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The ac electrical properties of monoclinic lithium phthalocyanine ~LiPc! and of the iodinated
compound LiPcI have been investigated in the frequency and temperature regimes 20 Hz<n<1
GHz and 1.5 K<T<300 K, respectively. Both compounds are semiconductors with dielectric
constants e`'6 ~LiPc! and 20 ~LiPcI!. Up to room temperature tunneling of charge carriers is the
dominant conduction process in both compounds, yielding intrinsic dc conductivities
sdc'5.331024 V21 cm21 ~LiPc! and 0.2 V21 cm21 ~LiPcI!. The frequency and temperature
dependence of the complex ac conductivity suggests polarons as the dominant species of charge
carriers. The higher conductivity of the iodinated compound can be attributed to an enhanced
mobility of the polaronic charge carriers which is most probably due to a better overlap of the p
orbitals along the stacking direction of the molecules. © 1996 American Institute of Physics.
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I. INTRODUCTION

For many years the strong interest in metallophthalocya-
nines originated mainly from their application as coloring
pigments. However, in recent years these substances found
renewed attention because they are promising materials for a
variety of technical applications as, e.g., constituents of mo-
lecular electronics, electrochromic devices, gas sensors, and
magnetic materials ~see e.g. Ref. 1!. Depending on compo-
sition and doping level, the electrical properties of the met-
allophthalocyanines vary markedly exhibiting insulating
~e.g., H2Pc, CuPc, NiPc!, semiconducting ~e.g., LuPc2 ,
LiPc!, or, when doped with an oxidizing material, even me-
tallic behavior ~e.g., H2PcI, NiPcI, CuPcI!. LiPc and LuPc2
which both have unpaired electrons are the only nonoxidized
phthalocyanines with a relatively high conductivity in the
semiconducting range.2 Band structure calculations of LiPc
predicted a half-filled conduction band.3 An explanation of
the semiconducting properties of this material is the forma-
tion of a Mott–Hubbard gap due to Coulomb repulsion of the
unpaired electrons.4

Phthalocyanines consist of macrocyclic molecules con-
taining four pyrrole units which are connected by 2Nv
bridges and linked to one benzole unit each. In the inner
macrocycle there are two NH groups, the H atoms of which
can be substituted by a metal atom. In LiPc the lithium ion is
located at the centre of the inner cycle with both H atoms
removed which leaves an unpaired electron. This electron
has been found to be delocalized on the inner ring of the
macrocycle.5 In the metallophthalocyanines the molecules
form stacks along the c axis. LiPc is known to form a mono-
clinic or tetragonal crystal structure.6,7 If it is doped by halo-
gens only the tetragonal modification is stable.6 LiPc, as all
the other metallophthalocyanines, is effectively a one-
dimensional conductor with the conduction path along the
5048 J. Chem. Phys. 104 (13), 1 April 1996 0021-9606/9
stacking direction of the molecules which is due to a consid-
erable overlap of the p orbitals in this direction.8

Doping of metallophthalocyanines with halogens ~usu-
ally iodine! induces an enhancement of the electrical conduc-
tivity over several orders of magnitude and in some cases can
even cause a transition into a metallic state.9–11 Various pos-
sible explanations for this finding have been proposed: ~i!
The phthalocyanine molecule is partially oxidized leading to
holes in the lower Hubbard band.12 ~ii! The doping leads to a
change of structure, e.g., from monoclinic to tetragonal as
observed in NiPcI films,11 which causes an enhanced overlap
of the p orbitals.8,11 ~iii! The doping suppresses a Peierls
metal–nonmetal transition and therefore the material remains
metallic down to low temperatures.6,10

Measurements of the electrical properties of tetragonal
LiPc have been performed previously by Turek et al.2,13 The
dc conductivity has been investigated between 140 K and
room temperature and was found to behave thermally acti-
vated with an energy barrier of 0.16 eV and a room tempera-
ture conductivity of sdc5231023 V21 cm21.2 In addition,
the conductivity at 10 GHz has been reported13 which is
approximately one decade higher than the dc conductivity.
For monoclinic LiPc and for LiPcI to our knowledge up to
now only the dc conductivity at room temperature has been
reported.6

