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ANOMALOUS TRANSPORT PROPERTIES OF GRAPHITE-CoCly

L. PIRAUX *
Unité de Physico-Chimie et de Physique des Matériaux, place Croix du Sud 1, B-1348
Louvain-la-Neuve, Belgium

Abstract A comparison is made between the anomalies in the resistivity of CoCl2-
GIC's below the Néel temperature and that of metallic antiferromagnets and magnetic
multilayers. Special emphasis is given on the ingredients required for the observation
of the anomalous electrical transport properties in these magnetic systems.

INTROD N

The most remarkable feature of the resistivity of stage-1 CoCl2-GIC's 1-2 is the
sudden increase in the resistivity as the temperature is lowered below the Néel temperature
TN (Fig.1a). Such phenomena have been observed in resistivity measurements with the
current perpendicular 1.2 (py) or parallel 3 (pc) to the c-axis. To date, resistivity increases
not greater than 10% have been reported for stage-1 compounds. The same anomalous
resistivity behavior has been observed in other stage-1 magnetic acceptor GIC's which
exhibit an antiferromagnetic order stacking (along the c-axis) of ferromagnetic spin planes
such as NiCl2-GIC's 4 and CoCl2-GIC's diluted with MgCl2 5.

Though a similar jump in resistivity at Ty has been observed in stage-2 CoCl2-
GIC's 26 (Fig.1b) in both pa and pc measurements, the results are still controversial since
a decrease in the in-plane resistivity of ~1% was initially reported by Yeh and coworkers 1.
The origin of this discrepancy is not yet understood. Regarding the magnitude of the
effect, the situation is also confusing since an increase in pa smaller than 1% was found by
Kinany and coworkers 2 while a giant jump in pa, in excess of 50%, was reported by
Pernot and Vangelisti 6. An anomalous increase of the resistivity of the same functional
form as that observed in stage-1 and stage-2 compounds was also reported 7 in a bi-
intercalation compound C-CoCl2-C-AICI3 below T~10K (Fig.1c). Surprisingly, the
increase in pa observed on this particular sample was as large as ~35%.

In this work, we compare the anomalies observed in the transport properties of
CoCl2-GIC's around Ty with those reported in various metallic antiferromagnets as well
as in magnetic metallic multilayers which likewise exhibit an antiferromagnetic interlayer
exchange coupling.
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Fig.1 : Low temperature variation of the in-plane resistance of stage-1 (a) and stage-2 (b)
CoCly-GIC's in zero magnetic field and under an external field, as indicated; (¢) in-plane
resistivity vs temperature at H=0 for a bi-intercalation compound C-CoCl2-C-AlCl3 (from
ref. 7).

QOMPARISON WITH METALLIC ANTIFERROMAGNETS

An anomalous behavior of the resistivity similar to that observed for CoC12-GIC's
has been seen in several antiferromagnet systems including transition metals (Cr, «-Mn)
8.9, rare-earth metals (Dy, Er) 10.11 and some intermetallics (URu2Si2, UNi2Si2) 12,13,
However, in these systems, the sharp rise in resistivity just below Ty is followed by a
maximum and by a rapid decrease as the temperature is lowered. Fig.2a illustrates the
anomalous resistivity behavior around Ty for single-crystal URu2Si2.

The theoretical model used with some success in explaining this phenomenon
involves two competing mechanisms 14, One is the formation of energy gaps on the Fermi
surface which decreases the effective number of conduction electrons when the gaps
appear in the conduction band and consequently increases the resistivity. The gapping
effect results from magnetic ordering with a periodicity larger than that of the lattice, giving
rise to new Brillouin zone boundaries perpendicular to the c-axis. In these materials, the c-
axis refers to the direction along which the additional magnetic periodicity takes place.
Hall-effect measurements performed on intermetallic compounds confirmed such changes
in the effective number of conduction electrons just below the transition temperature 15, In
a previous model 16, it was stated that, for CoCl2-GIC's, the Fermi-surface effect also
affects the scattering of the conduction electrons in both in-plane and c-axis directions due
to a smaller effective screening of the charged impurities in the antiferromagnetic phase
which enhances the electron scattering.

In the second mechanism, an exchange interaction between the localized spins J and
conduction electron spins g of the type I's.] gives rise to spin disorder scattering. The
reduction of the spin fluctuations as the temperature is lowered below TN leads to a
decrease in the resistivity.
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Fig.2 : Anomalies in the resistivity (a) and thermoelectric power (b) around the
antiferromagnetic transition temperature TN for single-crystal URu2Si2 (from refs. 12 and
20); the curves 1 and 2 in (b) refer to measurements with the heat current parallel and
perpendicular to the c-axis respectively.

