrals
is the band-fitting method which is based on the
tight-binding model. The solution of this model (k)
=g+ 2je;e "R is a k dependent function with several
adjacent transfer integrals as parameters. Therefore, we can
calculate the transfer integrals by fitting the energy bands to
the tight-binding-type function. This method is especially
useful in evaluating the electron-phonon coupling constants
consistently in the same band-structure framework.

In this work, the first-principles density functional theory
(DFT) band structure is projected to a tight-binding model by
fitting the HOMO and the LUMO energy bands to obtain the
most important transfer integrals and electron-phonon cou-
pling constants.”’ The fitting results are sensitive to the near-
est neighbors chosen in the tight-binding model. We sort the
neighboring dimers according to the distances, and we use
the two direct methods described above to calculate the elec-
tron couplings between these dimers. Finally, the tight-
binding model is set up according to the most electronic
couplings evaluated from the dimer method for the band-
fitting process.

C. Electron-phonon coupling constants

With the DFT optimized molecular crystal structure, the
phonon spectra can be obtained. At the I" point of phonon
band, we (i) displace slightly the molecules according to
each normal mode, (ii) carry out another band-structure cal-
culation thereafter, (iii) then fit the transfer integrals &,,,, and
(iv) finally the electron-phonon coupling constants can be

J. Chem. Phys. 127, 044506 (2007)
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FIG. 2. Effective coupling constants vs phonon energies for HOMO and
LUMO. The previous calculations for single naphthalene molecule by Kato
and Yamabe (Ref. 14) are shown in the insets.

obtained by numerical differentiation gy,,=(1/w\\Aw,)
X (dg,,,! 9Qy), where Q, is the normal coordinate of phonon
\. The effective coupling constant of mode A can be evalu-
ated by the format Gy=g;, + %E#mgimk. The total effective
charge-carrier—phonon coupling constant is the sum of the
effective coupling constants of all the phonons: G,,=2,G,.
Therefore, the total effective coupling constant can be ex-
pressed as the sum of four parts.

_ 2 1 2 2 1 2
Glot - E Evmm T 2 E Emk 2 Emm T 2 2 Exmk
N\ einter k#m N eintra k#m

N\ einter N eintra

= Ginter—local + Gimer—nonlocal + Gintraflocal + Gintrafnonlocal' (6)

We are interested in how these terms contribute to the
mobility.

lll. NUMERICAL RESULTS
A. Calculation details

The Vienna ab initio simulation package (VASP),”® which
uses pseudopotential and a plane wave basis set, has proved
to be a very useful tool for theoretical study of periodic sys-
tems such as crystalline solids.”** In this paper, we fix the
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FIG. 3. Calculated charge-carrier mobilities as a function of temperature in
naphthalene crystal from 10 to 300 K. (The top three curves are for holes
and the rest are for electrons.)

lattice vectors, optimize the crystal, and then calculate the
vibrational properties by the VASP code. The Perdew-Burke-
Ernzerhof (PBE) exchange-correlation (XC) functional®® is
chosen because it has been found to work better for molecu-
lar crystals than other functionals.®’ The initial lattice param-
eters for naphthalene crystal are a=8.098 A, b=5.953 A, c
=8.652 A, a=y=90°, and B=124.4° according to the Cam-
bridge Structural Database.” The threshold for convergence
in the total energy of the self-consistent field is 107 eV, and
the atomic forces for the relaxed structure are smaller than
0.01 eV/A. Force constants are calculated as the numerical
derivatives of the atomic forces with respect to atomic dis-
placements, and the phonon frequencies are evaluated with
only I point. Only optical phonons are considered. A 4 X4
X 4 grid in the corresponding Brillouin zone is used to fit the
transfer integrals by a least-squares minimization.

B. Transfer integral evaluation

To calculate the transfer integrals by the band-fitting
method, it is essential to decide which neighboring molecule
pairs20 should be included. First, an arbitrary molecule can
be chosen as reference since the sit energies for type « and
type 8 molecules in naphthalene crystal are the same due to

100000
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k, [em?Ivs]

100

T 1
20 100 300
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FIG. 4. The hole mobilities vs temperature obtained by calculation and
experiment (Refs. 34 and 35) in a, b, and ¢’ directions.
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FIG. 5. The band-hopping transition for electron transport in the ¢’ direc-
tion: theory versus experiment (Ref. 13).

its monoclinic P2,/a symmetry. ' Then the neighboring mol-
ecules can be sorted according to their distances to the ref-
erence molecule, and the transfer integrals are evaluated by
the direct dimer methods. At last, the relationship between
the absolute values of the transfer integrals and the index of
the neighbors is obtained. The two dimer methods give very
close results with the biggest difference of 7.8 meV in deal-
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FIG. 6. The calculated temperature dependent functions f(7) and h,(T) for
HOMO and LUMO.
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TABLE II. Information of the most important 13 phonon modes, including the phonon energies, effective
coupling constants of HOMO and LUMO, and phonon occupation numbers at 10, 150, and 300 K.

