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Three-dimensional band structure and bandlike mobility in oligoacene
single crystals: A theoretical investigation
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Quantum-chemical calculations coupled with a tight binding band model are used to study the
charge carrier mobilities in oligoacene crystals. The transfer integrals for all nonzero interactions in
four crystalline oligoacenetaphthalene, anthracene, tetracene, and pentaeane calculated,

and then used to construct the excess electron and hole band structures of all four oligoacene
crystals in the tight binding approximation. From these band structures, thermal-averaged velocity—
velocity tensors in the constant-free-time and the constant-free-path approximations for all four
materials were calculated at temperatures ranging from 2 to 500 K. The bandwidths for these
oligoacenes were found to be of the order of 0.1-0.5 eV. Furthermore, comparison of the
thermal-averaged velocity—velocity tensors with the experimental mobility data indicates that the
simple band model is applicable for temperatures only up to about 150 K. A small-polaron band
model is also considered, but the exponential band narrowing effect is found to be incompatible to
experimental power law results. ®003 American Institute of Physics.
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I. INTRODUCTION The charge transport in the bandlike regime of oli-

goacene crystals is of particular interest, because relatively

The study of charge-carrier mobilities in organic mo- 7. : :
lecular crystals has continued for more than 30 y&ansyt high charge carrier mobilities, ranging from 1 to 10%vhs
t room temperature to more than?1@v?/V's at low tem-

the problem of the best way to describe the motion of chargé1 . .
carriers in the crystal has still not been fully resolvédRe- perature, 812?;/6 been - achieved in well ordered
cently, the realization of electronic devices based on crystalmate”als(?' ~"In addition, the measured moP:Pue;s follow
line organic materials has renewed the interest in developin{'® POWer law temperature dependenge-T " with n

new theoretical models to better understand this proBiem, ~1.5-3.0 in the ban-dhke regime. This power law .depen-_
and new techniques developed for preparing ultrapure sing/deNc€ suggests a wide-band theory may be applicable in

crystals of these organic materials have enabled the study S'fghly purified aromatic molecular single crystals, but so far
intrinsic charge transport mechanisfia! Because the mo- all theoretical calculations have failed to provide the correct

bility is an important factor for potential electronic applica- M2gnitudes and temperature dependences of the charge-

. ageg e . . 19
tions, it is of importance that we develop a theoretical modefa1er mobilities in organic molecular crystal systets:

capable of describing the charge transport mechanism in ofia'l €t al-have used a standard wide-band theory to describe
ganic molecular crystals. the high, field-dependent hole mobilities observed in naph-

The measured intrinsic mobilities of oligoacene Sing|ethalene at low temperature, and obtained a reasonable fit to

crystals show a band to hopping transition occurs at abodpeir field-dependent resuﬁs‘[hey conclud.ed that acla;sical
room temperaturé?213which enables us to characterize the Pand-type transport model with combined acoustic- and
charge-transport mechanism in two different regimes, bang2Ptical-phonon scattering in nonparabolic bands is suitable
like mechanism at low temperature, and hopping mechanisrfP" describing the mobilities in naphthalene at low tempera-
at high temperature. Although that this transition occurs beluré. However, because of the lack of reliable information on
cause of the effect of electron—phonon coupling is widelythe band_structure of the system, an important problem abo_ut
accepted, a quantitative theory that can describe the chargil€ consistency of the band picture was left unanswered in
carrier behavior in both regimes is still missing, especiallytNeir paper. Due to the advances of modermn quantum-
for the wider band materials, tetracene and pentacene. TH&emical techniques, it is now possible to compute the band

polaron model has been applied to earlier studies on napﬁ_tructure and .exami.ne .the wide-band model theorgtically.
thalene with some succest4-16 Therefore, an investigation based on purely theoretical pa-

rameters and modeling is essential to interpret new experi-
mental developments and better understand the underlying
¥Electronic mail: yccheng@mit.edu

