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Almost temperature independent charge carrier mobilities in liquid crystals
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We present a theoretical description of the almost temperature independent mobilities of
photoinjected electrons or holes in discotic liquid crystals. Using data from band structure
calculations on triphenylene-based systems, we calculate the electron and hole mobility using the
framework of the stochastic Haken—Strobl—Reineker model. We show how almost temperature
independent mobilities can be explained in two ways, either by assuming the fluctuations of the
tunneling matrix element to be small or by combining the different temperature dependences of the
different modes of molecular thermal motion. @00 American Institute of Physics.
[S0021-960600)50503-0

I. INTRODUCTION flight measurementsE~10* V/cm. For an intermolecular
distance xe;=3.6 A, we obtain At~3.6x10 '...3.6

Organic materials with high charge carrier mobilities arex 1092 s. This value represents an upper limit fbt since

of fundamental interest for a variety of technical applica-the charge carrier may experience back and forth hops with-

tions. The highest charge carrier mobilites (#0.1 gyt effectively moving along the columnar axis.

cn?/V's)! have been measured in high purity organic single A jower bound forAt can be obtained by the inverse

crystals which are, however, difficult to produce and processyopping matrix element;/J, which yieldsAt~6.6x 10" s

Therefore, the use of other forms, such as thin films and,, 5 typical hopping matrix element af=10 meV. This

discotic liquid crystals, has been suggested. The dislik§ e is too low, since dynamic disorder effects lead to a
monomers of planar substances often self-organize into cQsmalier effective value fod.>

Iumpar stacks that lead to a favorat_m‘eoverlap. of the aro- This means that for typical molecular oscillation fre-
matic cores of the molecular units. In this way, Orle'quencies around 1®s ! it is not clear whether the static or

dimensional pathways for charge transport are generated thgtdynamic disorder approach is more feasible
explain the measured high charge carrier mobilities of '

—3 1 2,3 i -
10°7..10 cmz/V_s. Atta_ched to_ the aromatic core mpl _é)een arguetithat misalignment of columns or permanent
ecules are long aliphatic side chains that lead to the liqui dislocations should be removed as soon as the system enters
crystalline behavior and subsequently to the easier handlinﬁ1e liquid crystalline phase

of these substances. In thi r we present a dynamic disorder roach
The theoretical models presented so far have focused Otrr]1 t 'Sd papteh .e phese i ah y C. S0 t.e atppboac
a static disorder description in which the charge migration is. at considers the inconerent charge carrier motion to be en-

described as a random walk in a rough energy Iandscapg,rely generated by the fast motion of the molecular units in
including thermally activated jumps over barriers and® stack and assumes that no static disorder is present. Using

tunneling* This approach is correct if the disorder is truly the results of band-structure calculations we have performed

static (e.g., defectsor if the molecular motions of the mol- ©On triphenylene-based discotic liquid crystal systems, we
ecules are slow, so that a migrating charge carrier experﬁhOW how the fluctuations in the hopping matrix element of
ences a quasistatic environment. Effects stemming from fa charge carrier between two monomers generate the inco-
molecular motions have to be treated differently. In order toherent charge transport and calculate the electron and hole
quantify when a molecular motion is considered fast or slownobility along the columnar axis. In particular we focus on
we introduce the average timkt that a migrating charge the explanation of the almost temperature independent mo-
carrier needs to travel one intermolecular distance along theilities found in some liquid crystalline syster$®’

stack. IfAt is smaller than the inverse oscillation frequency ~ This paper is organized as follows. In Sec. Il we intro-
of the monomers, we consider the disorder to be static. In thguce the theoretical model used to describe the charge carrier
opposite case, we speak of dynamic disorder. An estimate fanotion. In Sec. Il the parameters that enter this model are
an upper bound aft can be obtained from the drift velocity calculated using the results of band-structure calculations.
v=unE with typical values for the mobility u  The results for the electron and hole mobility are presented
~103...10 ' cm?/Vs and for the electric fieldtime-of-  in Sec. IV and we summarize the findings in Sec. V.