N,(T)
ﬁwq G G
(em™) (HOMO) (LUMO) 10 K 150 K 300 K
Intermolecular 58.8 0.40 2.16 2.12E-04 1.320 3.070
vibrations 82.0 0.17 2.03 7.57E-06 0.837 2.077
108.5 0.10 0.06 1.67E-07 0.546 1.466
Intramolecular 384.8 0.00 0.01 9.28E-25 0.026 0.188
vibrations 388.9 0.01 0.02 5.12E-25 0.025 0.183
507.6 0.00 0.02 1.98E-32 0.008 0.096
512.6 0.05 0.24 9.55E-33 0.007 0.094
767.1 0.01 0.01 1.22E-48 6.40E-04 0.026
1145.6 0.02 0.03 2.78E-T72 1.70E-05 0.004
1404.5 0.10 0.17 1.88E-88 1.42E-06 0.001
1449.7 0.01 0.00 2.81E-91 9.19E-07 9.60E-04
1454.3 0.01 0.00 1.44E-91 8.79E-07 9.38E-04
1572.4 0.06 0.02 6.12E-99 2.83E-07 5.33E-04

ing with the same dimer; therefore, either of the dimer meth-
ods can be used to determine which neighbors should be
considered in the band fit. We choose all the nearest neigh-
bors and the molecules with large transfer integral calculated
by the dimer methods. Therefore, six neighbors20 are chosen
for band fitting, i.e., {mn}={0,a,b,c,ac,ab,abc} belonging
to R,,=0, xa, b, *c, =(a+c), x(a/2+b/2), £(a/2xb/2
+c¢). We show the calculated energy band in Fig. 1(a), which
is identical to Hummer and Ambrosch-Draxl’s calculations."
In Fig. 1(b), we compare the band energies of HOMO and
LUMO for the chosen 4 X4 X 4 grid obtained by both the ab
initio calculations and the band-fitting method. We can see
that the fitted band energies are in good agreement with the
ab initio calculated results. The transfer integrals are listed in
Table I. Again the values are consistent with Hannewald et
al.® and the slight differences come from the different initial
crystal structures and exchange-correlation functionals.

C. Electron-phonon coupling constants

The relationship between the coupling constants and the
phonon energies is plotted in Fig. 2. At a first glance, the low
frequency phonon couplings are much larger than high fre-
quency phonons, especially for LUMO. However, we can
also find that some intramolecular phonons seem to be im-
portant. Their frequencies are 512.6, 1404.5, and
1572.4 cm™!, which are in good agreement with Kato and
Yamabe’s calculations (see Fig. 2 and its insets) for naphtha-
lene molecule.' Namely, the crystal dispersion effect is mi-
nor. In Table I, we list the most important 13 modes with
effective coupling constants larger than 0.01 for HOMO and
LUMO. The effective coupling constants of the first three
phonons are very close to the results of Hannewald et al.
within the rigid-molecule approximation.20

D. Mobility calculation

The dominant scattering sources in organic crystals are
optical phonons, acoustic phonons, and static impurities.33
The optical phonon scatterings have been considered in Eq.

(2), while the effects of acoustic phonons are neglected.8
Since we focus on the conductivity in ultrapure crystals, a
very small value must be chosen for the inhomogeneous
broadening factor (AI") which is caused by impurity and does
not depend on the temperature.8 Therefore, #I'=0.1 meV has
been chosen in the present calculations. The contribution of
acoustic phonon remains a challenge.