YElectronic mail: silbey@mit.edu transport mechanism.
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mobilities in oligoacene crystals. Recently, Cowtilal. have ~ wherek is the wave vectorT, and T4 represent the inter-
developed a semiempirical Hartree—Fock intermediate neactions betweertranslationally equivalentmolecules, E,,
glect of differential overlagINDO) method which can be and E,; are the corresponding molecular orbital energy on
used to obtain good estimates of the transfer integrals in vamonomer-typea and 3, respectively; the summation if,
der Waals bonded cryst&ls-?’Here we adopt this method to (T ) is taken over all interactingranslationally equivalent
calculate transfer integrals for all nonzero interactions inmoleculest? (t°) is the intermolecular transfer integral be-
naphthalene, anthracene, tetracene, and pentacene crystalgen the central typer (8) molecule and the typer (8)
and then use these parameters to obtain the band structum@slecule at theith unit cell. For crystals with a unit cell
and the mobility tensors for these crystals. A tight bindingcontaining two equivalent moleculeg,,=Eg andti“=t{”;
method first proposed by LeBlahand then extended by r¢ (rf) is the vector from the center typg3) molecule to
Katz et al?® in the early 1960s is used to construct the bandthe typea(B) molecule at théth unit cell; V(k) represents
structure, and the velocity—velocity tensor products are averthe interaction between type and 8 molecules, and the
aged over the Boltzmann distribution among the energysummation is over all interactinganslationally inequivalent
bands. In addition, in order to account for the effect ofmoleculest®® is the intermolecular transfer integral between
electron—phonon coupling under the framework of a basithe central molecule and th&anslationally inequivalent
band model, we discuss the polaron band theory and its apnolecule at theth unit cell, andf“ﬁ is the vector connecting
plicability. Throughout this work, we focus on the behavior these two molecules.
of charge carriers in the low temperature bandlike regime, Equations(1)—(4) are the necessary analytical equations
and neglect the hopping regime. The goal of this investigafor constructing the energy band structure for an excess elec-
tion is to re-examine the standard wide-band description ofron or an excess hole in a crystal with two molecules in a
the mobility in oligoacene compounds based on the new paunit cell, regardless of the details of crystal structure and
rameters, and provide information about the applicability ofintermolecular interactions. In addition, the velocity of
the simple wide-band model. charge carriers can be calculated from the band structure. In
a standard band-theory model, the group veloe{t) of the
delocalized electron waves or hole waves is given by the
Il. METHOD gradient of the band energy laspace,

A. Theoretical background V()= (1) - VE(K). ®)

The model adopted here for calculating the band struc-
ture and the mobility tensors for organic molecular crystals  Although it is not possible to directly calculate the value
was first proposed by LeBlaf@nd then extended by Katz of the mobility tensor using a band model, we can use two
et al?%in the early 1960s. Note that since all the compoundssimplified models for the relaxation time to evaluate impor-
investigated here have a crystal structure containing twéant parameters related to the mobility tenso$?*Given a
molecules(say, typea and typep) in a unit cell, there are constant isotropic relaxation timg, (constant-free-time ap-
two bands arising from the symmetric and antisymmetricPoroximation) or a constant isotropic free path (constant-
combinations of molecular wave functions in a cell for both free-path for the motion of the charge carriers in the crystal,
excess-electron and excess-hole. Assuming the concentratigfte components of the mobility tensor are
of charge carriers is very small so that one-particle formal-
ism is applicable, and the excess electron or hole does not
significantly change the wave function of the molecule, theand
lowest unoccupied molecular orbitdlUMO) of a molecule
can be used as a basis for crystal electron wave functions, wij = (eNKT) (viv; /v(K)]), (7)
and the highest occupied orbitdHOMO) can be used for
hole wave functions. In the tight binding approximation, thein the constant-free-time and constant-free-path approxima-
energies of the two excess-electréexcess-hole bands, tions, respectively. Here; is theith component of the group
E_ (k) andE_(k), can be expressed in terms of the transfervelocity, v(k), and the bracket in the equation means an av-
integrals between molecular LUMQsIOMOs), % erage over the Boltzmann distribution of a charge carrier in
the energy bands,