In general, the gapping of the Fermi surface only influences electrical transport
along the c-axis 14. As a matter of fact, the anomalous increase of the resistivity below TN
is marked for the c-direction in the above mentioned antiferromagnets, whereas for the
perpendicular direction the anomaly is strongly reduced in magnitude or is even not
observed as for Er, UNi2Ge32, ... In these solids, an abrupt decrease in resistivity with
decreasing temperature below Ty is observed 1113, Such an anisotropy in the resistivity
behavior in the vicinity of Ty is not observed in stage-1 CoCl2-GIC's since a sharp
increase in resistivity of comparable magnitude has been reported along the two directions
13, However, it is premature to draw any conclusion from this observation because of the
highly anisotropic electronic structure of acceptor GIC's and since the mechanisms
responsible for the electrical transport along the c-axis are not yet understood.

One of the most important ingredients associated with the formation of energy gaps
on the Fermi surface is the long-range coherence of the antiferromagnetic
ordering. Neutron scattering measurements have shown that long-range
antiferromagnetic order along the c-axis (>100 A) exists in stage-1 CoCl2-GIC's 17, In
the second stage 18, the correlation length is considerably reduced (20-30 A). This striking
difference between stage-1 CoCl2-GIC's and higher stage compounds has been invoked
by Yeh and coworkers ! to explain the contrasting resistivity behavior observed between
stage-1 and stage-2 compounds. According to this interpretation, the Fermi surface
modification effect is about one order of magnitude larger than the spin disorder effect in
stage-1 CoCl2-GIC's, giving rise to a net increase of resistivity at TN. The Fermi surface
modification effect is not apparent in stage-2 CoCl2-GIC's due to a much smaller magnetic
coherence distance along the c-axis, giving rise to an abrupt decrease in resistivity of about
1% below Ty due to spin fluctuations. However, this model is not consistent with the
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small increase in pa (as small as 0.3%) reported by Kinany and coworkers 2.19 on several
stage-2 compounds and the results of c-axis resistivity measurements given in ref.7.
Because of the short antiferromagnetic correlation length in the bi-intercalation compound
C-CoCl2-C-AICI3, the Fermi-surface modification effect should be considerably reduced.
In addition, since the period of the spin arrangement in bi-intercalation compounds is much
larger than in stage-1 and stage-2 compounds, gaps should be closer to the Brillouin zone
boundaries so that the anomalies in the resistivity should be less marked. This is not
consistent with the observation of the large jump in resistivity shown in Fig.1c.

The magnitude of the resistivity jump at Ty likely depends on the low-T value of
pa. For a given stage, this might explain the puzzling results reported to date since it was
found that CoCl2-GIC's give far more variable and sample-dependent in-plane resistivities
than most other metal chloride-GIC's 7.

In metallic antiferromagnets, the thermoelectric power S was found to be sensitive
to modifications in the Fermi surface and scattering mechanisms at the antiferromagnetic
ordering temperature 820, To illustrate this point, the anomalies in the thermoelectric
power near T=TN for URu2Si2 20 are shown in Fig.2b. In contrast, no marqued
anomalies in the thermoelectric power of first stage CoCl2-GIC's 19 have been observed at
Ty as shown in the S(T) and dS/dT curves (Fig.3a-b) though a small increase in slope in
the S(T) curve seems to appear. However, it is likely that this enhancement in the
thermoelectric power around T~10K corresponds to the onset of the phonon-drag
contribution, as observed in most low-stage acceptor GIC's 21,
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Fig.3 : (a) Variation of the in-plane resistivity and thermoelectric power with temperature
near the antiferromagnetic transition temperature for a stage-1 graphite-CoCly; (b) dR/dT
and dS/dT vs T curves.

In conclusion, it seems that the theoretical model used in explaining the striking
resistivity behavior and anomalies in the thermoelectric power just below TN in usual
metallic antiferromagnets does not reproduce the general features of the resistivity and
thermoelectric power just below Ty in CoCl2-GIC's. Experimental evidence in support of
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partial gapping of the Fermi surface below the transition temperature in CoCl2-GIC's is
still lacking. In particular, no modification of the Fermi surface below Ty was clearly
identified in the experimental investigation of two properties which usually depend
sensitively on the electronic structure, specifically the thermoelectric power and
Shubnikov-de Haas effect 22. Further information on the hypothetical change in the Fermi
surface and associated reduction in the effective number of conduction charge carriers in
CoCl2-GIC's might be obtained from Hall-effect measurements around T.

COMPARISON WITH MAGNETIC MUL TIL.AYERS

The application of a strong enough magnetic field - usually parallel to the CoCly
layer - suppresses the anomalous increase in resistivity below TN (Fig.1a-b), giving rise to
a negative magnetoresistance. It was found that magnetic fields of about 0.1T and 0.03T
are sufficient to completely quench the anomalies in stage-1 and stage-2 compounds
respectively 1,2, The effect of a magnetic field is to overcome the antiferromagnetic
coupling and to force the magnetic moments of all ferromagnetic CoCl) layers to liein a
direction parallel to the applied field. As shown in Fig.4a, the magnitude of the negative
magnetoresistance observed on stage-1 and stage-2 CoCl2-GIC's is relatively small (the
largest value reported to date does not exceed ~10%). However, owing to the fact that a
resistivity increase in zero magnetic field of several tens of percent has been observed
below Ty in a stage-2 compound 6 and in a bi-intercalation compound C-CoCl2-C-AICl3
7, we may anticipate that very large negative magnetoresistances are expected in these
compounds. Further investigation of the low-temperature resistivity of CoCl2-GIC's
should help to clarify the situation.

