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Abstract. Stage-1 CucCo1−cCl2 graphite intercalation compounds approximate quasi-two-
dimensional (2D) random spin systems with competing ferromagnetic and antiferromagnetic
intraplanar exchange interactions. The temperature dependence of the in-plane electrical resist-
ivity of these compounds has been measured near critical temperatures. The magnetic resistivity
ζmag consists of the long-range spin-order partζLS and the spin-fluctuation partζSF . For
0 6 c 6 0.2 the long-range spin-order partζLS is dominant: the temperature dependence of
ζLS is described by a smeared power law with an exponent 2β, whereβ is the critical exponent
of staggered magnetization. For 0.3 6 c 6 0.4 the spin-fluctuation partζSF becomes larger
than ζLS . For 0.5 6 c 6 0.95 no appreciable magnetic resistivity is observed. Forc = 1 the
derivative−dζmag/dT shows a small peak at around 67 K due to the growth of short-range spin
order which is characteristic of the 2D Heisenberg antiferromagnet. The critical behaviour of the
in-plane resistivity can be explained in terms of a model based onπ– d exchange interactions
betweenπ -electrons in the graphite layers and magnetic spins in the intercalate layers. Theπ -
electrons are scattered by spins of a virtual antiferromagnetic in-plane spin configuration arising
from the superposition of two ferromagnetic in-plane structures with spin directions antiparallel
to each other. Theπ– d exchange interactions of these compounds are also discussed.

1. Introduction

Recently transport properties of magnetic graphite intercalation compounds (GICs) near a
critical temperatureTc for the magnetic phase transition have aroused considerable interest
[1–9]. In these compoundsπ -electrons in the graphite layers interact with magnetic spins
in the intercalate layers throughπ– d exchange interactions. Consequently the electrical
conduction ofπ -electrons in the graphite layers is influenced by both the long-range spin
order appearing belowTc and the short-range spin order starting to grow well aboveTc in
the intercalate layers. In a previous paper [9] we have reported that the in-plane electrical
resistivity of stage-1 CocM1−cCl2 GICs (M = Mn and Mg) withc ≈ 1 drastically increases
with decreasing temperature belowTc. In order to explain such an anomaly for stage-
1 CoCl2 GICs we have proposed a model (see section 2 for details) based on theπ– d
exchange interaction which is defined as [2]

Hπ−d = −
∑
R

Jπ−d(r − R)σr · SR (1)

whereSR is the spin vector of Co2+ at the positionR in the intercalate layer andσr is
the spin vector of theπ -electron atr in the graphite layer. In this compound the two-
dimensional (2D) ferromagnetic layers are antiferromagnetically stacked along thec-axis
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belowTc: these adjacent intercalate layers are structurally correlated. Theπ -electrons in the
graphite layer are coupled with Co2+ spins in the two nearest-neighbour (N.N.) intercalate
layers through theπ– d exchange interactions. Theπ -electrons can be treated as if they
are scattered by antiferromagnetically ordered Co2+ spins in one intercalate layer (2D
antiferromagnet) located at a distance from the graphite layer. The magnetic resistivity near
Tc is predicted to be described as a sum of the resistivity due to the staggered magnetization
and that due to the staggered susceptibility or antiferromagnetic spin fluctuation. The drastic
increase of the in-plane resistivity belowTc for stage-1 CocM1−cCl2 GICs withc ≈ 1 mainly
comes from the temperature dependence of the staggered magnetization. The resistivity due
to spin fluctuations is much smaller than that due to the staggered magnetization.

In this paper we report experimental results on the temperature dependence of the in-
plane electrical resistivity for stage-1 CucCo1−cCl2 GICs in the temperature range between
4.6 and 300 K. In these compounds Cu2+ and Co2+ spins are randomly distributed on a
triangular lattice in the CucCo1−cCl2 layers. In spite of relatively shortc-axis repeat distance
for stage-1 compounds, the interplanar exchange interaction is much weaker than the
intraplanar exchange interaction. The ferromagnetic intraplanar exchange interaction bet-
ween Co2+ spins competes with the antiferromagnetic intraplanar exchange interaction
between Cu2+ spins. The growth of the in-plane spin-correlation length nearTc is limited
by a spin-frustration effect arising from this competition. This spin-frustration effect is
enhanced as the Cu concentration increases, suggesting that the resistivity due to spin
fluctuations becomes dominant compared with that due to long-range spin order. The
temperature dependence of the in-plane resistivity nearTc is discussed in terms of our
model.

