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Giant negative magnetoresistance in quasi-one-dimensional conductor TPP†Fe„Pc…„CN…2‡2:
Interplay between local moments and one-dimensional conduction electrons
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We have found giant negative magnetoresistance in the one-dimensional conductor TPP@Fe(Pc)(CN)2#2

below 50 K. The reduction of the resistance is larger in the field perpendicular to the one-dimensional axis than
parallel to the axis. The magnetic susceptibility shows anisotropic Curie-Weiss behavior. The experimental
results suggest the interaction between the one-dimensional electron system and the local moments. The
reduction of the spin scattering of the itinerant electrons by the local moments under the field is proposed as the
origin of the giant negative magnetoresistance.
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The interplay between conduction electrons and lo
magnetic moments has provided a variety of interesting p
nomena such as Kondo effect, Ruderman-Kittel-Kasu
Yosida interaction, heavy fermion, giant magnetoresistan
and colossal magnetoresistance.1–5 The giant negative mag
netoresistance was reported in the manganese oxides5 and
l-BETS2FeCl4,6 and is accompanied or caused by the sh
metal-insulator transition.

There have been very few reports on these phenomen
the one-dimensional system, although theoretical studies
dict several attractive phenomena such as Kondo effects
Luttinger liquid.3,7,8 Quasi-one-dimensional molecular co
ductors are good candidates for this research. By introdu
the local moments (d electron! into these conductors, th
interaction (p-d interaction! between the one-dimension
conduction electrons (p electron! and the local moments i
expected to give different electronic states. In fact, intere
ing phenomena such as negative magnetoresistance we
ported in the one-dimensional molecular conduc
@CuxNi12x(Pc)#(I3)1/3,9,10 where p electron in Pc
~5phthalocyanine! forms the conduction band andd electron
in Cu21 affords the local moment. However, owing to th
experimental difficulty, the systematic studies on the anis
ropy of this system have not been reported. The nega
magnetoresistance was also reported in the one-dimens
Peierls compounds,11 and the critical temperature of th
negative magnetoresistance decreases on increasing
magnetic-field strength.

The title compound TPP@Fe(Pc)(CN)2#2 and the isostruc-
tural compound TPP@Co(Pc)(CN)2#2 ~TPP5tetraphenyl-
phosphonium! have a one-dimensional conduction ba
coming from thep orbital of Pc, since the partially oxidize
Pc units stack uniformly along thec axis. The Fe compound
hasS51/2 local moments of Fe31 in the conduction path,12

while there are no local moments in the Co compound13

TPP molecules and CN ligands hold closed-shell orbit
The striking difference in the resistance behavior of th
compounds was reported.12,13 This difference suggests th
possibility of the interaction between the one-dimensio
conduction electrons and the local moments.
PRB 620163-1829/2000/62~9!/5839~4!/$15.00
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The Pc molecule has a structure with fourfold symme
and one can expect the degeneracy in the molecular orb
of Pc. It is of great interest how this degeneracy influen
the physical properties.

In order to obtain the clear-cut experimental evidence
the interaction between the one-dimensional conduction
riers and the local moments and explore interesting phen
ena caused by thep-d interplay, we measured magnetores
tance, magnetic susceptibility, and magnetic torque of
title compound. In this paper we report giant negative m
netoresistance, and discuss the possibility of the spin sca
ing of the itinerant electrons by the local moments on
basis of the experimental results of the anisotropy for
field direction of the transport and magnetic properties.

We will make a brief reference to the title compound.12,13

The measured reflectance spectra of the Fe and Co c
pounds show Drude-Lorenz behavior only along thec axis in
agreement with the overlap calculations, and a gap struc
is observed in the spectral region near 1000 cm21.12 The
similar gap is observed in the conventional one-dimensio
conductors (TMTTF)2X ~Refs. 14 and 15! and
(DCNQI)2Li,16 owing to the electron-electron correlation
The transport properties are dominated by the itinerant e
trons created by the strong fluctuation characteristic of
one-dimensional system and the thermal excitation.