We performed measurements of the complex conductiv-
ity and dielectric constant of monoclinic LiPc and of tetrag-
onal LiPcI in a broad frequency range of 20 Hz<n<1 GHz
and at temperatures 1.5 K<T<300 K. The aim of this in-
vestigation is to clarify the mechanism of charge transport
and the nature of the charge carriers in these materials. In
addition, by comparing the results for the two compounds,
information on the mechanism of the conductivity enhance-
ment in the iodine doped compound should be obtained.
6/104(13)/5048/6/$10.00 © 1996 American Institute of Physics
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II. EXPERIMENTAL DETAILS

For the synthesis of LiPc, 12.0 g of double distilled 1,2-
dicyanobenzene ~PDN! and 150 mg Li were heated to
150 °C. The exothermic reaction was finished within some
minutes. After extraction of the reaction product with tolu-
ene, then acetone black needles of LiPc remained in the resi-
due. For the synthesis of LiPcI, 10.0 g of double distilled
PDN and 1.0 g LiI were heated to 145 °C for 15 h. After
extraction of the reaction product with dichloromethane and
ether lustrous needles of LiPcI remained. Both products gave
satisfactory elemental analysis. The LiPc and LiPcI powders
were pressed into pellets with a diameter of 6 mm. Sputtered
gold contacts were applied on opposite sides of the pellets.

In the frequency range 20 Hz<n<1 MHz the measure-
ments of the real part s8 and the imaginary part s9 of the
complex conductivity were carried out by using a fully au-
tomated autobalance bridge ~HP 4284A!. For frequency de-
pendent measurements above 1 MHz the sample has been
placed at the end of a coaxial line, connecting the inner and
outer conductors. The complex reflection coefficient G of this
assembly was measured by employing an HP 4191A imped-
ance analyzer.14 The complex conductivity can be deter-
mined from the complex reflection coefficient after the influ-
ence of the sample holder and the coaxial line has been
eliminated by calibrating with three reference impedance ter-
minations. All measurements reported in this work were
done in two point technique.

The experiments were performed in a 4He bath cryostat.
The physical properties of the metallophthalocyanines are
reported to be highly sensitive to absorbed oxygen which,
however, is easily removed in vacuum.13,15–17 Therefore, be-
fore the measurement was started, we applied for some hours
a vacuum to the inner tube of the cryostat containing the
sample in order to remove the absorbed oxygen.

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the di-
electric constant e8 ~a! and the conductivity s8 ~b! for un-
doped LiPc as measured for various frequencies ~double-
logarithmic plot!. e8 has been calculated from the measured
s9 by the relation e85s9/~ve0! where e0 is the dielectric
constant of the vacuum and v52pn. With increasing tem-
perature both, e8(T) and s8(T), increase by several orders
of magnitude. For high temperatures all s8(T) curves ap-
proach the one obtained for 20 Hz which represents the dc
limit. At lower temperatures s8(T) follows approximately a
power law behavior, Tn with n'3.8. With decreasing tem-
perature and for large frequencies the e8(T) curves approach
a saturation value of e`'6~60.5! ~see the results for n>1
MHz!. The low frequency measurements ~n,1 MHz! lead to
a somewhat higher value ~'8! which is due to the stray
capacitance of the cables. For temperatures T.40 K, e8(T)
exhibits a steplike increase over more than two decades
which shifts to successively higher temperatures when the
frequency is increased.

Figure 2 shows the same plot for LiPcI. The conductivity
s8(T) exhibits a qualitatively similar behavior compared to
J. Chem. Phys., Vol. 104
that obtained in LiPc, however with a clearly enhanced ab-
solute value and a smaller temperature exponent, i.e., here
n'2. The function e8(T) approaches a saturation value for
low temperatures of e`'20~62!, which is significantly
higher than that for LiPc. For higher temperatures, e8(T)
increases by more than four decades in two successive steps
which both shift to higher temperatures as the measuring
frequency is increased.