In section 2 we present a brief review on the magnetic properties of stage-2 CucCo1−cCl2
GICs [10, 11]. We also give a brief review on our model for the in-plane resistivity of
stage-1 CoCl2 GICs nearTc. In section 3 we discuss the experimental procedure. In section
4 we report the experimental results on(00L) x-ray scattering, in-plane resistivity, and
ac magnetic susceptibility for stage-1 CucCo1−cCl2 GICs. In section 5 the temperature
dependence of the in-plane resistivity nearTc is discussed in the light of our model.

2. Background

2.1. Magnetic properties of stage-2 CucCo1−cCl2 GICs [10, 11]

The magnetic properties of stage-2 CucCo1−cCl2 GICs are considered to be almost the
same as those of stage-1 CucCo1−cCl2 GICs. Here we show the magnetic properties of
stage-2 CucCo1−cCl2 GICs which have been studied in detail [11]. The stage-2 CoCl2

GIC magnetically behaves like a two-dimensional (2D) Heisenberg ferromagnet (fictitious
spin S = 1/2) with large XY anisotropy. The Co2+ ions form a triangular lattice with
side a = 3.55 Å. The spin Hamiltonian for Co2+ ions is described by the intraplanar
exchange interaction (J = 7.75 K), the anisotropic exchange interactionJA (JA/J = 0.48)
showingXY anisotropy, and the antiferromagnetic interplanar exchange interactionJ ′. The
antiferromagnetic interplanar exchange interaction is very weak compared to the intraplanar
exchange interaction:|J ′|/J = 8 × 10−4. This compound shows two magnetic phase
transitions atTcu = 9.1 K and Tcl = 8.0 K. Above Tcu the system is in the paramagnetic
phase. In the intermediate phase betweenTcl andTcu the system has 2D spin ordering. There
is no spin correlation between adjacent CoCl2 layers. BelowTcl the 3D antiferromagnetic
phase occurs: the 2D ferromagnetic layers are antiferromagnetically stacked along thec-
axis. The stage-2 CuCl2 GIC magnetically behaves like a 2D Heisenberg antiferromagnet
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on an isosceles triangular lattice with one short side (a = 3.30 Å) and two longer sides
(b = 3.72 Å). The average exchange interaction between Cu2+ spins is antiferromagnetic
and is given by〈J 〉 = −34 K. No magnetic phase transition is observed either by dc
magnetic susceptibility down to 1.5 K or by magnetic neutron scattering down to 0.3 K, due
to the spin-frustration effect arising from the fully frustrated nature of the antiferromagnet
on the triangular lattice.

Stage-2 CucCo1−cCl2 GICs provide a model system for studying the phase transition of
spin-frustrated systems having competing ferromagnetic and antiferromagnetic interactions.
The Cu2+ ion is a magnetic Jahn–Teller ion and the Co2+ ion is a magnetic non-
Jahn–Teller ion. These ions are randomly distributed over the same intercalate layer.
The intraplanar exchange interaction between Cu2+ spins is antiferromagnetic, while the
intraplanar exchange interaction between Co2+ spins is ferromagnetic. The sign of the
Curie–Weiss temperature changes from positive to negative with increasing Cu concentration
at aroundc = 0.80 to 0.85. The intraplanar exchange interactionJ (Cu–Co) between Cu2+