Such experimental observation bears some ressemblance with the "giant
magnetoresistance effect” observed in metallic magnetic multilayers (Fig.4a-b) 23.
These multilayers are made by the orderly deposition of alternating ultra-thin films of
ferromagnetic (Fe, Co, ...) and non-magnetic metals (Cu, Ag, Ru, Cr, ...). In these
multilayers, the magnetization is usually in the plane of the layers. The last four years have
seen increasing interest in the magnetic properties and magnetotransport properties of these
multilayers. Oscillatory magnetic exchange coupling, i.e. oscillations between
ferromagnetic and antiferromagnetic coupling as a function of the non-magnetic layer
thickness, have been discovered 24. The period of oscillations is much larger than
predicted by the RKKY model and depends on the nature of the non-magnetic layer and its
orientation. Measurements of the resistivity in applied fields of antiferromagnetically
coupled multilayers have led to the observation of giant magnetoresistance effects 23. The
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resistivity drops by a few percent (as in Co/Ru) up to several tens of percent (as in Fe/Cr
or Co/Cu) when the magnetic field is sufficiently large to overcome the antiferromagnetic
coupling between the neighbour magnetic layers.
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Fig.4 : (a) Magnetic field dependence of the resistance of stage-1 (@) and stage-2 (0)
CoCl2-GIC's below TN; (b) Change of the resistance in applied external magnetic fields
for Fe/Cr magnetic multilayers (from ref. 23).

The giant magnetoresistance has been explained on the basis of the two-current
model widely used for ferromagnetic transition metals such as Fe, Co or Ni. In the
absence of spin-flipping processes, the current is carried by the spin T and spin | electrons
in two independent channels. The two currents can be different because the dT and di
densities of states at the Fermi level are different so the s to d scattering rates will be
different for spin T and spin | conduction electrons. The present understanding of the
giant magnetoresistance in magnetic multilayers is based on spin-dependent scattering
at interfaces between the magnetic and non-magnetic layers and, to a lesser extent, within
the magnetic layers . The thickness of the layers must be less than the mean free path of
the conduction electrons. The spin-dependent scattering changes as the magnetic field
reorients the magnetic layers, producing a different resistance for antiparallel and parallel
magnetic arrangements. The resistance is less for the parallel configuration than for the
antiparallel configuration and this difference accounts for the giant magnetoresistance
effect. Recently, giant magnetoresistance has been observed in granular solids containing
magnetic particles 25. In these granular solids, the moments of the ferromagnetic particles
are randomly oriented in zero magnetic field. This is the high resistivity state. When a
magnetic field is applied, the moments of the individual particles align, giving rise to a
decrease in resistivity. It has been proposed that the origin of the giant magnetoresistance
for these systems is similar to that for magnetic multilayers, i.e. based on spin-dependent
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scattering at the interface between the magnetic particles and the non-magnetic metallic
matrix.

In CoCl2-GIC's, the changes in resistivity as the relative orientation of successive
magnetic layers is modified by the application of a magnetic field is similar to that observed
in magnetic multilayers. In both magnetic systems, negative magnetoresistance is
observed though in CoCl2-GIC's the values reported to date do not exceed 10%.

According to the analysis given in Refs 1 and 16, the magnetic scattering in CoCl3-
GIC's can be described in terms of a modified s-d model in which a complicated exchange
coupling mechanism occurs between the 1t conduction electrons and the magnetic d
electrons of the cobalt ions separated by the chlorine layers. Alternatively, one might
envisage an extreme s-d model where the &t electrons are scattered by the magnetic atoms
through n-d hybridization weakened by the large separation between the spins and the &
electrons and by the intervening chlorine layers. Because of the n-d hybridization, the d-
levels of the cobalt ions are broadened to form "'virtual bound states" as introduced by
Friedel 26 for magnetic transition-metal impurity systems. This picture has been further
extended and described formally by Anderson 27. In this approach, the asymmetry
between the spin T and spin ! d-levels leads to spin-dependent scattering which is the
fundamental mechanism producing the giant magnetoresistance effect in magnetic
multilayers and granular systems.

Finally, it should be mentioned that evidence for superposition of intercalate band
and graphitic n-band at the Fermi level was recently found in stage-1 AuCl3-GIC 28. The
presence of such "localized" states at the Fermi energy might also account for the unusually
large in-plane resistivity of this compound invoking interband scattering.
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