/.Lij:eTo<Uin>/kT, (6)

_ Ta+T,3 +\/ Ta_Tﬁ ‘ 2
E.(k)=| ——|=* 5| TVK*© @ JE, 0E, JE_ JE_ _
f e 5E+(k)+__e BE_(k) dk
For crystals with inversion symmetry, (vivj)= ok al;j FECR) akiﬁE (9:?)
J ficf{e  PE+K e FE-Kdk '
T,=E,—2-> tf-cogk-rf), 2 ®
I

whereE, (k) is the energy of the upper band, aBd (k) is
the energy of the lower band, as described in @g. Inte-
grals in Eq.(8) can be evaluated numerically to obtain the
values of thermal-averaged velocity—velocity tensor products
V(K)=—2-3 t%.cogk-ref), 4) (vivj) and (vivj/|v(k)|>._ The two terms,(vjv;) and

i (vivj/|v(k)|), are the main quantities of concern here, for

Ts=Ez—2- 2, tf-cogkerf), 3
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TABLE |. Crystal constants and structures of oligoacenes. the correct signs of the transfer integrals. Once we have the
Naphthalene  Anthracene  Tetracene pentacencSite energy and transfer mtt_egrals, analytical expressions of
Crystal constants ~ Monoclinic ~ Monoclinic  Triclinic  Triclinic the energy bands as a function of the wave vedtocan be

obtained using Eqg$1)—(4). In addition, the 3D total density

a . . .y

a 8.0980 8.4144 6.057 6275 of states(DOS) can be calculated by performing a primitive

b 5.9530 5.9903 7.838 7714 lculation inside the first Brilloui

c 8.6520 11.0953 13.010 14.442 Istogram calcu athn inside the first Brillouin zone.

aP 90.000 90.000 77.13 76.75 Because the unit cell vectoss b, andc are not orthogo-

B 124.400 125.293 72.12 88.01 nal to each other for the crystals investigated here, a new

Y 90.000 90.000 85.79 8452 Cartesian coordinate system was used to perform the group
Units in A velocity calculations. The new coordinate system is chosen
bUnits in deg. as follows: the newx-axis is parallel to the direction, the

y-axis is on theab plane and points to the positiedirec-

_ __tion, and the newz-axis is parallel to the interlayer’ direc-
they can serve as estimates of the values of the real mobility,, which is perpendicular to theb plane. The group ve-

tensors under the constant-free-time or constant-free-path aRscity of charge carriers in the energy band was calculated

proximations. according to Eq(5) in the new coordinate system, and pro-
B. Numerical calculations jected back to each unit cell direction to evaluate the velocity
| Fi in th . vector in the real space. The thermal-averaged intdgia
Values of important parameters in the band equationgg)| a5 evaluated by applying an adaptive Gaussian integra-

[Egs.(1)—(4)] can be evaluated using numerical methods. 1N ethod using a 51-point Gauss—Kronrod rule over the
this investigation, the values of site energy and transfer inteﬁrst Brillouin zone with more than 102102x 102 points
grals were calculated using the INDO semiempiricaltyg egtimated absolute error<s10™ in all numerical inte-

H ,22,25 H
qukantufm—chelr”]mceg m(;thdﬁ. g U;lng crystal struct;Jresf L%rations performed. Values of the thermal-averaged
taken from the Cambridge database, parameters for fo elocity—velocity tensor products were calculated at tem-

crystalline oligoacenes(naphthalené® anthracené’ tet-  beratures ranging from 1.7 K to 500 K.
racene, and pentacef® were calculated by performing
ZINDO (Refs. 20 and 2P calculations on all molecular
dimers within the third nearest-neighbor shells for each crysti|. RESULTS AND DISCUSSION

tal. The crystal data used in our calculations are listed inA Transfer intearals

Table I. Because it is highly unlikely that molecules located ~ 9

outside the third shell will interact with the central molecule, The calculated site energies and transfer integrals for all
we expect that all nonzero interactions are included in oufour oligoacenes are listed in Table Il. The calculated site
calculations. Note that special attention needs to be paid tenergies for typer and typeB molecules in naphthalene and
the phase of the macromolecule wave functions to determinanthracene crystals are the same because of their monoclinic

TABLE Il. Calculated site energy and transfer integralsits: me\j.