and Co2+ spins is ferromagnetic and increases with increasing Cu concentration. Those
systems withc < 0.9 undergo a ferromagnetic phase transition at the critical temperature
Tc. The irreversible effect of magnetization is observed belowTc: the zero-field-cooled
(ZFC) magnetization deviates downward from the field-cooled (FC) magnetization below
Tc and shows a broad peak at a temperatureTmax . The low-temperature phase below
Tc may correspond to a cluster glass phase where the spin direction of ferromagnetic
clusters is frozen because of frustrated inter-island interactions which include a dipole–
dipole interaction and an interplanar antiferromagnetic interaction. The critical temperature
Tc increases asc increases and exhibits a broad maximum at aroundc = 0.5. This
enhancement ofTc is partly due to the ferromagnetic interactionJ (Cu–Co). No magnetic
phase transition is observed for 0.9 < c < 1 because of the spin-frustration effects arising
from (i) the competition between ferromagneticJ (Cu–Co) and antiferromagneticJ (Cu–Cu)
interactions, and (ii) the fully frustrated nature of the antiferromagnet on the triangular
lattice.

2.2. The model for in-plane resistivity of the stage-1 CoCl2 GIC [9]

We present a brief review of our model for the in-plane resistivity in the stage-1 CoCl2

GIC due to the long-range spin order and spin fluctuation. Structurally the CoCl2 layers
stack in an orderedαβγαβγ rhombohedral sequence. The translation of theα-CoCl2 layer
by the vectorsδ (=(2a + b)/3) and−δ gives rise toβ- andγ -CoCl2 layers, respectively,
wherea andb are the primitive lattice vectors:|a| = |b| = 3.55 Å and the angle between
a and b is 120◦. The Co2+ spins in each CoCl2 layer become ferromagnetically ordered
at low temperatures. BelowTc these 2D ferromagnetic layers are antiferromagnetically
stacked along thec-axis [12, 13]. Theπ -electrons in the graphite layers are magnetically
coupled with Co2+ spins of the CoCl2 layers through theπ– d exchange interaction. The
electrical conduction ofπ -electrons is influenced by the existence of long-range in-plane
spin orders of CoCl2 layers. Theπ -electrons experience two kinds of molecular field which
are antiparallel to each other. These molecular fields arise from the Co2+ spins of two
structurally correlated CoCl2 layers next to the graphite layer. Forπ -electrons theπ– d
interaction effect from Co2+ spins in one N.N. CoCl2 layer is exactly the same as that in
the other N.N. CoCl2 layer, implying that the scattering ofπ -electrons by Co2+ spins is
equivalent to that by Co2+ spins in the resultant antiferromagnetic in-plane spin configuration
which is formed of the superposition of the in-plane ferromagnetic spin configurations of
Co2+ in these two CoCl2 layers. In other words, theπ -electrons in the graphite layer can
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be treated as if they are scattered by antiferromagnetically ordered Co2+ spins in one CoCl2

layer (2D antiferromagnet), which is located at a distance 4.72Å from the graphite layer.
The in-plane resistivity of the stage-1 CoCl2 GIC is reduced to that for the 2D

antiferromagnet. For the elastic scattering the magnetic resistivity of the system due to
the π– d exchange interaction is described as

ρmag = ρ0
mag

πk2
F

∫ 2kF

0
dQ f (Q)0(Q) (2)

whereQ is the in-plane scattering wave vector,0(Q) is the Fourier transform of the spin-
correlation function,kF is the Fermi wave number,ρ0

mag is the electrical resistivity in the
high-temperature limit, and the functionf (Q) is defined by

f (Q) = Q2√
4k2

F − Q2
. (3)

The functionf (Q) is equal to zero atQ = 0 and monotonically increases with increasing
Q. The spin-correlation function0(Q) nearQ = Q0 can be described by

0(Q) = χ(Q) = χ(Q0)

1 + |Q − Q0|2/κ2
(4)

whereQ0 is the in-plane wave vector for the antiferromagnetic Bragg point,κ is the spin-
correlation length,χ(Q = Q0) = χsT and the staggered susceptibilityχs diverges atTc:
χs ≈ κ−2+η. Note thatν and η are the critical exponent of spin-correlation length and
the Fisher–Burford critical exponent, respectively, forT > Tc. Then the resistivityρmag is
predicted asρmag ≈ κχ(Q = Q0) ≈ κ−1+η, or the form

