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The strongly nonlinear current-voltage �I-V� characteristics and the large negative magnetoresistance �MR�
are observed at low temperatures in the one-dimensional organic conductor TPP�Fe�Pc��CN�2�2. The nonlinear
I-V curves are interpreted as the transport of the electrons and holes excited from the charge ordered state on
the Fe�Pc��CN�2 chains, whose energy gap strongly depends on electric fields. The negative MR is enhanced
as temperature decreases, and the resistance steeply changes over four orders of magnitude around 15 T at 1.5
K. This decrease is associated with a magnetic torque anomaly, and the energy gap is rapidly reduced around
15 T. The detailed analyses of the I-V curves show that the electric flux distribution, i.e., the dimensionality of
the Coulomb interaction between the carriers, also changes around 15 T.
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I. INTRODUCTION

Interplay between magnetism and conductivity has
brought us various intriguing phenomena especially in
strongly correlated materials.1–10 The large magnetoresis-
tance �MR� effect arising from such interplay, for instance, is
still a central issue in solid-state physics. Some perovskite
manganites show quite large negative MR, which is known
as the colossal MR �CMR�.2–4 However, except for the man-
ganites, such large MR effect, which amounts to several or-
ders of magnitude, is rarely observed.

Magnetic organic conductors have attracted much atten-
tion due to their unique physical properties recently.5,7–10

Among them, the Fe-dicyanophthalocyanine conductor
TPP�Fe�Pc��CN�2�2 is quite interesting.8 The resistance
gradually decreases by two orders of magnitude up to 40 T
for T=20 K when the magnetic field is applied parallel to
the a axis. In spite of the intensive studies, the origin has not
been clarified yet.7,8,11 TPP�Fe�Pc��CN�2�2 has one-dimen-
sional �1D� conducting chains of stacked dicyano�phthalo-
cyaninato�iron Fe�Pc��CN�2 molecules which are parallel to
the c axis of the crystal �TPP=tetraphenylphosphonium, Pc
=phthalocyanine�.12,13 The Fe�Pc��CN�2 molecule has both
� electrons on the Pc ligand and the local 3d magnetic mo-
ment at the central Fe3+ ion, so that the conduction electrons
are strongly coupled with the local moments: a large �-d
interaction is present. Because of unquenching of the 3d or-
bital angular momentum, the Fe local moment is quite aniso-
tropic �the easy axis is nearly parallel to the a axis�.14 Al-
though the conduction band is partially occupied formally
�3/4 filling�, the temperature dependence of the electrical re-
sistivity shows semiconducting behavior from room tem-
perature to the lowest temperature with no lattice distortion.
In this material, the energy gap between the highest-
occupied-molecular-orbital �HOMO� and the lowest-unoc-
cupied-molecular-orbital �LUMO� is expected to be about 5
eV.14 Note that the experimentally reported activation energy
gap at low temperatures is much smaller than the HOMO-

LUMO gap. This fact shows that the energy gap originates
from strongly correlated effects �i.e., Coulomb repulsion�:
the ground state is a 1D charge order.13,15

In this paper, we report systematic measurements of MR,
current-voltage �I-V� characteristics, and magnetic torque of
TPP�Fe�Pc��CN�2�2. The change in the MR reaches four or-
ders of magnitude below 10 K. We show that the quite large
negative MR is caused by the magnetic-field-dependent en-
ergy gap of the charge ordered state, which depends on the
magnetic state of the 3d moments in the 1D Fe�Pc��CN�2
chains. Moreover, we find that the functional form of the
Coulomb interaction between carriers also depends on the
magnetic state.

II. EXPERIMENTAL

Needlelike single-crystal samples with typical dimensions
of 100 �m�100 �m�1 mm were synthesized by a stan-
dard electrochemical method.13 Resistance measurements
were performed by a two-terminal method with current along
the c axis �longest direction�. The results were identical to
those for a four-terminal method in the current range for I
�10−10 A: the contact resistance is negligible. The typical
electrodes spacing is about 40 �m for the present sample.
The magnetic torque measurements were performed by com-
mercial microcantilevers.16

III. RESULTS AND DISCUSSIONS

The temperature dependence of the low-bias conductance
at 0 and 17.8 T is shown in Fig. 1. Magnetic field is applied
to the a axis of the crystal, and the bias voltage is kept at
�10 mV, where the Ohmic conduction is confirmed. Below
30 K, the conductance follows the Arrhenius law ��T�
=�0 exp�−	0 /2kBT�. The saturation behavior of the conduc-
tance at low temperatures is due to the limitation of the mea-
surement. The activation energy 	0 /kB at 0 T is estimated as
650 K, where kB is the Boltzmann constant. This value is
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slightly larger than the previously reported one, 	0 /kB
�600 K.8 At 17.8 T, the conductance is enhanced �negative
MR�, and consequently, the activation energy is significantly
reduced. We note that the activation energy changes around
12.5 K, from 	0 /kB=360 K for T=30–13 K to 180 K for
T
12 K. The origin is not clear at the moment. An impor-
tant feature is that the activation energy for T=30–13 K
gradually decreases with field and has a tendency to saturate
at 15 T �inset of Fig. 1�.