Sample crystals were prepared by a conventional elec
chemical method. The crystal system is tetragonal and
space group isP42 /n: a5b521.722(2), c57.448(2) Å.12

The typical shape of the sample is a black needle elong
along thec axis. The typical size of the single crystal
0.1530.1531 mm. We made the gold pads on theac plane
of the sample by the gold vapor deposition and attached
four gold wires to these pads and fixed them by the gold
carbon paint. The typical value of the contact resistance
of the order of 50V. The dc four-probe resistance was me
sured with the current along thec axis under the static mag
netic field up to 18 T. In the measurement of the high res
tance, we applied the constant voltage to the sample and
standard resistance, and measured the sample current an
5839 ©2000 The American Physical Society
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sample voltage. We checked the contact resistance and
Ohmic conduction of the sample under the magnetic field
the low temperature above 20 K. In all the five samples
obtained the results similar to those reported in this pa
Static magnetic susceptibility measurements were perfor
by use of a Quantum Design MPMS-R2 superconduct
quantum interference device~SQUID! susceptometer. The
needlelike sample crystals~0.21 mg! were aligned in a thin
quartz tube. Magnetic torque measurements were carried
by use of an Oxford split magnet~8 T! and a cantilever
magnetometer system. We put the sample~0.02 mg! on the
cantilever. Thebc plane is parallel to the cantilever plan
Thec axis is perpendicular to the rotation axis. We measu
the capacitance of the cantilever during the rotation of
cantilever under the uniform magnetic field and calcula
the susceptibility anisotropy of the sample within theac
plane.

Figure 1 shows the temperature dependence of the m
netoresistance when the field is applied along thea axis and
the c axis. In the absence of an external magnetic field,
resistance increases with lowering the temperature. The
a kink structure in the resistance around 50 K. The semic
ducting behavior is enhanced around 50 K.12 Above 100 K
the resistance may be fitted by an expression of lnr;1/T0.5

or 1/T0.25.17

One can see large negative magnetoresistance belo
K. The negative magnetoresistance has the large depend

FIG. 1. Temperature dependence of the resistivity
TPP@Fe(Pc)(CN)2#2. Negative magnetoresistance is observed
low 50 K. ~a! The resistivity measured in the absence of a field a
under the static magnetic field~18 T! along thea axis and thec
axis. Note that the negative magnetoresistance has the high a
ropy for the field direction.~b! The resistivity measured under var
ous strengths of the magnetic field~0, 6, 12, and 18 T, from top to
bottom!. The field is applied along thea axis. Inset: The resistivity
measured under various strengths of the magnetic field~0, 9, and 18
T, from top to bottom!. The field is applied along thec axis.
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on the field direction. The reduction of the resistance by
applied field is greater for the field along thea axis than
along thec axis. As seen in Figs. 2~a! and~b!, the resistance
decreases with increasing the field strength. It should
noted that the magnetoresistance becomes smaller than
tenth of magnitude of the zero-field resistance under the
plied field of 18 T (Bia) at 20 K. This large negative mag
netoresistance is not caused by a sharp transition such a
metal-insulator transition observed in the manganese ox
andl-BETS2FeCl4.5,6

The reduction of the resistance in the title compound
much larger than the typical value expected in the And
son’s weak localization in the quasi-one-dimension
conductors.18 The temperature dependence of the resista
in the title compound is again in contradiction with the tem
perature dependence ofr;1/T0.5 reported in the Anderson’s
localization in the one-dimensional system.19,20 Thus the
possibility of the Anderson’s localization is ruled out.

The magnetic field suppresses the enhancement of
semiconducting behavior around 50 K as shown in Fig.
The temperature of the resistance kink hardly decreases
der the magnetic field. These experimental results sug
the existence of additional scattering of the itinerant el
trons below 50 K, and the suppression of this additional sc
tering by the applied field.

The title compound has the local moments in the o
dimensional conduction path. One possible origin of t
negative magnetoresistance is the decrease of the spin
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-
d
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FIG. 2. Field dependence of the resistance
TPP@Fe(Pc)(CN)2#2. The resistance decreases with increas
magnetic-field strength. The negative magnetoresistance is
hanced on lowering the temperature. The resistance and the con
tivity are normalized by the zero-field resistance and the zero-fi
conductivity, respectively.~a! The resistance measured for the ma
netic field along thea axis at 20, 25, 30, and 40 K.~b! The resis-
tance measured for the magnetic field along thec axis at 20, 25, 30,
and 40 K.~c! The magnetoconductivity measured in the low-fie
region at 25 K. The solid lines represent the best fit of the data
the equationDs/s(0T)5aB2.
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tering of the conduction electron by the local moments un
the magnetic field. In order to examine the relation betwe
the negative magnetoresistance and the local moments
investigated the anisotropy for the field orientation of t
magnetic properties dominated by the local moments.