ρmag = ρ2|t |ν(−1+η) (T > Tc) (5)

where t = (T − Tc)/Tc and ρ2 is a constant with the dimension of resistivity. This form
indicates thatρmag diverges atTc on approachingTc from above sinceη is a small positive
value. On the other hand, the spin-correlation function0(Q) below Tc is described as

0(Q) = 〈SQ=Q0〉2δ(Q − Q0) + χ(Q0)

1 + |Q − Q0|2/κ2
(6)

where 〈SQ=Q0〉 is proportional to the staggered magnetizationMs of the system. The
magnetizationMs varies with temperature as|t |β , where β is the critical exponent of
magnetization. Thenρmag is given by a sum of the contributions related to the staggered
magnetization and staggered susceptibility, or the form

ρmag ≈ ρ ′
1|t |2β + ρ ′

2|t |ν
′(−1+η′) (T < Tc) (7)

where ρ ′
1 and ρ ′

2 are constants with the dimension of resistivity,ν ′ and η′ are the
corresponding critical exponents forT < Tc. In the limit of ρ ′

1 � ρ ′
2 the resistivity

ρmag varies with temperature as|t |2β . In the above discussion we neglect the effect arising
from the fact that the spins separated by a distance greater than the electron mean free path
cannot scatterπ -electrons coherently. If this effect is appropriately included in the model,
the divergence of the resistivity in (5) and (7) nearTc may be greatly suppressed [14, 15].
The model described above is expected to be applicable to the in-plane resistivity of stage-1
CucCo1−cCl2 GICs with low Cu concentrationc.
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3. Experimental procedure

Intercalants were prepared from reagent-grade CuCl2 and CoCl2 powders. These powders
were dehydrated at 350◦C in the presence of HCl gas at one atmosphere. Single crystals of
CucCo1−cCl2 over the entire range of Cu concentrations were grown by heating a mixture
of dehydrated CuCl2 and CoCl2 with nominal weight composition at 780◦C in a quartz
tube sealed in vacuum. CucCo1−cCl2 GIC samples withc > 0.2 were synthesized by inter-
calation of CucCo1−cCl2 into highly oriented pyrolytic graphite (HOPG): the mixture of
HOPG and CucCo1−cCl2 was heated at 450◦C for 14 days in Pyrex glass sealed in vacuum.
The stage-1 CoCl2 GIC sample was synthesized by intercalation of CoCl2 into single-crystal
kish graphite (SCKG): the mixture of SCKG and CoCl2 was heated at 520◦C for 20 days
in the presence of chlorine gas at a pressure of 740 Torr.

Table 1. Fraction of stage 1 for CucCo1−cCl2 GIC samples with stoichiometry CnCucCo1−cCl2,
wherec is the nominal Cu concentration. The fraction of stage 1 can be estimated from (11)
with the integrated intensity ratio of(002)1 reflection for stage 1 to(003)2 reflection for stage 2.

c n Ratio Stage 1 (%)

0 5.76 ≈100
0.20 8.08 ≈100
0.30 6.39
0.40 7.51 4.85 72
0.50 6.85 3.97 69
0.60 8.49 0.96 53
0.70 9.16 2.87 66
0.80 5.70 1.67 60
0.85 8.39
0.90 8.40 2.02 62
0.98 7.11
1 6.85 ≈100

The staging structure of CucCo1−cCl2 GIC samples was determined from(00L) x-ray
scattering measurements made at 295 K using a Huber double-circle diffractometer with
a Mo Kα x-ray radiation source (1.5 kW) and HOPG monochromator. An entrance slit
of 2 × 2 mm2 was placed between the monochromator and the sample. The x-ray beam
diffracted by the sample was collimated using an exit slit of 1× 1 mm2 and detected with
a Bicron photomultiplier tube.