Naphthalene Anthracene Tetracene Pentacene
HOMO LUMO HOMO LUMO HOMO LUMO HOMO LUMO
AE® 0 0 0 0 48 —52 0.0 -2
a b c
1 0 0 0.00 0.00 0.00 0.00 —29.25 33.33 49.93 48.30
0 1 0 38.50 11.15 48.30 29.93 0.00 0.00 0.00 0.00
-1/2 1/2 0 36.59 —41.49 —47.89 —56.05 —68.88 —70.80 —97.82 —81.08
1/2 1/2 0 36.59 —41.49 —47.89 —56.05 -61.92 —47.42 —72.65 —81.62
—-3/2 1/2 0 0.00 0.00 0.00 0.00 0.00 15.88 -4.61 -5.74
3/2 1/2 0 0.00 0.00 0.00 0.00 —14.56 0.0 —4.75 —-3.22
-1/2 3/2 0 —2.99 —2.99 —3.40 -3.26 0.00 0.00 0.00 0.00
1/2 3/2 0 —2.99 —2.99 —3.40 —3.26 0.00 0.00 0.00 0.00
0 -1 1 —1.49 —4.08 0.0 -2.31 1.08 -3.53 3.12 0.0
1/2 1/2 1 —13.60 —4.21 —13.87 —3.80 0.00 0.00 0.00 0.00
1/2 -1/2 1 —13.60 —4.21 —13.74 —-3.80 6.82 0.00 —2.43 0.00
-1/2 -1/2 1 0.00 0.00 0.00 0.00 —12.63 0.0 -2.29 -5.33
-1/2 -3/2 1 0.00 0.00 0.00 0.00 0.00 —7.58 0.00 —-1.21
1/2 -3/2 1 —-1.22 1.08 1.22 -1.22 0.00 0.00 0.00 —2.04
1/2 3/2 1 —1.22 1.08 1.22 —-1.22 0.00 0.00 0.00 0.00
-3/2 -1/2 1 0.00 0.00 0.00 0.00 0.00 -9.33 0.0 -1.72
3/2 -1/2 1 1.63 1.63 1.63 1.49 0.00 0.00 0.00 0.00
3/2 3/2 1 1.63 1.63 1.63 1.49 0.00 0.00 0.00 0.00
—-3/2 -3/2 1 0.00 0.00 0.00 0.00 —-5.13 0.00 0.00 0.00

®Relative on-site energf;—E, .
PUnit vectors being the lattice vectors.
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P2,/a symmetry. However, in tetracene and pentacene crygwice the size of the site energy difference. In all cases, the
tals, which have a triclini®®1 symmetry, an energy differ- dispersion along the direction is much smaller than those
ence is found between type and type8 molecules. This along the other directions, and a large gap is found between
energy difference is due to a slight geometry difference betiPper and lower bands along thedirection. This is clearly
tween typex and typeB molecules, and leads to a significant due to smaller interactions between molecules located in ad-
difference in the band structures, as we will see in the next@cent layers, and is a well known result for this kind of
section. herringbone packing materi&l-?*As a result, we expect the
For all compounds investigated here, calculated intracharge carrier mobilities along thedirection to be smaller
layer interactions are significantly larger than interlayer in-than those along other directions,
teractions. The important in-plane interactions found are The bandwidth values for all oligoacenes are summa-
those along the nearest-neighbor directiahs(1/2, 1/2, and rized in Table Ill. Bandwidths along tha, b, c, d;, d, di-
0 along thea, b, andc directiong andd, (—1/2, 1/2, and 0 rections and the 3D total bandwidths calculated from the
along thea, b, andc directions, and short crystal axi¢ for ~ widths of the continuous region in the DOS spectrum are
naphthalene and anthraceefor tetracene and pentacgne listed in Table Ill, as well as values of the gaps between the
these results are in agreement with previous calculationgpper and lower bands in each direction. All four compounds
for oligoacene crystaté?** and mobility measurements investigated here have a continuous band with widths from
pointing to two-dimensional transport in oligoacene 400 meV to 700 meV, in agreement with recent experimental
crystalsit3t% and theoretical resulfst*?23*In addition, comparing the to-
The evolution of the size of transfer integrals with re- tal bandwidth for different oligoacenes, we find that the
spect to the size of oligoacene molecules, from two rings imandwidth increases when the size of the molecule increases,
naphthalene to five ringS in pentacene, indicates that the S|7& we expect for herringbone Structu?és_
of the conjugatedr system and the structure of the crystal  \hen the thermal populations of the charge carriers are
are both important factors determining the strength of thaken into account, a parameter other than total bandwidth
interactions’®> We find that as the size of the molecule in- should be adopted for comparing intrinsic transport proper-

