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Giant negative magnetoresistance in quasi-one-dimensional conductor TPPe(Pc) (CN),],:
Interplay between local moments and one-dimensional conduction electrons
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We have found giant negative magnetoresistance in the one-dimensional condudit&e(HRIP(CN}],
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.

The interplay between conduction electrons and local The Pc molecule has a structure with fourfold symmetry
magnetic moments has provided a variety of interesting pheand one can expect the degeneracy in the molecular orbitals
nomena such as Kondo effect, Ruderman-Kittel-Kasuyaof Pc. It is of great interest how this degeneracy influences
Yosida interaction, heavy fermion, giant magnetoresistancene physical properties.
and colossal magnetoresistariceThe giant negative mag- | order to obtain the clear-cut experimental evidence for

netoresistance was reported in the manganese Oxiafeh  the interaction between the one-dimensional conduction car-

\-BETS,FeCl,,” and is accompanied or caused by the shariers and the local moments and explore interesting phenom-

metal-insulator transition. ena caused by the-d interplay, we measured magnetoresis-
There have been very few reports on these phenomena nce, magnetic susceptibility, and magnetic torque of the

the one-dimensional system, although theoretical studies Prétie compound. In this paper we report giant negative mag-

dict several attractive i . . S .
phenomena such as Kondo effects in r?etore&stance, and discuss the possibility of the spin scatter-

Luttinger liquid®”® Quasi-one-dimensional molecular con- . -
ductors are good candidates for this research. By introducin Y _Of the ftinerant electrons by the local moments on the
the local momentsd electron into these conductors, the Pasis Of the experimental results of the anisotropy for the
interaction ¢r-d interaction between the one-dimensional 11€!d direction of the transport and magnetic propert|es.3
conduction electrons# electron and the local moments is _ e Will make a brief reference to the title compoulid:
expected to give different electronic states. In fact, interest] Ne measured reflectance spectra of the Fe and Co com-
ing phenomena such as negative magnetoresistance were RQUNds show Drude-Lorenz behavior only alongdteis in
ported in the one-dimensional molecular conductoragreement with the overlap calculations, and a gap structure
[CuNi;_(Pc)](13)1/3,>° where 7 electron in Pc is observed in the spectral region near 1000 &Af The
(=phthalocyaningforms the conduction band anielectron ~ Similar gap is observed in the conventional one-dimensional
in Ci?* affords the local moment. However, owing to the conductors (TMTTF)X (Refs. 14 and 15 and
experimental difficulty, the systematic studies on the anisot{DCNQI),Li,'® owing to the electron-electron correlation.
ropy of this system have not been reported. The negativ@&he transport properties are dominated by the itinerant elec-
magnetoresistance was also reported in the one-dimensiorntabns created by the strong fluctuation characteristic of the
Peierls compound$, and the critical temperature of the one-dimensional system and the thermal excitation.
negative magnetoresistance decreases on increasing theSample crystals were prepared by a conventional electro-
magnetic-field strength. chemical method. The crystal system is tetragonal and the
The title compound THFEe(Pc)(CN})], and the isostruc- space group i$4,/n: a=b=21.7222), c=7.448(2) Al?
tural compound TPRCo(Pc)(CN}], (TPP=tetraphenyl- The typical shape of the sample is a black needle elongated
phosphonium have a one-dimensional conduction bandalong thec axis. The typical size of the single crystal is
coming from ther orbital of Pc, since the partially oxidized 0.15<0.15<1 mm. We made the gold pads on the plane
Pc units stack uniformly along theaxis. The Fe compound of the sample by the gold vapor deposition and attached the
hasS=1/2 local moments of F& in the conduction patl?  four gold wires to these pads and fixed them by the gold and
while there are no local moments in the Co compotihd. carbon paint. The typical value of the contact resistance was
TPP molecules and CN ligands hold closed-shell orbitalsof the order of 50). The dc four-probe resistance was mea-
The striking difference in the resistance behavior of thesesured with the current along tleeaxis under the static mag-
compounds was reporté@® This difference suggests the netic field up to 18 T. In the measurement of the high resis-
possibility of the interaction between the one-dimensionatance, we applied the constant voltage to the sample and the
conduction electrons and the local moments. standard resistance, and measured the sample current and the
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TPHFe(Pc)(CN}],. The resistance decreases with increasing