In order to obtain better insight into this seemingly com-
plicated behavior, we have plotted in Figs. 3 and 4 the fre-
quency dependences of real and imaginary part of the con-
ductivity for both materials in a double-logarithmic
representation. The curves in Figs. 3 and 4 are composed of
two sets of data each ~for n<1 MHz and n>1 MHz! which in
the case of LiPcI have been obtained on two different
samples. Although in both cases the two data sets have not
been shifted with respect to each other they match remark-
edly well. Again a qualitatively similar behavior of doped
and undoped LiPc is observed: s8(T) approaches a satura-
tion value for low frequencies but increases at higher fre-
quencies according to a power law. A power law behavior is
often found in disordered conductors such as amorphous or
doped semiconductors or ionic conductors and is usually as-
cribed to charge transport by hopping processes18–20 between
localized states. The frequency dependent conductivity can
be parametrized according to s85sdc1s0(v/v0)s for which
the expression ‘‘universal dielectric response’’ ~UDR! has
been applied.20 Here sdc denotes the dc conductivity and v0

FIG. 1. Temperature dependence of the real parts of the dielectric constant
~a! and the conductivity ~b! of LiPc for various frequencies ~double-
logarithmic plots!. The solid lines are the results of fits using the OLPT
model predictions, Eqs. ~2! and ~3!.
, No. 13, 1 April 1996
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is a reference frequency. Using the Kramers–Kronig relation
and taking into account the high-frequency limit of the di-
electric constant, e` , the frequency dependence of the imagi-
nary part can be written as: s95tan(sp/2)s0(v/v0)s
1e0e`v . Indeed, at high frequencies s9~n! shows a linear
frequency behavior with slope 1 in the double-logarithmic
representation of Figs. 3~b! and 4~b! which can be attributed
to e` . At lower frequencies the slope of s9~n! changes to a
smaller value as is seen in Fig. 4~b! for 10 K. A detailed
discussion of the exponent s,1 and its temperature depen-
dence is given below. However, at temperatures T>100 K
for LiPc and T>20 K for LiPcI a peak seems to be super-
imposed on the data which shifts to higher frequencies with
increasing temperature. This feature is accompanied by a
small steplike increase in s8~n! ~see insets in Figs. 3 and 4!
and can be ascribed to contributions of the contacts. Metal-
semiconductor contacts usually exhibit high ohmic resis-
tances accompanied by a high capacitance and often can be
modeled by a circuit consisting of a resistance connected in
parallel to a capacitance. We have performed least square fits
of s8~n! and ~simultaneously! s9~n! by assuming ‘‘pure’’
UDR behavior ~including e`! or the equivalent circuit shown
in Fig. 3. It consists of an RC-circuit representing the con-
tacts which is connected in series to the intrinsic sample
impedance ~UDR plus e`!. This circuit has been applied for
data sets where the contacts contribute significantly to the
results of the measurement ~i.e., at high temperatures and
low frequencies!. The high and low frequency results have

FIG. 2. Temperature dependence of the real parts of the dielectric constant
~a! and the conductivity ~b! of LiPcI for various frequencies ~double-
logarithmic plots!. The solid lines are the results of fits using the OLPT
model predictions, Eqs. ~2! and ~3!.
J. Chem. Phys., Vol. 10
been fitted independently as the slight offsets between both
data sets would influence the fit results. In addition, fits have
only been performed for data sets at temperatures where the
frequency response is not totally dominated by the contact
contributions. The results of the fitting procedures are shown
as solid lines in Figs. 3 and 4. Fits and data agree reasonably
well which confirms the correctness of the assumed equiva-
lent circuit. The deviations at high frequencies ~n.100
MHz! and low temperatures are due to systematic errors oc-
curring in the measurement of conductivities s8,1025