Regarding the influence of truly static disorder, it has
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Il. THEORY For the example discussed in this paper, howeler/h
is not always a small quantity. For example, for a typical

The Haken—Strobl-Reineker _mo%rél provides a con-  ponning matrix element of 10 meV, the correlation time
venient description of charge carrier transport phenomena ifeeds to be smaller than &@0 4 s. If. however. the rela-
organic crystals. In addition to the coherent charge carriefi,, ’ '

motion, the influence of lattice and other vibrations is taken
into account in a stochastic way by assuming the site ener- y7elh <1 ©)
giese,(t) and the hopping matrix elemenig(t) to fluctuate 1+(2Jrclh)z

in time. For next-neighbor interaction on a one-dimensional ' _ _ . .
chain of identical molecules with equal equilibrium dis- I fulflled for both y=yo andy=y,, a generalized versioh

. L of the Haken—Strobl—-Reineker model can be used. In this
tances, this leads to the Hamiltonian e . . .
case, the diffusion constant again consists of an incoherent
. . . and a coherent part, the latter of which again vanishes for
H(t)=§n: 6n(t)cncn+; Jn(t)(CpChirtc.l Cn), J—0. For the systems considered in this paper, the contri-
(1) bution from coherent diffusion is small and we only consider
the incoherent part that is given by
Wherecl(cn) creategdestroy$ a charge carrier at site The

site energy and the hopping matrix element can be decom- _ 27’1X§qF 2J7¢ @)
posed into a constant part that describes the coherent charge f ho )’

carrier motion in a completely rigid lattice and a fluctuating \yith a function

part with zero mean:e,(t)=e+ Se (t) and J,(t)=J

+ 6J,(t), wheree=(ey(t)) andJ=(J,(t)). The brackets) Fle)= 1 fﬂdkrdK 1+cogk)cogK) ®
represent the thermal average over all molecular vibrations. 2 0 0 1+ e*(cogK)—cogk))?

mean is assumed. In addition to the assumptions made at can be expressed by complete elliptic integrals of the

Haken, Strobl, and Reineker, we assume the fluctuation rst and second kintf

For J7./h<1, the sumF approaches unity and we re-
8J(t) to be real. The second moments are assumed to have ¢ .
the( f)orm cover the Haken—Strobl—-Reineker model. Fbr./f>1,

however,F is much smaller than unity and leads to strongly
reduced values foD and .

For the fluctuations, a Gaussian Markovian process with ze%7

1
(8en(t) ben (t+ 7)) =hyo—e 1175, 1,

Tc
1 Ill. DETERMINATION OF J AND vy,
(6p(1) 6 (t+ T)>=ﬁ717—ef‘rvf°5n,n/ : € In this section we calculate the averaged tunneling ma-
c

trix elementJ and the magnitude/, of its nonlocal correla-
where vy, is a measure for the size of the fluctuations in sitetion function using band-structure calculations we have per-
energy(diagonal fluctuationsand y, a measure for the size formed on stacks of triphenylene molecules. In particular, we
of the fluctuations in the transfer matrix eleménbndiago-  have calculated the bare hopping matrix elem##it{x, 6)
nal fluctuationg Assuming a very short correlation time  for electrons and holes in a stack of,8,,05 molecules
that allows the replacement of the exponential decay in Eqawvhich represent the core molecules for a variety of tri-
(2) and (3) by a &function, i.e.,J7./A<1, Haken, Strobl, phenylene derivatives. The computational method used is the
and ReinekerfHSR) obtain the diffusion constant for the valence effective HamiltoniafVEH) method, which is
migration of a charge carrier along the chain known to provide reliable estimates of the transition energies

and the band gap in conjugated systéfii'S. The molecular
’ 4) structure of the monomer used in the calculation has been
optimized at the semiempirical AM1 leVéland yielded a
with x4 being the equilibrium distance between two adjacentz g;:; Eﬁ;:?oxgryvielzmlrgléo iicﬁ)l:(ej\gccj)ufleyo redpeorted dndn the

, grees of freedom

molecules in the chain. The first part of this diffusion con- T .
stant describes the charge carrier motion that is generated 6X’0)' The longitudinal motion of the molecules along the
Fﬁncipal axis of a stack is described by the distardee-

nonlocal fluctuations and is referred to as the incoherent par ween two adjacent molecules and the rotation around this

The second part, sometimes called the coherent part, van- is is described by the torsion angieabout which two

ishes as)—0 and describes the band motion that is hindered ~. . . )
. . neighboring molecules differ. In the following, we calculate
by local as well as by nonlocal fluctuations. From this ex-

X X - : the average o8°®9x, 6) over the longitudinal and rotational
pression, the charge carrier mobilitycan readily be calcu- . o
lated using the Einstein relation mode of the chain of molecules. Taking into account the

threefold symmetry of the triphenylene molecules with re-

2

X J?
DHSR:%C‘(271+

Yot 371

eDysr spect to rotation around the columnar axis, we fit the simu-
PHSR= T T (5 lation results with a function
2
Wlt'h e being the electric charge of the migrating partidg, Jbaretxla):AefBXE C, cog3l6), 9)
being Boltzmann’s constant, affdbeing the temperature. =0
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TABLE . Values of the fitting parameters faP¥{y, ¢) in Eq. (10).