FIG. 1. Temperature dependence of the resistivity ofmagnetic-field strength. The negative magnetoresistance is en-
TPH Fe(Pc)(CN}],. Negative magnetoresistance is observed be-hanced on lowering the temperature. The resistance and the conduc-
low 50 K. (a) The resistivity measured in the absence of a field andivity are normalized by the zero-field resistance and the zero-field
under the static magnetic field8 T) along thea axis and thec conductivity, respectivelya) The resistance measured for the mag-
axis. Note that the negative magnetoresistance has the high anisetetic field along thea axis at 20, 25, 30, and 40 Kb) The resis-
ropy for the field direction(b) The resistivity measured under vari- tance measured for the magnetic field alongdleeis at 20, 25, 30,
ous strengths of the magnetic figld, 6, 12, and 18 T, from top to  and 40 K.(c) The magnetoconductivity measured in the low-field
bottom). The field is applied along the axis. Inset: The resistivity region at 25 K. The solid lines represent the best fit of the data by
measured under various strengths of the magnetic@@lfl, and 18  the equatiom o/o(0T)= aB?.
T, from top to bottonm. The field is applied along the axis.

on the field direction. The reduction of the resistance by the
sample voltage. We checked the contact resistance and thgplied field is greater for the field along tleeaxis than
Ohmic conduction of the sample under the magnetic field iralong thec axis. As seen in Figs.(2) and(b), the resistance
the low temperature above 20 K. In all the five samples weadecreases with increasing the field strength. It should be
obtained the results similar to those reported in this papemoted that the magnetoresistance becomes smaller than one-
Static magnetic susceptibility measurements were performegnth of magnitude of the zero-field resistance under the ap-
by use of a Quantum Design MPMS-R2 superconductinglied field of 18 T @lla) at 20 K. This large negative mag-
quantum interference devidgSQUID) susceptometer. The netoresistance is not caused by a sharp transition such as the
needlelike sample crystal®.21 mg were aligned in a thin metal-insulator transition observed in the manganese oxides
quartz tube. Magnetic torque measurements were carried oghd\-BETS,FeCl,.>°
by use of an Oxford split magnégB T) and a cantilever The reduction of the resistance in the title compound is
magnetometer system. We put the sanpl®2 mg on the  much larger than the typical value expected in the Ander-
cantilever. Thebc plane is parallel to the cantilever plane. son’'s weak localization in the quasi-one-dimensional
Thec axis is perpendicular to the rotation axis. We measuredonductors® The temperature dependence of the resistance
the capacitance of the cantilever during the rotation of thén the title compound is again in contradiction with the tem-
cantilever under the uniform magnetic field and calculatecherature dependence pf-1/T°° reported in the Anderson’s
the susceptibility anisotropy of the sample within the  localization in the one-dimensional systéf’ Thus the
plane. possibility of the Anderson’s localization is ruled out.

Figure 1 shows the temperature dependence of the mag- The magnetic field suppresses the enhancement of the
netoresistance when the field is applied alongélsis and  semiconducting behavior around 50 K as shown in Fig. 1.
the c axis. In the absence of an external magnetic field, théThe temperature of the resistance kink hardly decreases un-
resistance increases with lowering the temperature. There ger the magnetic field. These experimental results suggest
a kink structure in the resistance around 50 K. The semiconthe existence of additional scattering of the itinerant elec-
ducting behavior is enhanced around 53%Above 100 K  trons below 50 K, and the suppression of this additional scat-
the resistance may be fitted by an expression @fa/T%®  tering by the applied field.
or 1T The title compound has the local moments in the one-