Figure 3~a! displays the temperature dependence of
magnetic susceptibility measured by SQUID under the
plied field ~1 T! parallel and perpendicular to thec axis. It is
evident that the susceptibility has the large dependence
the magnetic-field direction. Under the field perpendicular
the c axis, the susceptibility follows the Curie-Weiss la
characteristic of the local moments above 20 K. A lea
squares fit of the data (B'c) gives the Curie constantC
50.81 emu K mol21 and the Weiss temperatureu5213.7
K. The susceptibility along thec axis has a small deviation
from the Curie-Weiss law. Around 20 K, the anomaly
observed only for the field perpendicular to thec axis.12

The authors~M. Matsudaet al.! tried the molecular or-
bital calculations including the Pc ligand and the Fe ato
The second highest occupied molecular orbital and the t
one mainly consist ofdyz , dzx orbitals of the Fe atom. In the
case ofd5 low-spin configuration, there isS51/2 local mo-
ment in these orbitals. According to this calculation, the d
ference between the energy levels of these orbitals is q

FIG. 3. Anisotropy of the magnetic susceptibility o
TPP@Fe(Pc)(CN)2#2. ~a! Temperature dependence of the magne
susceptibility measured by SQUID in the field of 1 T. The field
applied along the direction parallel and perpendicular to thec axis.
The anisotropy of the Curie-Weiss behavior is evident ab
20 K. The molar unit in the susceptibility is one formu
unit of TTP0.5@Fe(Pc)(CN)2#. Inset: Crystal structure o
TPP@Fe(Pc)(CN)2#2 as viewed along thec axis. ~b! Temperature
dependence of the anisotropy in the magnetic susceptibility (Dx
5xa2xc), which is derived from the magnitude of the torqueDT
by use of the relationDx52DT/B2.
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small. Thus we think that the spin-orbit coupling leads t
large anisotropies of theg value and the susceptibility.

The torque measurement gives the straightforward e
dence for the anisotropy of the magnetic susceptibility, wh
the title compound is in a paramagnetic state.21 Figure 3~b!
displays the temperature dependence of the anisotropy o
susceptibility derived from the magnitude of the torqu
Since the sample is rotated within theac plane in this ex-
periment, the magnitude of the torque reflects the anisotr
(Dx5xa2xc) of the susceptibility within theac plane. The
figure shows the Curie-Weiss behavior above 20 K. It
evident that there is a large anisotropy in the Curie-We
paramagnetism. The overall feature of the temperature
pendence ofDx @Fig. 3~b!# is consistent with the SQUID
measurement@Fig. 3~a!# above 20 K. As shown in Fig. 3~b!,
Dx drops abruptly by one-half below 20 K. The detaile
investigation of this anomaly will be left for the further stud
ies.

Let us discuss the relation between the negative mag
toresistance~Figs. 1 and 2! and the magnetic susceptibilit
~Fig. 3!. When the field is applied along thea axis, the large
magnetic susceptibility and the large negative magnetore
tance are observed. Both of them are small for the field p
allel to thec axis. The large~small! negative magnetoresis
tance is observed for the field orientation of the large~small!
susceptibility. This suggests that the magnetic moment
duced by the field causes the negative magnetoresista
This gives the evidence for the correlation (p-d interaction!
between the local moments and the itinerant electrons.

At the present stage, it is unclear whether the nature of
p-d interaction is antiferromagnetic or ferromagnetic. T
theoretical studies suggest that, in the case of an antife
magnetic interaction, the probability of the spin scattering
the itinerant electrons by the local moments increases
lower temperatures, while it decreases in a ferromagn
case.1 An antiferromagnetic interaction enhances the s
scattering of the conduction electrons and thus increases
resistance at lower temperatures. Figures 2~a! and ~b! show
that the reduction of the resistance by the applied field
creases on lowering the temperature. Since this nega
magnetoresistance reflects the magnetic part of the resist
due to the spin scattering, the experimental results sug
the antiferromagnetic interaction.