140 T
+ data (electron5
120 B —— fit (electron) - Electron Hole
% x  data (hole)
w0 SN T fit (hole) . A’ 41.1 meV 50.1 meV
= B' 247 Kt 2.70 At
£ Co 1 1
= c; -0.757 -0.571
. c) 0 0
> s, 0 0
S| -0.757 -0.571
S} 0.193 0.235

z [A]

FIG. 1. The fitted hopping matrix eIemedPare(x,ﬁeo) compared to the
simulation data for stacks of£H,,0 molecules.

2
Iy, ¢)=A'e BV {C/ coq3l¢)+S sin(3l ).
=0
(10)
with Co=1. As shown in Figs. 1 and 2, this function fits the The numerical values foh', B’, C/, and§/ are given in
simulation results for the electron hopping matrix elementfable 1.

well. The fit is less good for the hole data, but for the sake of ~ After a straightforward calculation, we obtain for the
transparency we do not use a more complicated fitting functhermal average aI**y, ¢) in the classical limit,

tion with more Fourier coefficient€, and a sum of expo- 2 ~
nential dependencies. Nevertheless, such a function can be j—(gbarqy )\ =A’ebT> C/e dT, (11)
1=0

included straightforwardly into the present treatment. For the
electron, we obtain the coefficients=299 eV, B=2.47

A-1,C,=1.07, andC,=0.193 and in the case of a hole we whereT=T/300 K is the reduced temperature and the coef-

obtain A=834 eV, B=2.70 AL, C,=0.807, andC, fi_ciepts b, gnd bé, cazn be expressed by the mean square de-
=0.235, respectively. viations(y<) and(¢%),

From X-ray measurements on different triphenylene de-
rivatives, it is known that the equilibrium distance between
two adjacent molecules ig,;~3.6 A, with small deviations
depending on the length and the type of the side chafi®.  An interesting fact is the different dependence on tempera-
simplicity, we assume,, to be independent of temperature, ture for the two types of motion. Because of the exponential
although small changes with temperature have been olependence of the hopping matrix eleméa?if®on the inter-
served. For some substances, the ordering of the molecul@solecular distance, the thermal motion of the molecules
in a stack with respect to rotation around the columnar axiglong the columnar axis leads to an exponentially increased
has been investigated and a helical ordering has been foundverage value. The opposite is true for the angular depen-
The observed average torsion angles vary frefB3 to  dence. With increasing temperature, the rotational contribu-
45.5°139We will assume an average rotation angleggf  tions are exponentially damped.
~45°, The mean square deviatiofg?) and(¢?) can be cal-

Introducing variables with zero meap=x—x,,and¢  culated assuming optical phonon densities that are sharply
= 60— 0.q We rewrite Eq.(9) as peaked atvg, andwgy, respectively. The physical reason for

this is that slow vibrations are strongly hindered by the long
side chains of the core molecules, whereas high-frequency

-~ B? ~ 9
be=7<y2> a”dbeT=§<¢2>- (12

modes are thermally low populated. We obta{y?)

140 1 I 1 1 1}
< + data (elect = 2 2\ 2
1o X da (ael(eecfrco;())n)_ 2kgT/marg, and(¢?)=2kgT/l wg,, where the mass of a
XL % data (hole) molecule in the stack isn and its moment of inertia ik
— 100 . T fit (hole) = Taking into account just the core moleculggd,, and
E 20 b assuming typical frequenciasy,=50 andwg,=20 cm %,
= we obtain (y?)=0.98 A and (¢$?)=48°at T=300 K.
8 60 Considering the fact that the triphenylene molecules form
S ok stable stacks at room temperature, these values are clearly
o0l too large and contradict the close packing of the triphenylene
molecules within one stack. This suggests that the side
06 chains and their interaction with the surrounding medium

have a strong influence on the thermal molecular motion and
decrease its amplitude by a large factor. We include this

effect by assuming mean deviations of a physically reason-

FIG. 2. The fitted hopping matrix elemedf’a’e(xeq,a) compared to the ) -
able magnitude, thus replacing the mass and the moment of

simulation data for stacks of£H,,0 molecules.
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inertia by much larger, effective quantities. als remains almost unchanged. The out of column motion
Up to this point, only two modes of intermolecular mo- will generally decrease the value of the tunneling matrix el-

tion have been taken into account. Other possible motionement. In the present treatment, however, we assume this

are tilting movement that leads to nonparallel triphenylenesffect to be small compared to the contribution by yhaend

cores or the sidewards motion of a triphenylene moleculep modes.