creases, the calculated interactions for both holes and elegés_ For all the compounds investigated here, the bandwidths
trons alongd; andd, increase; this contrasts with the situa- 5o significantly larger than the thermal energy, i/,

tion observed in cofacial dimefsvhere the HOMO splitting 5y 1 This result implies that a wide band limit can be used

decreas_e with increasing chain s)Lzmug pointing to the o describe the transport of excess holes or excess electrons,
subtle interplay between crystal packing and calculate

i 3 , ; ) nd at normal temperatures, only the states around the energy
transfer integrals® Interestingly, interactions between mol-

les located in ad t layead thec direction d minima of the band are populated. Note that due to the na-
ecules located In adjacent layqesong thec direction de- e of the excess charge carriers, the energy of an excess

crease as the size of the molecule increases. This result cap .
electron is measured upward from the bottom of the lower

be attributed to the longer distance between layers in Iarge[; : i
: . .band, while the energy of an excess hole is measured down-
molecules. As the distances between the adjacent layers in-

: . . ward from the top of the upper band. That is, within this
crease, the weak— interactions along the direction de- . .
crease two-band model, the motion of the excess electrons in the

crystal are governed by the lower LUMO band, while the
motion of the excess holes are governed by the upper
B. Band structure and density of states HOMO band.

. .. Previous theoretical investigations have often used total
The DOS spectra and band structures along different un%and dths as criteria for comparing intrinsic excess electron
cell vectors are displayed in Figs. 1-4 for naphthalene, an- Wi e paring intrinsic ex

thracene, tetracene, and pentacene, respectively. Shapesaﬁlfj EeXcess hole mop'“t'es_’ but comparing vglues of total
LUMO and HOMO bands along the, , k;, K., Kq;, and bandwidths can be mlslgadlng. For example, in a pentacene
ky, directions are plotted. Note that the values of kneec-  CTystal, the total bandwidths of HOMO and LUMO bands

tors are scaled such that the value at the first Brillouin zon&/0nd thed, direction(which is the direction with the stron-
edge is unity. The band structures of tetracene and pentaceHESt interactionare approximately the sani38 meV and

are slightly different from those of naphthalene and anthra’28 meV, respectively this could easily lead to the conclu-
cene, which can be ascribed to the different crystal structure30n that the electrons can be as mobile as holes in pentacene
and the significant energy differences between typand crystals. However, if we consider the thermal population and
type 8 molecules in the tetracene crystal. For monocliniccompare mobilities according to the width of the upper
naphthalene and anthracene crystals, the degeneracy at tH®MO band for excess hole and the lower LUMO band for
Brillouin zone edge on thab plane due to the crystal glide €xcess electroit523 meV and 183 meV, respectivglythe
plane symmetry can be clearly seen in the graph, as well d8trinsic excess hole mobility is predicted to be significantly
the Van Hove singularities around the band edges. Becaudarger than the intrinsic excess electron mobility in a penta-
no such symmetry exists in triclinic crystals, there is no de-cene crystal. Therefore, the width of the upper HOMO band
generacy at the zone edge in the results for tetracene a@ppears to be a better parameter for estimating excess hole
pentacene crystals. The largest contribution to the energgnobility, and the width of the lower LUMO band is a better
splitting at the zone edge is from the difference betweefp  parameter for estimating excess electron mobility. According
site energies, so that the size of the splitting is approximatelyo these two criteria, we predict all oligoacenes investigated
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here to have higher excess hole mobilities, in agreement withaves differently and saturates quickly at about 100 K, which