One can see large negative magnetoresistance below Bfimensional conduction path. One possible origin of the
K. The negative magnetoresistance has the large dependenuegative magnetoresistance is the decrease of the spin scat-
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small. Thus we think that the spin-orbit coupling leads the
N A large anisotropies of thg value and the susceptibility.
J':(a) "SFSIEJ[E;(Pc)(CN)Z]Z HlT 1 The torque measurement gives the straightforward evi-
dence for the anisotropy of the magnetic susceptibility, when
the title compound is in a paramagnetic stt&igure 3b)
displays the temperature dependence of the anisotropy of the
susceptibility derived from the magnitude of the torque.
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0.01 Since the sample is rotated within tlae plane in this ex-
| periment, the magnitude of the torque reflects the anisotropy
\__ B/ (Ax=xa— xc) of the susceptibility within thec plane. The
0 ——L—— It figure shows the Curie-Weiss behavior above 20 K. It is
0 50 1(%gmp1£gurg(()g) 250 300 evident that there is a large anisotropy in the Curie-Weiss
paramagnetism. The overall feature of the temperature de-
0'027‘(1)')' R ‘TPP[PL:(Fe)((L,N)Z]Z | pendence ofA y [Fig. 3(b)] is consistent with the SQUID

measuremertFig. 3(a)] above 20 K. As shown in Fig.(B),
Ax drops abruptly by one-half below 20 K. The detailed
investigation of this anomaly will be left for the further stud-
ies.

Let us discuss the relation between the negative magne-
toresistancedFigs. 1 and 2 and the magnetic susceptibility
L | (Fig. 3). When the field is applied along tleaxis, the large
 Torque 8T \M magnetic susceptibility and the large negative magnetoresis-
St N R B tance are observed. Both of them are small for the field par-
0 50 100 150 200 250 allel to thec axis. The larggsmal) negative magnetoresis-

Temperature (K) tance is observed for the field orientation of the lafg@al)

FIG. 3. Anisotropy of the magnetic susceptibility of susceptibility. T_his suggests that the .magnetic momgnt in-
TPH Fe(Pc)(CN}],. (a) Temperature dependence of the magneticduced by the field causes the negative magnetoresistance.
susceptibility measured by SQUID in the field of 1 T. The field is This gives the evidence for the correlation-(i interaction
applied along the direction parallel and perpendicular toctagis. ~ between the local moments and the itinerant electrons.

The anisotropy of the Curie-Weiss behavior is evident above At the present stage, itis unclear whether the nature of the
20 K. The molar unit in the susceptibility is one formula 7-d interaction is antiferromagnetic or ferromagnetic. The
unit of TTR,{Fe(Pc)(CN)]. Inset: Crystal structure of theoretical studies suggest that, in the case of an antiferro-
TPH Fe(Pc)(CNy], as viewed along the axis. (b) Temperature magnetic interaction, the probability of the spin scattering of
dependence of the anisotropy in the magnetic susceptibility ( the itinerant electrons by the local moments increases at
=Xa— Xc), Which is derived from the magnitude of the torg&  lower temperatures, while it decreases in a ferromagnetic
by use of the relatio y=2AT/B?. case! An antiferromagnetic interaction enhances the spin
scattering of the conduction electrons and thus increases the
tering of the conduction electron by the local moments underesistance at lower temperatures. Figurés and (b) show
the magnetic field. In order to examine the relation betweerthat the reduction of the resistance by the applied field in-
the negative magnetoresistance and the local moments, vegeases on lowering the temperature. Since this negative
investigated the anisotropy for the field orientation of themagnetoresistance reflects the magnetic part of the resistance
magnetic properties dominated by the local moments. due to the spin scattering, the experimental results suggest