V21 cm21 at these frequencies. In the insets of Figs. 3 and 4
the influence of the contacts is clearly demonstrated by com-
paring the fits with and without contacts: At low frequencies
the contacts contribute significantly to the measured conduc-
tivity but with increasing frequency they become succes-
sively shorted by the contact-capacitance which leads to a
steplike increase of s8~n!. For LiPc the contact resistance Rc
varies between 80 V at room temperature and 1 MV at 70 K
and the contact capacitance is Cc'15 nF. For LiPcI the con-
tact resistance varies between 6 V and 12 kV from room
temperature to 20 K, the contact capacitance is 10 nF. In both
cases the intrinsic dc resistances Rdc were of comparable
order of magnitude as Rc . At a given temperature the less

FIG. 3. Frequency dependence of real ~a! and imaginary ~b! part of the
conductivity of LiPc for various temperatures. The solid lines are the results
of fits using the UDR or the equivalent circuit indicated in the figure. Here
Cc and Rc describe the contact contributions, Rdc and Zac the UDR behavior
of the sample and C` takes into account its high-frequency dielectric con-
stant. The dashed lines in ~a! have been calculated according to the OLPT
model predictions @Eqs. ~1! and ~2!# with the parameters obtained from the
OLPT fits of the temperature dependent data ~Figs. 1 and 2!. The inset
shows an enlarged view of the behavior at low frequencies at 150 K. The
dash–dotted line shows the intrinsic behavior without contacts.
4, No. 13, 1 April 1996



5051Dumm et al.: Charge transport in lithium phthalocyanine

 09 April 2024 05:41:49
conductive LiPc always exhibited a much higher contact re-
sistance.

An additional feature, seen for LiPcI only, can be under-
stood making a minor addition to the equivalent circuit: At
250 K and for frequencies n.300 MHz, s8~n! decreases
again. This is accompanied by negative values of s9 @not
shown in the logarithmic representation of Fig. 4~b!#. This
behavior is indicative of inductive behavior and can be mod-
eled by an inductance connected in series to the sample im-
pedance. The influence of the inductance is not seen in the
results for LiPc ~Fig. 3! which is due to the much higher
resistance of this compound.

An increase of the conductivity with frequency has also
been reported by Turek et al.13 who performed measure-
ments of the conductivity of tetragonal LiPc at dc and 10
GHz. These authors found a s8 value at 10 GHz which is
approximately by one order of magnitude higher than sdc .
This is in agreement with our findings for monoclinic LiPc
and is due to the dominance of the dc conductivity up to
relatively high frequencies.

Figure 5 shows the temperature dependence of the expo-
nent s as resulting from the fits using the equivalent circuit
indicated in Fig. 3. For LiPc, s(T) clearly exhibits a mini-
mum, a behavior which is typical for tunneling of large
polarons.18,19 In the model of ‘‘overlapping large polaron
tunneling’’ ~OLPT!19 where the charge carriers are large po-

FIG. 4. Frequency dependence of real ~a! and imaginary ~b! part of the
conductivity of LiPcI for various temperatures. The solid lines are the results
of fits using the UDR or the equivalent circuit indicated in Fig. 3. The
dashed lines in ~a! have been calculated according to the OLPT model
predictions @Eqs. ~1! and ~2!# with the parameters obtained from the OLPT
fits of the temperature dependent data ~Figs. 1 and 2!. The inset shows an
enlarged view of the behavior at low frequencies at 20 K. The dash–dotted
line shows the intrinsic behavior without contacts.
J. Chem. Phys., Vol. 104
larons the lattice distortion around the site of a charge carrier
extends over several atomic distances and therefore overlaps
with the distortions on neighboring sites. This gives rise to
an energy barrier which is a function of the site separation.19
In the OLPT theory, the temperature dependence of the fre-
quency exponent s is given by

s512
8aRW16bWHO~r0 /RW!

@2aRW1bWHO~r0 /RW!#2 . ~1!