experimental results:3! can be easily understood by considering the small bandwidth
(~30 meV) and the band gap along tkédirection. Because
C. Thermal averaged velocity—velocity tensor of the small bandwidth along this direction, charge carriers

The calculated thermal-averaged velocity—velocity ten-qUiCkly pqpulate the nonpgrapolic part of the band as tem-
sor products in constant-free-time and constant-free-path aprature increases, resulting in the saturation of the group
proximations for naphthalene in the temperature range fro§€l0City of charge carriers. To test the result, we calculated
1.7 K to 300 K are presented in Fig. 5. Data for all othervalues of the other two diagonal components at higher tem-
oligoacene crystals have a similar temperature dependen@&ratures, no saturation behavior can be observed j,)
and are therefore not presented here. For all four crysta@nd(VyVy,) up to 1000 K, in agreement with the larger val-
studied here, the component¥,V,) and(V,V,) show a ues of bandwidths along these directions.
linear temperature dependence at temperatures higher than The amplitude ofV./V./) at low temperatures is com-
10 K, which can be ascribed to the increasing thermal popuparable to or even larger than the components alongathe
lation of higher energy states. The compon@vit, V) be-  and b directions. This result seems to be contrary to the
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general belief that the in-plane mobilities are significant  Table IV lists values of six tensor components for all
higher than the perpendicular ones in oligoacene single crygour oligoacene crystals at 50 K. Note that for crystals with
tals, and the result that the transfer integral along ¢he monoclinic unit cells, such as naphthalene and anthracene,
direction is much smaller than transfer integrals on the planeheb direction is one of the three principal axes, so that there
However, on closer inspection, the unexpected large value aire only four nonzero mobility components. However, the
(V./V¢/) can be explained by considering the thermal popu-orientations of the three principal axes for the triclinic unit
lation of the electronic states. The states at the bottom of theells are not unique, and in general all six mobility tensor
band have zero velocities. Therefore, in order to obtain angomponents for tetracene and pentacene crystals are nonzero.
nonzero velocity, states with higher energy have to be popuSiven the approximations in our model, these velocity—
lated. If the band is narrow, states with higher velocity can bevelocity tensor products contain the contribution to the
populated at lower temperature; if the band is broad, thercharge carrier mobility from the potential energy field ap-
only states with low velocity are populated at low tempera-plied to the charge carrier. Therefore, diagonal components
ture. As a result, the value ¢¥?) is a trade-off between the of these products can be seen as the theoretical upper bound
width of the band and the population of states with higherof the charge carrier mobilities when scattering processes are
velocity (which is easier to achieve for narrower bands omitted. Values of these tensor components again suggest
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that the excess hole mobility is higher than the excess elec-  Ws#/7,.

tron mobility in oligoacene crystals, and that the mobilities

increase with chain length in agreement with the previousFor the crystals studied heag~5 A andW=~0.5 eV, there-
considerations. Furthermore, great variations between valuéere the criteria for band theory to be applicable aienger

of components along different directions indicate highly an-than 5 A andr, larger than 10*°s. To examine the appli-

isotropic crystal environments in these crystals. cability of the band model used in our calculations, the tem-
perature dependent mean free time and mean free path were
D. Self-consistency check on the band model calculated by fitting the available experimental mobility

. ﬁat&l'lgto our theoretical thermal-averaged velocity-velocity
of the charge carriers in the crystal can be justified onIyensor products using Eq#6) and (7). The results in the .