partially out of the column. In the case of the tilting mode, In the following, we consider the magnitudg of the

we believe that its influence on the tunneling matrix elemennondiagonal fluctuations. We obtain for the nondiagonal cor-

is small, since the total overlap between the molecular orbitrelation function in the classical limit,

(83,(t) 8Jn(t+ 7))

:AIZCZb;T{1+ Zcie—b;T}{eZb;TSx(r)_ 1}+A/2C12e2b;Te—2b;T{e2(bx+bgﬁsxm_ 1}+A/2ezb;m+sx(7))

X {25,y T sinh(4b,TS,(7)) + Sy2e~ 2047 sinh(8b,TS,(7)}. (13)
|
The function andS are given b T e
sS,(7) o(7) are g y +Sé2e78bﬁl(2(bx+4b9)'|')2—I(Z(bx—4b9)T ,
sindr AT COSAT
COSwOTT'f‘SIn wm’m (15)
S(7) = (internal dephasing ' with I (a) = [3du(e?"—1)/u. As shown in Fig. 3 in the case

of electron hopping, the agreement between the exponen-
tially decaying correlation function in E¢3) and the calcu-
lated correlation function in Eq13) is quantitative only for

where we have omitted appropriate indicesr 6 referringto ~ byT<<landb,T<1. For larger values ob, T andb,T, the
which type of motion is described. In the first caggternal ~ correlation function only contributes for very short times
dephasing the dephasing is caused by the dispersion of the<7.. The same behavior is obtained in the case of hole
phonon frequencies for which a constant density of states hdgnsport.

been assumed in the intervaby—A...wo+A, with A The expressions fad and y; can be considerably sim-
<w,. In the second case, an external process is assumepljfied, provided thato,T and b,T are small compared to
which causes dephasing on a time scege:wgl. In the  unity. Expanding] up to the zeroth order ib, T andb,T, we
present case, the long side chains attached to the trobtain
phenylene core molecule will have a strong influence on the
dephasing of the core motion and therefore we use the sec- ;0% —
ond option(external dephasingFor the sake of simplicity 21.5 meV (hole)
we assume the correlation time to be the same for both thReeping only the first order irh)XTI' and bfl’ in expression
rotational and the translational mode. (15) for y, and using the Einstein relatig), we obtain for

Clearly, in the general case, the qorrelation func.tion,[he mobility in first order in the constants, andb,,
(83,(t) 83,(t+ 7)) does not follow the simple exponential

decay law required by Eq3). However, for small values of
b, andb,, the decay can be described well by an exponen-

e 77 (external dephasing
(14

9.99 meV (electron
(16)

tial. ' . ) 14 'E I explonential corTrelatiqn funlc’gion 7
We therefore calculatg, by equating the integrals over .= (ot cale. corr. fet. for byT = b,T = 0.01 |
< . P — _—
the assumefEq. (3)] and over the calculatddq. (13)] cor- E T gg{g corr. fgz 1{8; l’;zg = %; =01
relation function and obtain 2 IRy - calc. corr. fct. for b7 = b,T =10 |
% H .
1J°Cd + i
~— T 6J,(1)6d,(t+ 7 =
Y1 7)o < n(1) 83n( )> =
2 i
= 4
Te 1242, = 7 a—byT, = S
= A’%e?0 1(2b,T)+2C1e "l (2b,T) = .
4 5

+C}2e 20T (2(by+ by T) + 25, Sye 50T 7/

jod jond FIG. 3. Comparison between the calculated correlation function if(E3j.
« 1(2(by+2b,)T) —1(2(by—2by)T) and the exponentially decaying correlation function in EB).for different
2 values ofb,T andb,T.
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FIG. 4. Electron and hole mobility calculated with the Haken—Strobl- FIG. 5. Electron and hole mobility calculated with the Haken—Strobl—
Reineker model and its generalized version for small fluctuations. Reineker model and its generalized version for large rotational fluctuations.