Here WHO is the barrier height for infinite site separation, r0
is the polaron radius, 1/a is the spatial extent of the localized
state wave function, and b51/(kBT). The hopping distance
RW is given by

RW5
1

4a
$@ ln~1/vt0!2bWHO#1~@ ln~1/vt0!2bWHO#2

18ar0bWHO!1/2%. ~2!

t0 is a characteristic relaxation rate, which should be of the
order of a typical phonon frequency. When Eqs. ~1! and ~2!
are used to fit the observed s(T) behavior by least-square fits
one obtains the solid lines shown in Fig. 5. A good agree-
ment with the data can be achieved for both materials. The
resulting main fit parameters are WHO'710 K,
vt0'3.731027, and ar0'1.7 for LiPc and WHO'100 K,
vt0'2.631027, and ar0'3.6 for LiPcI. A problem inherent
to this evaluation is traceable to the fact that in the OLPT
model the exponent s is slightly frequency dependent @Eq.
~1!# while s(T) in Fig. 5 was determined assuming the UDR,
i.e., a frequency independent s . Therefore the parameter t0 is
frequency dependent with a value of t0'6310214 s ~LiPc!
and t0'4310214 s ~LiPcI! for, e.g., 1 MHz.

FIG. 5. Temperature dependence of the frequency exponent s for LiPc ~a!
and LiPcI ~b!. The solid lines are the results of fits using the OLPT model
predictions, Eqs. ~1! and ~2!.
, No. 13, 1 April 1996
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The OLPT model also makes distinct predictions con-
cerning the temperature dependence of the ac conductivity
sac

19

sac5
p4

12
N~EF!2~kBT !2e2vRW

4

2akBT1WHOr0 /RW
2 . ~3!

Here N(EF) is the density of states at the Fermi level. The
solid lines in Figs. 1 and 2 are the results of fits using Eqs.
~2! and ~3!. Again reasonably good fits have been obtained.
The deviations at high temperatures are, in the case of
s8(T), due to the increasing dominance of the dc conductiv-
ity and/or the contact resistance. For e8(T) the above men-
tioned inductance partly suppresses the increase at high tem-
peratures which is most pronounced for LiPcI leading to the
saturation near 60 K. Note that the second ~high-T! of the
two subsequent increases of e8(T) is completely due to the
contact contributions. For both materials a consistent de-
scription of the data sets for different frequencies can be
obtained with one set of parameters. For LiPc they are:
WHO'900 K, ar0'1.7, and t0'1.6310213 s. For LiPcI val-
ues of WHO'120 K, ar0'4.7, and t0'6.5310216 s are
found. The parameters WHO and ar0 have similar values as
the ones obtained from the s(T) fits. However, the resulting
values of t0 are at variance with the findings from the s(T)
fits. This discrepancy may well be due to the fact that in the
OLPT model a small frequency dependence of s is predicted
@Eq. ~1!# while the determination of s(T) from our data as-
sumes that s is frequency independent.

Therefore, in order to check for the consistency of fre-
quency and temperature dependence we have calculated the
frequency dependence of s8 ~without the dc contribution
which is not included in the OLPT model! from Eqs. ~2! and
~3! using the parameters obtained from the fits of the tem-
perature dependent data. The resulting curves are included in
Figs. 3~a! and 4~a! as dashed lines and agree reasonably well
with the measured data. All these findings lead us to con-
clude that the OLPT model gives a consistent description of
the ac conductivity in LiPc and LiPcI. However, we should
mention that the OLPT model does not take into account the
one-dimensional character of the charge transport present in
LiPc and LiPcI and it is unclear how this property changes
the model predictions.