The Cu concentration of the CucCo1−cCl2 GIC samples was determined from
dc magnetic susceptibility and electron microprobe measurement. The dc magnetic
susceptibility was measured using a Faraday balance method in the temperature range
between 100 and 300 K. A quartz bucket containing the sample was suspended from a
fine quartz fibre attached to a Cahn electrobalance. The dc magnetic susceptibility of
CucCo1−cCl2 GICs obeys the Curie–Weiss law in the temperature range between 150 and
300 K [10]. The effective magnetic momentPeff (c) derived from the Curie–Weiss constant
is predicted as

Peff (c) = [cP 2
eff (Cu2+) + (1 − c)P 2

eff (Co2+)]1/2 (8)

from a molecular-field theory, wherePeff (Cu2+) (=2.33µB) and Peff (Co2+) (=5.51µB)

are the effective magnetic moments of Cu2+ and Co2+ spins for the stage-1 CuCl2 GIC
[11] and CoCl2 GIC [16], respectively. The macroscopic Cu concentrationc for each
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Figure 1. (00L) x-ray diffraction patterns for CucCo1−cCl2 GIC samples with (a)c = 0.20 and
(b) c = 0.40 at 295 K, whereQc is the wave number along thec∗-axis. (c)L(1)-dependence
of the peak shift1(1)

PS of the (00L)1 Bragg reflection fromQ
(1)
c = (2π/d1)L

(1) for samples
with c = 0.20 (•), 0.40 (◦), and 0.60 (N), whereL(1) is the Bragg index for stage 1. (d)
L(2)-dependence of1(2)

PS of the (00L)2 Bragg reflection fromQ
(2)
c = (2π/d2)L

(2) for samples
with c = 0.40 (◦) and 0.60 (N), whereL(2) is the Bragg index for stage 2.
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Figure 1. (Continued)
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Figure 2. The temperature dependence of the normalized in-plane resistivity defined by
ζ = ρa(T )/ρa(T = 290 K) and−dζ/dT (shown in the inset) for the stage-1 CoCl2 GIC
nearTc [9]. The dotted line is the extrapolation ofζnon−mag from the high-temperature side.

sample estimated from (8) with the measured value ofPeff (c) is in good agreement with
a nominal Cu concentration of the CucCo1−cCl2 bulk sample. The electron microprobe
measurement was carried out using a scanning electron microscope (Model Hitachi S-450).
Electrons having a kinetic energy of 20 keV penetrated the sample to a depth of the order of
2 µm, and spread out to a similar distance. The quoted concentration is the averaged value
of measurements over several different points in the sample. The Cu concentration thus
determined is also in good agreement with nominal Cu concentration of the CucCo1−cCl2
bulk sample.

The stoichiometry (CnCucCo1−cCl2) of each sample was determined from weight uptake
measurements. The values ofn for each Cu concentration are listed in table 1. The values
of n for c = 0.20, 0.40, 0.60, 0.70, 0.85, 0.90, and 0.98 deviate from the ideal value
of n: n ≈ 4.1 for stage 1. This deviation may arise for the following reasons: (i) the
formation of small islands in intercalate layers, leading to an incomplete filling factor, (ii)
the mixture of fractions with stage 1 and the higher stage number (see section 4), and (iii)
the Hendricks–Teller stage disorder (see section 4).

The in-plane electrical resistivity of CucCo1−cCl2 GICs was measured in the temperature
range between 4.6 and 300 K using a conventional four-probe method. The samples had a
rectangular form with typically a 7 mm× 2 mm base and a height of 0.5 mm. Four thin
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Figure 3. The temperature dependence ofζ and−dζ/dT (shown in the inset) for the stage-1
CucCo1−cCl2 GIC with c = 0.20 nearTc. The dotted line is the extrapolation ofζnon−mag from
the high-temperature side.