~ Ssfunction. For very small correlation times, however, the
— [ 7o (30.37){46.20,+ 107.60,}  (electron inequalityJ7. /<1 is fulfilled and the two curves coincide.
TcF(65.37){213.8,+11.%,}  (hole) ' The Haken—Strobl—Reineker model leads to a mobility
A7) thatis proportional to the correlation time . This depen-
if we assume a charge of omeT, is the correlation time in dence is strongly suppressed by the additional faetorthe
units of 10712 s. While the first three prefactors are stable 9€neralized model and leads to a logarithmic dependence on
with respect to small changes in the Fourier coefficia@ts ~ 7c- Since the hopping matrix elemedis larger for the hole,
and S/, the prefactor 11.9 stems from a cancellation ofth€ factorF in Eq. (7) is smaller in the case of the hole and
larger terms and therefore varies considerably when using lgads to a smaller hole .mob|I|ty at large correlation times in
different fitting procedure. Its numerical value should beth® case of the generalized model.

cn?

O 2~
Vs

)%

considered with care. The corresponding mobifiye for ~1he mobility calculated with either model is propor-
the original Haken—Strobl—Reineker model can be obtaine§onal to b, and b, and therefore also proportional to the
by simply omitting the factor§ in Eq. (17). mean square deviationgy?) and \{4?) at a certain tem-

Both mobilitiesy and uysg become independent of tem- Perature. _ _
perature in this limit. This follows quite generally from the ~ With the generalized Haken-Strobl-Reineker model
assumption of small fluctuations and remains true also if"d for the small values for the mean square displacements

other degrees of freedom for the molecular motion are takeffN0S€N in Fig. 4, we reproduce the experimentally observed
into account. weak temperature dependence of charge carrier mobilities

observed in some discotic liquid crystals and approach the
measured order of magnitude with values between
IV. RESULTS 10°3...10° ' cmi/vs.2?

A. Small fluctuations

. . . . ... . B. Large fluctuation
In this section we discuss the charge carrier mobility in a

triphenylene-based liquid crystal assuming that the thermal In Fig. 5 we show the mobility of a system with only the
motion of the molecules has a small amplitude which leadgotational mode ((y?)=0) for a wide range of parameters
to small fluctuations in the tunneling matrix element. b, and temperatures. In order to include many different sys-
As described after Eq17), the temperature dependence tems into one figure, we plot the quotiestb, as a function
of the mobility is generally very weak in this regime. Taking of b,T. This can be viewed best as a plot of the mobility as
small mean square deviationst room temperatujeof  a function of temperature with axes that have to be scaled
‘/(¢2>=5°and mz 0.1 A that lead to the coefficients according to a chosen value bf,. Both models result in
b,=0.0305 in the case of electron hopping ang=0.0365 mobilities that show an initial increase with temperature, fol-
for the hole hopping, and tb,=0.0343 in both cases, we lowed by a decrease to zero. The result of the generalized
obtain a linear rise of about 10% over the temperature rangdlaken—Strobl-Reineker model is shown with a tenfold mag-
300...400 K. nification, so the value for the electron in the generalized
In Fig. 4 we show the mobility at room temperatuf® ( model forb,T=0.001 actually lies au~14 cn?/Vs. This
=300 K) for these values ob, andb, as a function of the model leads to approximately ten times smaller values than
correlation time 7.. The mobility calculated with the the original Haken—Strobl-Reineker model. In both plots, a
Haken—Strobl-Reineker model differs strongly from the mo-correlation time ofr.=10"'? s has been chosen. For smaller
bility obtained from the generalized model. The reason fowalues ofr., the results obtained with the two models ap-
this is the violation of the assumption that./# can be proach each other and lead to smaller mobilities.
considered as a small parameter which, in turn, allows the In Fig. 6 we show the same plot for a system with only
replacement of the exponential correlation function by athe translational mode along the columnar axis. Here both
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FIG. 6. Electron and hole mobility calculated with the Haken-Strobl—
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By assuming small fluctuations of the molecules about
their equilibrium positions, temperature independent electron
and hole mobilities follow quite generally. The magnitude of
the mobilities in the case of small fluctuations is only slightly
larger than the experimentally observed values.

If the fluctuations are not small, the mobilities in general
show a temperature dependence. Nevertheless, a combina-
tion of different modes of molecular motion may lead to a
cancellation of the temperature dependence in some tempera-
ture interval. However, the magnitude of the mobilities ob-
tained with this approach is too large and the inclusion of
static disorder effects needs to be considered.
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