. temperature range from 30 K to 300 K for excess hole in

when both the mean free path exceeds many intermolecular B

. o naphthalene crystal are presented in Fig. 6.
distances and the uncertainty in the energy of the scattere ; . o

. . From Fig. 6, it can be clearly seen that the above criteria

carriers does not exceed the bandwidth, :

are fulfilled only at a temperature lower than 150 K, and any

A>ag, application of this simple band model to temperatures higher
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than 150 K is open to criticism. In addition, the calculatedjustified when the following conditions are all fulfilled)
results along different directions are significantly different, The scattering processes along the three different crystal di-
which implies that the scattering processes are highly anisaections are the samégj) coupling between charge carriers
tropic. and crystal phonons is smalliji) molecular motions have
Because of possible highly anisotropic scattering pro-only a small effect on the electronic structure of the crystal.
cesses, the use of constant-free-path or constant-free-time dgete that the constant-free-time and constant-free-path ap-
proximations should be treated with care, and a better apgsroximations are very crude especially for organic molecular
proach would be to consider the free time or free path as arystal systems, because the highly anisotropic crystal envi-
temperature dependent tensor property of the crystal. Basionments and somewhat smaibmpared to traditional inor-
cally, the present model keeps the mobility anisotropy origi-ganic semiconductoyrsntermolecular interactions contradict
nating from the energy band structure in the averagedhe basic assumptions behind these approximations. Early
velocity—velocity tensor, and puts dynamic effects related tanvestigations related to bandlike mobility calculations tried
the scattering processes into the constant-free-path do compare the predicted mobility anisotropy to the experi-
constant-free-time terms. Using only averaged free time omental data in order to verify the theoty>?*this should be
free path to describe the scattering processes can only liaken with much caution because of the possible differences
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TABLE Ill. Widths of excess electron and hole bandsits: me\}.

Naphthalene Anthracene Tetracene Pentacene
Direction HOMO LUMO HOMO LUMO HOMO LUMO HOMO LUMO
a*t? 75.65 183.95 249.26 251.44 207.71 275.22 560.89 548.77
a™® 87.62 183.95 249.26 251.44 306.76 113.59 173.40 172.16
Agap 0.00 0.00 0.00 0.00 111.02 89.53 4.08 7.08
ayidgin® 163.27 367.90 498.52 502.87 625.49 478.34 738.37 728.00
b* 235.65 228.58 442.46 371.17 305.13 225.15 377.76 362.64
b~ 103.11 139.32 67.43 131.70 300.77 245.83 355.44 362.64
Dgap 0.00 0.00 0.00 0.00 19.59 6.26 5.17 2.72
Buidth 266.38 367.90 509.89 502.87 625.49 477.24 738.37 728.00
ct 111.57 4.35 88.17 19.05 45.89 57.38 30.09 41.27
c” 99.59 28.30 88.17 37.55 41.54 78.06 7.78 41.27
Cyap 163.27 339.60 322.19 446.27 538.06 341.80 700.50 645.47
Cuwidth 374.43 372.25 498.52 502.87 625.49 477.24 738.37 728.00
d7y 229.67 228.58 442.46 371.17 216.50 208.50 523.09 539.88
dy 66.40 139.32 56.06 131.70 307.19 93.08 113.28 183.12
d1gap 0.00 0.00 0.00 0.00 101.79 175.66 102.00 5.00
di . 229.67 367.90 498.52 502.87 625.49 477.24 738.37 728.00
d;L 229.67 228.58 442.46 371.17 205.12 271.79 542.88 536.89
dy 66.40 139.32 56.06 131.70 306.43 93.08 191.58 160.28
dZQap 0.00 0.00 0.00 0.00 101.79 175.66 3.91 30.82
da,. 229.67 367.90 498.52 502.87 625.49 477.24 738.37 728.00
Total 409.00 372.30 509.40 508.30 625.50 502.70 738.40 728.00
aWidths of the upper bands. 9Total bandwidth along this direction.
bWidths of the lower bands. 3D total bandwidths are calculated from the widths of the
‘Widths of the gaps between the upper and lower bands. continuous region in the DOS spectrum.
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TABLE IV. Components of thermal averaged velocity—velocity tensor product in constant-free-time and constant-free-path approximations at 50 K.