gold wires (25µm in diameter) as the current and voltage probes were attached to the base
of the sample with silver paste (4922N, du Pont) which was diluted with 2-butoxyethyl
acetate: voltage probes were located on a straight line between current probes. The sample
was mounted on the copper surface of a heat sink which was electrically insulated by a
varnish (GE-7031). The current (typically 1–50 mA) was supplied through the current
probes by a programmable current source (Keithley, Model 224). The voltage generated
across the voltage probes was measured by a digital nanovoltmeter (Keithley, Model 181).
The temperatures of samples were measured with a silicon diode sensor (DT-470, SD13)
embedded in the copper heat sink, which was supplied by a 10µA current source. We note
that the absolute value of the resistivity cannot be exactly determined by the four-probe
method used here. The measured resistivity is very sensitive to the location of probes, the
area of silver paste on the sample surface, the distance between voltage probes, the degree of
roughness of sample surfaces, and so on. Hereafter we report only the normalized in-plane
resistivity defined byζ(T ) (=ρa(T )/ρa(290 K)), which is independent of the above factors.

The critical temperatures of CucCo1−cCl2 GICs were determined from ac magnetic
susceptibility measurement made by a conventional ac Hartshorn bridge method in the
temperature range between 4.6 and 25 K. An ac magnetic field (0.3 Oe) of 330 Hz was
applied in an arbitrary direction in thec-plane of the samples.
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4. Results

4.1. Sample characterization:(00L) x-ray scattering

The c-axis stacking sequence of CucCo1−cCl2 GIC samples was determined from(00L)

x-ray diffraction. Figures 1(a) and 1(b) show the(00L) x-ray scattering intensities for
CucCo1−cCl2 GICs with c = 0.20 andc = 0.40 at 295 K, respectively. In figure 1(a)
most peaks are indexed to stage-1 reflections(00L)1 with a c-axis repeat distance of
d1 = 9.481 ± 0.002 Å. In figure 1(b) strong peaks are indexed to stage-1 reflections
(00L)1 with d1 = 9.48± 0.02 Å and weak peaks are indexed to stage-2 reflections(00L)2

with the c-axis repeat distanced2 = 12.93± 0.03 Å, indicating a mixture of majority stage
1 and minority stage 2. The ratio of the fraction with stage-1 structure to that with stage-2
structure can be estimated from the integrated intensities of stage-1 reflection(002)1 and
stage-2 reflection(003)2. The (00L) x-ray intensities for systems with ideal stage-1 and
stage-2 packages for CucCo1−cCl2 GICs are calculated as

Ĩ (00L)1 = {ρGfG(Q(1)
c ) + (−1)L[ρCofCo(Q

(1)
c )

+ ρCufCu(Q
(1)
c ) + 2ρClfCl(Q

(1)
c ) cos(Q(1)

c z1)]}2 (9)

and

Ĩ (00L)2 = {2ρGfG(Q(2)
c ) cos(Q(2)

c c1) + ρCofCo(Q
(2)
c )

+ ρCufCu(Q
(2)
c ) + 2ρClfCl(Q

(2)
c ) cos(Q(2)

c z1)]}2 (10)

respectively, wherefi is the atomic form factor depending onQ(1)
c andQ(2)

c , ρi is the density
of atom i, z1 is the distance between the CucCo1−c layer and the Cl layer,Q(1)

c = 2πL/d1,
Q(2)

c = 2πL/d2, L is the Bragg index, andc1 the distance between the CucCo1−c layer
and the graphite layer. Then the probabilities of finding stage-1 packages (p1) and stage-2
packages (p2) in a sample with a mixture of stage 1 and stage 2 are estimated from the
relation

I (002)1

I (003)2
= p2

1

p2
2

Ĩ (002)1

Ĩ (003)2

(11)

with p1 + p2 = 1, where I (002)1 and I (003)2 are the integrated x-ray intensities
for stage-1 reflection(002)1 and for stage-2(003)2 reflection. Since the atomic form
factor fCo(Qc = 0) is almost the same asfCu(Qc = 0), the intensitiesĨ (002)1 and
Ĩ (003)2 are assumed to be independent of Cu concentration. For convenience we use
the ratio Ĩ (002)1/Ĩ (003)2 = 0.775 for the CoCl2 GIC, whereρG = 4.17, ρCo = ρCl =
1, z1 = 1.39 Å, c1 = 4.72 Å, d1 = 9.439 Å, d2 = 12.789 Å, Q(1)

c = 1.313 Å
−1

and

Q(2)
c = 1.474 Å

−1
. The values ofp1 for each sample thus determined are listed in table 1.