The temperature dependence of the I-V curves at 0 T is
shown in Fig. 2�a�. The nonlinear I-V characteristics are well
visible below 13 K. Charge ordered states have been well
understood in the framework of extended Hubbard models,17

in which three parameters, on-site Coulomb interaction �u�,
intersite Coulomb interaction �v�, and transfer integral be-
tween the neighboring sites �t� are involved. When u and v
are much larger than t, the ground states become charge or-
dered insulators even for quarter-filled systems, as in the case
of this material. The energy gap is generally a function of
these three parameters. In the charge ordered systems, the
carriers are thermally excited electrons and holes. The non-
linear I-V characteristics have been understood in terms of
electric field dependence of the energy-gap 	�E�.18,19 Thus,
��E ,T�=�0 exp�−	�E� /2kBT�. In the present case, the
electron-hole pairs likely lie in the same chains �essentially
1D system�. If the electric fluxes between the excited elec-
tron and hole are completely confined in the Fe�Pc��CN�2
chain �the dielectric constant is predominant along the
chain�, the Coulomb potential, corresponding to the binding
energy between the electron and hole, has a form, ��r�
=U0�r�. Here, r is the distance between them and U0 is a free
parameter, depending on the dielectric constant of the chains.
We introduce a cutoff length �, where the 1D potential �i.e.,
linear potential� can be assumed. This cutoff length is given
by d�c /i on the assumption of c�i, where d is the di-
ameter of the conducting chain, and c and i are the dielec-
tric constant of the conducting chain and the other part sur-
rounding the chain, respectively.20 In the range extended
over �, the potential is proportional to 1 /r �i.e., three-
dimensional �3D� Coulomb potential�, which approaches to a
constant value at infinity. Here, we assume a flat potential in
the range of r�� for simplicity. The schematic shape of the

potential will be given by the dotted line in Fig. 2�c�. The
electric field dependence of the energy gap is given by
	�E�=	0−eE� as shown by the solid line. The final formula
of the conductance would be

��E,T� = �0 exp�− �	0 − eE��/2kBT� + �1. �1�

The I-V curves simulated by Eq. �1� are shown in Fig. 2�b�.
We take �=20 nm and �1=2�10−14 �−1 for the simula-
tion. 	0 /kB is set on 650 K. Here, we add the electric-field-
independent part of the conductance �1 to reproduce the
small Ohmic tails. The Ohmic tails have sample or electrode
dependence, so that its origin may be a tiny leakage current
due to some insulation failure. The other parts are sample
independent, showing the intrinsic nature. We also simulated
the I-V curves using a 3D potential ���r��1 /r� for r��, but
there is no significant difference between two cases �flat and
3D potentials for r���. Therefore, a flat potential for r��
is reasonable assumption and gives no significant change in
our conclusion. The I-V curves simply shift to lower electric
field region as the electrode spacing shortens. The fact means
that the effect of the electric field inhomogeneity near the
contacts on the nonlinear I-V curves is negligibly small. Fig-
ure 2�d� shows the I-V curves at 17.8 T �B �a�. The I-V
curves shift to lower electric field region due to the negative
MR. The most important feature is the negative curvature
�i.e., d2 log�I� /d log�V�2
0� of the I-V curves in the
strongly nonlinear region below 5 K and above 5 V. Note
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that the positive curvature is always observed in the whole
region at 0 T. This fact indicates that the 1D Coulomb po-
tential model is not appropriate at 17.8 T. If the Coulomb
potential of ��r�=U1

��r� is assumed, the negative curvature
is well reproduced �Fig. 2�e��. We also introduce the cutoff
length �=30 nm. In this case, the energy gap is given by
	�E�=	0−eE� for E
U1 / �2e��� and 	�E�=U1

2 / �4eE� for
E�U1 / �2e���. The parameter 	0 /kB is set on 360 K for T
=30–13 K, and 180 K for T=12–1.5 K. The simulations
are in good agreement with the experimental results: the
above potential forms well explain the experimental results.
Deviation from the simulation seen at low temperatures
might be explained by quantum tunneling. The similar devia-
tion is observed in two-dimensional �2D� charge ordered
systems.19

The magnetic field dependence of the conductance at con-
stant bias voltage is shown in Fig. 3. The bias voltage is
chosen so that the current remains around 10 nA for B
=17.8 T. As the temperature decreases, the positive magne-
toconductance �negative MR� is enhanced, and the change in
the conductance amounts to four orders of magnitude or over
below 10 K. Moreover, a steep increase in the conductance
around 15 T is observed for T=1.5 K. The present result
suggests that the energy gap is reduced rapidly around 15 T.
These results are consistent with the magnetic field depen-
dence of the energy gap �see inset of Fig. 1�. This large
negative MR can be ascribed to the large �-d interaction
because the isomorphic compound TPP�Co�Pc��CN�2�2,
which has no local magnetic moment, does not show nega-
tive MR.15

The magnetic field dependence of the magnetic torque for
B �a is shown in Fig. 4�a�. At 1.5 K, the torque also changes
rapidly around 15 T, which is evident in the derivative curve
as shown in the inset of Fig. 4�a�. This anomaly suggests the
existence of a change in the magnetic state around 15 T. As
temperature increases, the anomaly becomes gradually less
evident, and not appreciable above 13 K.