In Fig. 3, we present the calculated electron and hole
mobilities in naphthalene crystal as a function of temperature
in a, b, and ¢’ directions. Here, ¢’ is perpendicular to the ab
plane of naphthalene crystal. The temperature dependence of
the calculated mobilities generally agrees well with Karl’s
experimental works™*% except for @ and b directions of elec-
trons. The disagreement of these two directions can be due to
the overestimated electron-phonon coupling constants of
electrons related to the difficulties of DFT in describing
weak van der Waals interaction. Our calculations in these
two directions differ from Ref. 8 since we constrain the lat-
tice vectors to the experimental values in the optimization36
and use PBE XC functional’' in calculating the electron-
phonon coupling constants. From Fig. 4, we can find that our
calculated temperature dependences of hole mobilities are in
very good agreement with the experiment below 60 K. At
higher temperatures, the theoretical results show a slower
decrease. This is due to the approximation in this work that
the canonically transformed transfer integrals are replaced by
their thermal average,17 which smeared out the thermal fluc-
tuation contribution.'” The calculated and the experimental
electron mobilities in the ¢’ direction are presented in Fig. 5.
The band-hopping transition can be clearly seen. However,
the band-hopping transition temperature is calculated to
around 23 K, which is smaller than the experimentally mea-
sured 100-150 K range. According to Silbey and Munn,”’
the larger the electron-phonon coupling, the lower the tran-
sition temperature. It is likely that the coupling between the
electron and the intermolecular coupling is overestimated in
the present approach. Even though PBE functional is so far
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TABLE III. The calculated coefficients A and B, for HOMO and LUMO in the a, b, and ¢’ directions (the unit

is cm? K/V s2).

HOMO LUMO
a b ¢’ a b ¢’
A 2.66E17 3.80E17 1.78E16 4.53E17 3.37E17 6.62E15
B, 1.11E14 6.44E14 1.69E14 5.14E14 4.53E15 340E14
B, 8.63E14 9.41E13 3.64E14 4.85E15 2.05E15 3.28E15
B; 3.08E14 2.68E14 1.02E14 2.28E14 6.62E13 2.62E14
B, 8.40E12 1.83E13 5.13E12 1.08E14 6.27E13 1.32E13
Bs 3.73E14 5.23E14 3.76E14 2.36E14 2.92E14 3.87E13
Bg 8.80E12 5.78E13 2.97E12 3.60E13 5.64E12 1.38E13
B, 4.85E13 4.12E12 2.76E13 1.93E13 1.09E13 8.55E12
Bg 5.46E14 4.90FE14 1.23E13 1.26E13 1.58E14 2.04E13
By 6.13E13 3.16E13 6.89E12 4.67E13 2.59E13 441FE13
Bio 4.41E12 2.16E12 2.07E12 2.63E13 7.20E12 6.21E12
By, 8.38E13 3.99E13 1.54E13 1.61E13 2.07E13 2.21E12
By, 3.74E13 4.24F13 2.22E13 2.62E13 1.47E13 6.66E12
B3 2.47E13 1.55E14 3.89E13 1.59E14 3.82E14 6.49E13

one of the most reliable approaches to deal with weak inter-
action, more elaborate electronic structure theory for van der
Waals interaction is in demand.

E. Temperature dependence

In order to reveal the temperature dependence behavior,
we plot the functions f(T) and h,(T) in Fig. 6, from which
three observations can be made. First, f(T) for HOMO and
for LUMO are slightly different because of the difference in
electron-phonon and hole-phonon coupling strengths.
As shown in Tables I and II, the hole-phonon coupling
(for HOMO) is weak, while the electron-phonon coupling
(for LUMO) is quite strong. Therefore, f(T) for HOMO de-
creases monotonically and rapidly with temperature, while
for LUMO, after a sharp decrease, it becomes quite flat and
shows a shallow minimum already at low temperature. The
Jf(T) behaviors arising from the local linear electron-phonon
coupling are in good agreement with what have been found
by Silbey and Munn.”’ Secondly, we find that the functions
hq(T) increase first and then level off, and finally decrease
with temperature, which is very different from f(7). Thirdly,
h,(T) decreases rapidly with the energy of the phonons. The
lowest three modes (¢g=1,2,3) from the intermolecular

vibrations are much larger than the rest of hq(T). In brief, the
bandlike picture comes from the f(7), while the hopping
behaviors are mainly from #,(T). In principle, the linear
combination of the two terms allows a comprehensive de-
scription of band-hopping crossover. The coefficients come
from first-principles calculations.

The calculated coefficients A and B, are given in Table
III. First, let us consider the hole transport. All of the coef-
ficients B, for HOMO are ranging from 102 to 10
(in cm?K/V s?), which are much smaller than the coeffi-
cients A which fall in the range of 10'°-10"
(in cm? K/V s?) for all the Cartesian directions. Therefore,
the hole mobilities are mainly determined by the bandlike
function f(T). Consequently, the hole mobilities in all the
three directions have very similar temperature dependences
(see Fig. 4). Secondly, for electron transport, in both a and b
directions for LUMO, the coefficients A are much larger than
the coefficients B,. However, in the ¢’ direction, the coeffi-
cient A is close in value to some of the coefficients B,,. More-
over, this indicates that the band-hopping crossover could
happen in the electron transport in the ¢’ direction for
naphthalene crystal. Indeed, from our first-principles calcu-
lations, this interesting behavior is manifested (see Fig. 5).