One possible origin of thep-d interaction is an antiferro-
magnetic one such as thes-d exchange interaction observe
in the Kondo systems. We estimated roughly this excha
interactionJ by the molecular-orbital calculations. The ove
lap integral between the highest occupied molecular orb
~HOMO! and the next HOMO in the neighboring molecul
gives the mixing between the itinerant electrons and the lo
moments V;0.1 eV. The on-site Coulomb energy wa
roughly estimated to beU;1.5 eV according to the earlie
experimental reports.22,23 If one assumes the symmetr
Anderson model for the simplicity, the antiferromagnetic e
change interactionJ;^V&2/U between the itinerant elec
trons and the local moments is estimated to be of order o
K.24

When one applies the field, the population of the loc
moments parallel to the field increases. The magnetic fi
disturbs the free motion of the local moments and redu
the probability of the spin-flip scattering. This can give t
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negative magnetoresistance. For the field orientation of
larger susceptibility, one expects larger negative magnet
sistance. This feature agrees with the experimental resul
shown in Figs. 1~a! and 3~a! and ~b!.

Figure 2~c! shows an example of the magnetoconductiv
normalized by the zero-field conductivity in the low-fie
region at 25 K. The field dependence along thec axis is
similar to that along thea axis. The data may be well fitte
by an expression ofDs/s~0 T)5aB2 as shown by the solid
lines in the figure. HereB denotes the field strength anda is
a constant. This result is in agreement with the theoret
prediction (B2 power law! in the low-field limit.1 Since the
magnetization is proportional to the magnetic field below 5
above 20 K, the negative magnetoresistance~positive mag-
netoconductivity! is proportional to the square of the magn
tization in the low-field region. This result is consistent wi
the spin scattering mechanism.25 The least-squares fit for th
data at 25 K gives the constantaa51.331022 for the field
along thea axis, andac53.131023 along thec axis. The
temperature dependence ofaa follows the power law ofaa
}T25.

Although the title compound has dense 3d local moments
in the conduction path~four S51/2 spins per the unit cell!,
there is the large enhancement of the resistance due to
spin-flip scattering, and the giant negative magnetoresista
appears in the low temperature. The giant negative mag
toresistance reported here is observed in the higher temp
.
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ture range as compared with the typical temperature reg
of the negative magnetoresistance observed in the con
tional Kondo systems.25,26 These features might be chara
teristic of the one dimensionality of thep-d system. The
detailed studies in the microscopic measurements will be
need to clarify the nature of thep-d interaction in the one-
dimensional system. We hope that this paper will stimul
further work in the low-dimensional Kondo systems.

In conclusion, we have found the giant negative mag
toresistance below 50 K in TPP@Fe(Pc)(CN)2#2. This gives
the evidence for the existence of the interaction between
3d local moments and the one-dimensional itinerantp elec-
trons. The reduction of the spin scattering of the itinera
electrons by the local moments under the field is propose
the origin of the giant negative magnetoresistance. The m
netic susceptibility shows anisotropic Curie-Weiss behav
The large~small! negative magnetoresistance is observed
the field orientation for the large~small! susceptibility. This
anisotropy of the susceptibility and the negative magneto
sistance strongly suggests the spin scattering mechanism
the giant negative magnetoresistance.
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14D. Jérome and H.J. Schulz, Adv. Phys.31, 299 ~1982!; D. Jér-
ome, Science252, 1509~1991!.

15T. Giamarchi, Physica B230, 975 ~1997!.
16T. Yamamoto, H. Tajima, and R. Kato, J. Phys. Soc. Jpn.68,

1384 ~1999!.
17S. Lamba and D. Kumar, Phys. Rev. B59, 4752~1999!.
18J.P. Ulmet, L. Bachere, and S. Askenazy, Solid State Commu

67, 145 ~1999!.
19P. Lee and T.V. Ramakrishnan, Rev. Mod. Phys.57, 287 ~1999!.
20S. Kawaji and Y. Kawaguchi,Application of High Magnetic

Fields in Semiconductor Physics, edited by G. Landwehr
~Springer-Verlag, Berlin, 1983!, p. 53.

21P. Christ, W. Biberacher, W. Bensch, H. Mu¨ller, and K. Andres,
Synth. Met.86, 2057~1997!.

22M. Hanack, A. Lange, M. Rein, R. Behnisch, G. Renz, and A
Leverenz, Synth. Met.29, F1 ~1989!.

23K. Yakushi, H. Yamakado, T. Ida, and A. Ugawa, Solid State
Commun.78, 919 ~1991!.

24P.W. Anderson, Phys. Rev.124, 41 ~1961!.
25F.T. Hedgcock, W.B. Muir, T.W. Raudorf, and R. Szmid, Phys

Rev. Lett.20, 457 ~1968!.
26A. Sumiyama, Y. Oda, H. Nagano, Y. Onuki, K. Shibutani, and

T. Komatsubara, J. Phys. Soc. Jpn.55, 1294~1986!.