Naphthalene Anthracene Tetracene Pentacene
Hole Elec. Hole Elec. Hole Elec. Hole Elec.
(V22 191.19 261.19 376.12 435.62 358.76 556.63 852.48 137.47
(VE)2 380.04 131.95 618.32 122.26 537.92 365.56 532.15 528.47
(Vi,)a 199.08 52.88 351.97 158.08 312.27 416.25 251.48 355.19
(VaVer)? —57.40 —64.92 —111.80 —58.62 —140.79 —95.96 0.98 —75.27
(VaVp)? 0 0 0 0 197.94 —48.06 72.68 46.81
(VpVer)? 0 0 0 0 —134.86 -160.37 -32.92 79.35
(V2I|V])P 6.75 10.21 9.85 13.32 9.56 13.12 17.82 4,72
(V2IIV])P 11.81 6.20 14.57 4.96 13.49 9.54 12.30 13.99
(vi,/|v|)b 6.72 2.61 9.38 6.25 8.82 10.76 6.93 10.60
(Ve 1|V])P -1.74 —2.46 -2.31 —1.46 -3.22 -2.07 0.01 -1.99
(V.Vp /| V])P 0 0 0 0 4.29 —0.80 1.55 1.18
(VpVer 1|V])P 0 0 0 0 -2.81 -3.53 -0.69 -1.79

dConstant free-time approximation; units:'4@n? s 2.
bConstant free-path approximation; units®in s *.

same Hamiltonian, is a small term in the temperature range In the small polaron theory, the standard form to de-
of interesj. Under these circumstances, the effect of thescribe the temperature dependence of the effective transfer
electron—optical phonon coupling is to make the effectivematrix elements is

bandwidth temperature dependent. As the temperature in-

creases, the effective bandwidth decreases. teg=t exp(—g? coth Bw/2)), 9
whereg is the electron—optical phonon coupling constant,
1000 ' T aonga —o is the optical phonon frequency, afitis 1k,T. As a simple.
alongb --=--- test, we use Eq9) to calculate the effective transfer matrix

elements at different temperatures, and then use the results to
construct the polaron band structure and calculate velocity—
velocity tensors according to the procedure described in Sec.
Il. Several different values of both and w are used to per-
form the calculation, and we found that only a largeand
small g can produce a reasonable fit to the experimental
power law results. However, the exponential band-narrowing
effect described in Eq9) results in a exponential decrease
of mobility whenk,T>w, contradicting the power law re-
sults observed in experiments. Therefore, a full-dressed
] , . . small polaron band theory is inadequate for describing the
100 charge-carrier mobilities in oligoacene single crystals. Simi-
Temperature (K) lar results appear to have been obtained by Giuggipél.
100 —— independently to the present wdtkGiven that in organic
crystals, the electron—phonon coupling constant is believed
to be small to intermediate in value and the bare bandwidth
is large, it is possible that the polaron band narrowing effect
does not obey a simple exponential form as in E). A
polaron-band theory that includes the correct band narrowing
effect is necessary to adequately describe charge-carrier mo-
bilities in the bandlike regime.

The complicated anisotropic environment as well as the
subtle interplay between crystal packing and transfer inte-
grals make the charge-carrier transport in molecular crystals
a complicated phenomena. The phonon modes in molecular

. : crystals have different frequency and bandwidth, and also
! 100 ' i couple to the electronic states with different mechanism and
Temperature (K) strength. Hence, treating the transport problem with only a
o single phonon band is unlikely to be adequate. Kergtral.
FIG. 6. Temperature dependence of calculated hole relaxation(tipper have used a band model with both acoustic and optical pho-
pane) and hole free pathilower panel for naphthalene crystal. Results . . .
along the crystah direction (open circlé andb direction (open squajeare ~ NON scattering to obtain a reasonable fit to the pentacene
presented. experimental data in the band-transportation reditridere,

—_
o
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