Here we note that these values ofp1 andp2 give only rough estimates for the fractions
of stage-1 and stage-2 structures. For example, even well-defined(00L) Bragg reflections
for stage 1 in figure 1(a) do not necessarily imply thatp1 = 1 because of the possibility for
Hendricks–Teller stage disorder [17] with a random arrangement of packages with different
stages along thec-axis. The effect of Hendricks–Teller stage disorder on the(00L) x-ray
diffraction pattern for MCl2 GIC (M = Co, Ni, Mn) has been theoretically discussed in
a previous paper [18]. It is characterized by (i) the full width at half-maximum (FWHM)
of Bragg reflections varying with the Bragg indexL and (ii) the peak shift1PS of Bragg
reflections from that of the pure stage varying with the Bragg indexL. Figure 1(c) shows
the L(1)-dependence of the peak shift1

(1)
PS of the stage-1(00L) Bragg reflection from the

average positionQ(1)
c = (2π/d1)L

(1) for samples withc = 0.20, 0.40, and 0.60, whereL(1)
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is the stage-1 Bragg index. The peak shift1
(1)
PS for c = 0.20, 0.40, and 0.60 oscillates with

the Bragg indexL(1): a local maximum atL(1) = 2 and local minima atL(1) = 3 and 6. The
amplitude of the oscillation in1(1)

PS becomes large with increasing Cu concentration. When
stage-1 and stage-2 packages with the probabilities ofg1 andg2 (g1 � 0.5 andg1+g2 = 1)

are randomly arranged along thec-axis, the Hendricks–Teller stage-disorder-induced peak
shift 1

(1)
PS for the CoCl2 GIC is predicted by [18]

1
(1)
PS = − g2

g1d1
sin(Q(1)

c c2) (12)

wherec2 (= 3.35 Å) is the separation distance between graphite layers with no intervening
CoCl2 layer. The peak shift1(1)

PS sinusoidally varies with the Bragg indexL(1). For
d1 = 9.439 Å for the stage-1 CoCl2 GIC the peak shift has local minima atL(1) = 2, 5 and
8, and local maxima atL(1) = 1, 3–4, and 6, which indicates that the observed variation of
1

(1)
PS with L(1) in figure 1(c) is due to the Hendricks–Teller stage disorder with the random

arrangements of majority stage-1 and minority stage-2 packages along thec-axis. According
to (12) the amplitude of the oscillation in1(1)

PS is proportional to the ratiog2/g1. From the
value of1(1)

PS at L(1) = 2 the ratiog2/g1 can be estimated as 0.01 forc = 0.20, 0.13 for
c = 0.40, and 0.12 forc = 0.60, indicating that the degree of stage disorder becomes higher
as the Cu concentration increases.

Figure 1(d) shows theL-dependence of the peak shift1
(2)
PS of the stage-2(00L) Bragg

reflection from the average positionQ(2)
c = (2π/d2)L

(2) for samples withc = 0.40 and
c = 0.60, whereL(2) is the Bragg index for stage 2. The peak shifts1

(2)
PS for c = 0.40

and c = 0.60 change with the Bragg indexL(2): a local maximum atL(2) ≈ 5–6 and
local minima atL(2) = 4 and 8. When stage-1, stage-2 and stage-3 packages with the
probabilitiesg1, g2 andg3 (g2 � 0.5 andg1 + g2 + g3 = 1) are randomly arranged along
the c-axis, the peak shift1(2)

PS is predicted by [18]

1
(2)
PS = g1 − g3

g2d2
sin(Q(2)

c c2) (13)

which also sinusoidally varies with the Bragg indexL(2). For d2 = 12.789 Å for the CoCl2
GIC the peak shift has local maxima atL(2) = 1, 5, and 8–9, and local minima atL(2) = 3
and 7 forg1 > g3, and local maxima atL(2) = 3 and 7 and local minima atL(2) = 1, 5,
and 8–9 forg1 < g3. The comparison between the experimental results shown in figure
1(d) and the above prediction indicates thatg1 < g3 for both c = 0.40 andc = 0.60.