The evaluation of the frequency dependent data using an
equivalent circuit, as described above, fixes also the dc con-
ductivity. Its temperature dependence is shown in Fig. 6 for
LiPcI in three different representations: log sdc vs 1/T ,
1/T1/2, and 1/T1/3. A straight line is obtained for log sdc vs
1/T1/2 only. A behavior

sdc5s0•expF2S T0

T D 1/gG ~4!

is indicative of charge transport by tunneling of electrons or
holes. In the framework of the variable range hopping
~VRH! model,21 g54 is predicted for isotropic charge
transport.21 A value of g52, as found here, arises for VRH
conduction in one dimension, but, however, with the electron
wave function still extended over several chains.21,22 This
J. Chem. Phys., Vol. 104
quasi-one-dimensional charge transport seems reasonable for
LiPcI, because of the stacked structure of the phthalocya-
nines. However, we want to mention that an alternative ex-
planation of g52 can also be given when in Mott’s model for
three dimensions the Coulomb interaction between the
charge carriers is taken into account.23

In Fig. 7 the 1/T1/2 representation is given for both ma-
terials under investigation. In LiPcI this behavior dominates
from 4 K up to room temperature. Obviously, LiPc also fol-
lows Eq. ~4! with g52 but with a different exponential pref-
actor. The absolute value of the conductivity of LiPc is some
orders of magnitude smaller than that of LiPcI. The values of
T0 and s0 are 29 000 K and 11 V21 cm21 for LiPc and 2600
K and 5 V21 cm21 for LiPcI, respectively. T0 is proportional
to 1/r1N(EF), with r1 the localization length and N(EF) the
density of states at the Fermi level.24

In both materials the dc conductivity at room tempera-
ture is significantly higher than that reported previously from
dc measurements.6 As these measurements have been per-
formed using a two-point contact configuration this discrep-
ancy most probably can be ascribed to contributions of the
contact resistance. Turek et al.2,13 found a thermally acti-
vated behavior of the dc conductivity of tetragonal LiPc
crystals between 140 and 300 K. These results, however,
were also obtained by using the two-point technique and in
addition cover a temperature range which is too small in

FIG. 6. Temperature dependence of the dc conductivity of LiPcI obtained
from the equivalent circuit evaluation described in the text. The data are
presented in three different representations, namely vs 1/T , 1/T1/2, and
1/T1/3. The solid line is the result of a fit using Mott’s VRH model for one
dimension.
, No. 13, 1 April 1996
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order to get informations on a possible deviation from ther-
mally activated behavior.

IV. CONCLUSIONS

We have investigated the ac electrical properties of
monoclinic LiPc and tetragonal LiPcI in a broad frequency
range at temperatures down to 1.5 K. The complex conduc-
tivity of both materials shows the typical fingerprints of
charge transport by hopping between localized sites. Both,
the temperature and the frequency dependence can be con-
sistently described using the OLPT model with tunneling of
large polarons as dominant charge transport process. The re-
sulting energy barriers separating two localized sites are
WHO'900 K and WHO'120 K for LiPc and LiPcI, respec-
tively. The smaller WHO of LiPcI may well explain the much
higher conductivity of the iodinated compound. It is indica-
tive of a better overlap of the p orbitals in this tetragonal
compound as compared to the monoclinic LiPc. Therefore
we conclude that an increased mobility plays an important
role in the enhancement of the conductivity of the iodinated
compound and that it is not solely caused by a higher density
of charge carriers due to the oxidation of the macrocycles.
The high frequency limit of the dielectric constant has been
determined as e`56 ~60.5! for LiPc and e`520 ~62! for

FIG. 7. Temperature dependence of the dc conductivities of LiPc and LiPcI
as determined from the equivalent circuit evaluation as described in the text.
The data are presented in a way to give a straight line for Mott’s VRH in one
dimension. The solid lines are linear fits in this representation.
J. Chem. Phys., Vol. 104
LiPcI. From a careful evaluation of the frequency depen-
dence using suitable equivalent circuits, we have determined
the intrinsic dc conductivity. At room temperature the dc
conductivities are 5.331024 V21 cm21 and 0.2 V21 cm21

for LiPc and LiPcI. For both compounds a temperature de-
pendence sdc;exp[2(T0/T)1/2] has been found which indi-
cates one-dimensional VRH as dominant dc transport mecha-
nism. Even at room temperature, thermal activation of charge
carriers across the optical gap is negligible.
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