TABLE IV. The hole (HOMO) and electron (LUMO) mobility decompositions into local, nonlocal-inter, and

nonlocal-intra parts at 7=10 and 300 K.

Local part Nonlocal-inter part Nonlocal-intra part

10 K 300 K 10 K 300 K 10 K 300 K

HOMO a 100.00% 98.51% 0.00% 1.48% 0.00% 0.01%
b 100.00% 98.74% 0.00% 1.25% 0.00% 0.01%

¢’ 100.00% 87.91% 0.00% 11.99% 0.00% 0.10%

LUMO a 100.00% 94.14% 0.00% 5.83% 0.00% 0.03%
b 100.00% 88.88% 0.00% 11.07% 0.00% 0.05%

c’ 99.99% 25.71% 0.01% 74.18% 0.00% 0.11%
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TABLE V. The decompositions of the total effective coupling constant for
HOMO and LUMO: local-inter, nonlocal-inter, local-intra, and nonlocal-
intra parts.

HOMO LUMO
Gloca]—imer 0.103 0.095
Gnon]oca]»inter 0.569 4.158
Gluca]-intm 0.260 0.529
Gnonlocal—inu‘a 0.024 0.101

The results are in good agreement with the experiment which
shows the band-hopping transition for electrons in naphtha-
lene ¢’ direction."

Now, we come to the contributions of local part,
nonlocal-inter part, and nonlocal-intra part to mobility at a
fixed temperature. As far as the phonon contribution is con-
cerned, apart from a common factor

f d1e3\ 200 1F2N(D)(1-c0s a2 cos(E 2G, sin th),
A

—00

the rest of the contribution is determined by its occupation
numbers and the nonlocal coupling constants [see Eq. (3)].
From Table II, we can see that the occupation numbers of the
(high frequency) intramolecular phonons are much smaller
than the (low frequency) intermolecular modes. From Table
V, we can see that for the nonlocal electron-phonon cou-
pling, the intramolecular vibration is much more important
than the intramolecular modes. Therefore, the intramolecule
phonons are not important to the temperature dependence of
mobility in all the directions. The band-hopping transition
mainly resulted from the intermolecular vibrations (see Table
V).

From Table V, we can find that the intramolecular vibra-
tions give 29.67% (12.90%) contribution to the total HOMO
(LUMO) coupling constant G,,. Since the major dependence
of mobility on the G, is an exponential decay function [see
Eq. (2)], therefore the intramolecular vibrations tend to de-
crease the mobility about a few tens of percents. To be more

0.7

0.6 L

05F ;

® All / B Inter

0.3

0.2

0_1;-.|I.|- .I-.--l--.-s
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FIG. 7. The ratio between the calculated mobilities with all the phonons and
the mobilities with only the intermolecular vibrations as a function of tem-
perature for holes and electrons. (The top three curves are for holes and the
rest are for electrons.)
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specific, we also calculate the mobility by neglecting the
intramolecular modes. The ratio of total mobility and the one
without intramodes are plotted in Fig. 7 as a function of
temperature. As shown in Fig. 7, a reduction of about
69.1%—-79.7% for electrons and 42.0%—48.4% for holes has
been observed from 10 to 300 K. The reduced amounts for
electrons are larger than for holes since the nonlocal
electron-phonon coupling constants of electrons are larger
than those of holes (see Table I and Fig. 2).

IV. CONCLUSION

In summary, by performing a first-principles calculation
for naphthalene crystals, we have investigated the band-
hopping crossover and the intramolecular vibration effect
which is often neglected in the carrier transport in organic
crystals. We have presented a comprehensive study of the
roles of inter- and intramolecular vibrations as well as the
local and nonlocal electron-phonon coupling constants in the
mobility anisotropy and band-hopping transition in naphtha-
lene single crystal. Due to the small phonon occupation num-
ber and the small nonlocal coupling, the intramolecular vi-
brations have negligible contribution to the temperature
dependence as well as to the band-hopping transition. How-
ever, they cannot be omitted in a more general and accurate
theory due to their coupling with charge carriers. The inter-
molecular couplings are proved to be the main contribution
to the T dependent charge transfer properties in naphthalene
crystal.
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