Figure 3a) displays the temperature dependence of théhe antiferromagnetic interaction.
magnetic susceptibility measured by SQUID under the ap- One possible origin of ther-d interaction is an antiferro-
plied field (1 T) parallel and perpendicular to tleaxis. Itis  magnetic one such as tlsed exchange interaction observed
evident that the susceptibility has the large dependence dn the Kondo systems. We estimated roughly this exchange
the magnetic-field direction. Under the field perpendicular tointeractionJ by the molecular-orbital calculations. The over-
the c axis, the susceptibility follows the Curie-Weiss law lap integral between the highest occupied molecular orbital
characteristic of the local moments above 20 K. A least{HOMO) and the next HOMO in the neighboring molecules
squares fit of the dataB(Lc) gives the Curie constarff  gives the mixing between the itinerant electrons and the local
=0.81 emuKmol?! and the Weiss temperatuge=—13.7 momentsV~0.1 eV. The on-site Coulomb energy was
K. The susceptibility along the axis has a small deviation roughly estimated to b&~1.5 eV according to the earlier
from the Curie-Weiss law. Around 20 K, the anomaly is experimental report&?® If one assumes the symmetric
observed only for the field perpendicular to thexis'? Anderson model for the simplicity, the antiferromagnetic ex-

The authors(M. Matsudaet al) tried the molecular or- change interaction)~(V)?/U between the itinerant elec-
bital calculations including the Pc ligand and the Fe atomtirons and the local moments is estimated to be of order of 60
The second highest occupied molecular orbital and the thirdk.?*
one mainly consist ofl,,, d,, orbitals of the Fe atom. In the When one applies the field, the population of the local
case ofd® low-spin configuration, there iS=1/2 local mo- moments parallel to the field increases. The magnetic field
ment in these orbitals. According to this calculation, the dif-disturbs the free motion of the local moments and reduces
ference between the energy levels of these orbitals is quitde probability of the spin-flip scattering. This can give the

0.01

A x (emu/mol)
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negative magnetoresistance. For the field orientation of th&ure range as compared with the typical temperature region
larger susceptibility, one expects larger negative magnetoref the negative magnetoresistance observed in the conven-
sistance. This feature agrees with the experimental results @®nal Kondo system&2?® These features might be charac-
shown in Figs. (a) and 3a) and (b). ~ teristic of the one dimensionality of the-d system. The

Figure Zc) shows an example of the magnetoconductivity detailed studies in the microscopic measurements will be in
normalized by the zero-field conductivity in the low-field need to clarify the nature of the-d interaction in the one-
region at 25 K. The field dependence along thexis is  gimensional system. We hope that this paper will stimulate
similar to that along the axis. The data may be well fitted ¢, ther work in the low-dimensional Kondo systems

. _ 2 . "

by an expression oho/a(0 T)=aB” as shown by the solid In conclusion, we have found the giant negative magne-
lines in the flgu.re. HerB.de_notes the field sprength aadis _ toresistance below 50 K in TPPe(Pc)(CN}],. This gives
a constant. This result is in agreement with the theoreticaie eyigence for the existence of the interaction between the
predlctlt_)n B power Iavx? in the low-field "”T"t-. Since the 3 |5cal moments and the one-dimensional itinerarelec-
magnetization is proportional to the magnetic field below 5 Ty o5 “The reduction of the spin scattering of the itinerant
above 20 K, the negative magnetoresista(@esitive mag-  gjectrons by the local moments under the field is proposed as
netoconductivity is proportional to the square of the magne- e origin of the giant negative magnetoresistance. The mag-
tization in the low-field region. This result is consistent with haie gsceptibility shows anisotropic Curie-Weiss behavior.
the spin scattering mechan|§ﬁ1Th_e Ieast-sglzjares fitfor the g |arge(smal) negative magnetoresistance is observed in
data at 25 K gives the Eonstamgrsl.SX 10"~ for the field ¢ field orientation for the largesmal) susceptibility. This
along thea axis, anda,=3.1xX10"" along thec axis. The  4nisotropy of the susceptibility and the negative magnetore-
temperature dependence @f follows the power law ofra  gjstance strongly suggests the spin scattering mechanism for

-5
T2, . the giant negative magnetoresistance.
Although the title compound has denseé [®cal moments
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