The stability of charge ordered states and the energy gap
strongly depend on the transfer integral �t� and the Coulomb
correlation, which is well established in the � phase BEDT-
TTF salts.21 In the present case, the mechanism of the

energy-gap reduction is likely related to the enhancement of
t which is associated with the magnetic torque anomaly.
Even a small change in the energy gap should cause a drastic
change in the conductivity at low temperatures when the
carrier number is determined by the Boltzmann factor as in
this case.

A theoretical picture of the negative MR for this system is
first proposed by Hotta et al. In this picture, the Fe local
moment and the � electron on the same Fe�Pc��CN�2 mol-
ecule are assumed to form a spin singlet state due to the
antiferromagnetic �AF� �-d interaction.22 This singlet forma-
tion effectively reduces t, and stabilizes the insulating state.
In high fields, the singlet state is broken, so that t is recov-
ered. However, the ferromagnetic �-d interaction is pre-
dicted by the recent molecular-orbital calculation for the
Fe�Pc��CN�2 molecule, so that the above picture would not
be appropriate.23

CMR in some perovskite manganites have been explained
by the double-exchange-interaction scenario, where the fer-
romagnetic Hund coupling of the 3d spins on the Mn sites
plays an important role.2–4 A similar scenario would be ap-
plicable to the large negative MR in TPP�Fe�Pc��CN�2�2
�Figs. 4�b� and 4�c�� because the � electron and the Fe local
moment on the Fe�Pc��CN�2 site are ferromagnetically
coupled. If the Fe local moment at the next site is antiparal-
lel, the hopping of the �-electron is prohibited by the ferro-
magnetic �-d interaction, so that t is effectively reduced. In
high magnetic fields, since all the Fe local moments are po-
larized in the field direction, t is recovered. Although no
experimental evidence of long-range order of the Fe local
moments, development of the AF correlation in the
Fe�Pc��CN�2 chain below 25 K is suggested from the
magnetic-susceptibility measurements.11 Therefore, some be-
havior similar to a metamagnetic transition may be observed
in the torque at low enough temperatures because of the
strong uniaxial anisotropy of the Fe local moment. This pic-
ture qualitatively explains the steep change in the MR and
the torque around 15 T. The recovery of t in high magnetic
fields is also consistent with the magnetic field dependence
of the energy gap shown in the inset of Fig. 1. The magnetic
transitionlike behaviors observed in MR and magnetic torque
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measurements are also observed for various magnetic field
directions �data not shown�. The transition field shifts to
higher field as the magnetic field is tilted from the a-axis,
and the angular dependence of the transition fields decided
from the both measurements are consistent with each other.
The detail will be described elsewhere.

Finally, we discuss the change in the functional form of
the Coulomb potential by magnetic fields. The magnetic field
dependence of the I-V curves and their derivatives at 1.5 K
are shown in Figs. 5�a� and 5�b�, respectively. As field in-
creases, the curvature changes from positive to negative
around 15 T �more evident in Fig. 5�b��. The curvature in the
nonlinear region of the I-V characteristics depends on the
functional form of the Coulomb potential: ��r�� �r� for 1D
gives the positive curvature as shown in Fig. 2�b�, and
��r�� log�r� for 2D gives a straight line �power-law
behavior�.19 The form ��r����r� assumed in the simulation
of Fig. 2�e� corresponds to an intermediate case between 1D
and 2D. This does not mean that the electrical fluxes are

confined in a plane, but simply, the flux density decays with
�r� more slowly than the 2D case. Although it is not clear
whether only the functional form ��r����r� is appropriate in
high magnetic fields, we could conclude that the electrical
fluxes are almost confined in the chains at 0 T �Fig. 5�c��, but
spreads out in the perpendicular directions of the chains in
high magnetic fields �Fig. 5�d��. The electric flux distribution
determined by the dielectric constant anisotropy may be re-
lated to the anisotropy of t: the dielectric constant �electric
polarization� is large along the large t direction because the
charges easily move in this direction. In the magnetic-field-
induced ferromagnetic state, all the �-electron spins and the
Fe local moments are polarized, so that t perpendicular to the
chains may be also enhanced, which allows the electric
fluxes to spread out somewhat in the perpendicular direc-
tions.

IV. CONCLUSIONS

In conclusion, the quite large MR in TPP�Fe�Pc��CN�2�2
is interpreted as the energy-gap reduction caused by the mag-
netic transition like behavior of the Fe local moments in the
Fe�Pc��CN�2 chains, where the strong �-d interaction plays a
crucial role. The change in the curvature in the nonlinear I-V
characteristics shows the dimensionality change in the Cou-
lomb interaction which is affected by the magnetic state of
the Fe local moments. The dimensionality and the strength of
Coulomb interaction are significantly important for under-
standing the electronic states in strongly correlated systems,
especially in low dimensional systems. Our results show that
simple measurements of I-V characteristics can give micro-
scopic information on the dimensionality of the Coulomb
interaction.
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