In summary, we find that both mixture of stages and Hendricks–Teller stage disorder
occur in CucCo1−cCl2 GIC samples. The stage-1 fraction is relatively larger than stage-2 and
stage-3 fractions. Hereafter, for convenience, the samples used in the present experiment
are denoted by stage-1 CucCo1−cCl2 GICs.

4.2. Magnetic resistivity

The temperature dependence of the in-plane resistivityρa(T ) of stage-1 CucCo1−cCl2 GICs
with c = 0, 0.20, 0.30, 0.40, 0.50, 0.60 0.70, 0.80, 0.90, 0.98, and 1 has been measured near
critical temperatures. In figure 2 we show the temperature dependence of the normalized
in-plane resistivityζ(T ) for c = 0 nearTc, which has been reported in the previous paper
[9]. The in-plane resistivityζ(T ) exhibits a drastic increase below≈10 K with decreasing
temperature and almost saturates near 5 K. The degree of this drastic increase inζ can be
estimated from a relative value defined by

1ζ̃ =
(

ζsat

ζmin

− 1

)
× 100 (%) (14)
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Figure 4. The temperature dependences ofζ and dζ/dT (shown in the inset) for the stage-1
CucCo1−cCl2 GIC with c = 0.30 nearTc. The dotted line is the extrapolation ofζnon−mag from
the high-temperature side.

whereζsat andζmin are the saturated value ofζ at the lowest temperature and the minimum
value of ζ , respectively. We find that our result for1ζ̃ (=9.7%) for c = 0 agrees well
with that reported by Yehet al [1] (10%). In the inset of figure 2 we show the temperature
dependence of−dζ/dT for c = 0, which exhibits a sharp peak with a peak value of
0.025 K−1 at around 8.73 K. This peak temperature is assumed to coincide with the critical
temperatureTc, below which the 2D ferromagnetic CoCl2 layers are antiferromagnetically
stacked along thec-axis. Figure 3 shows the temperature dependence ofζ for c = 0.20
for 4.6 6 T 6 12 K. Like the temperature dependence ofζ for c = 0, ζ for c = 0.20
also shows a drastic increase with decreasing temperature below≈10.5 K and saturates
near 5 K. The relative value1ζ̃ for c = 0.20 is estimated as 2.2%, indicating that1ζ̃

rapidly decreases with increasing Cu concentration. In the inset of figure 3 we show the
temperature dependence of−dζ/dT for c = 0.20, which has a relatively broad peak with
a peak value of 0.0056 K−1 at Tc = 9.30 K.

Figure 4 shows the temperature dependence ofζ for c = 0.30 for 4.6 6 T 6 20 K.
Clearly it is very different from that forc = 0 and 0.20: the in-plane resistivityζ for c = 0.30
increases with increasing temperature, showing a step-like increase in the temperature range
between 8 and 11 K. In the inset of figure 4 we show the temperature dependence of dζ/dT

for c = 0.30, which has a positive sign for 4.6 6 T 6 300 K and exhibits a very broad
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Figure 5. The temperature dependences ofζ and−dζ/dT (shown in the inset) for the stage-1
CucCo1−cCl2 GIC with c = 0.40 nearTc. The dotted line is the extrapolation ofζnon−mag from
the high-temperature side.

peak with a peak value of 0.001 K−1 nearTc = 9.43± 0.02 K. The peak value of|dζ/dT |
for c = 0.30 is much smaller than that forc = 0 andc = 0.20.

Figure 5 shows the temperature dependence ofζ for c = 0.40. The resistivityζ has a
small broad peak centred at 10.2 K. Except for this peak,ζ monotonically increases with
increasing temperature. In the inset of figure 5 we show the temperature dependence of
−dζ/dT for c = 0.40, which is very different from those forc = 0, 0.20, and 0.30. It
has a negative local minimum of−0.001 K−1 at 8.9 K and a positive local maximum of
0.0005 K−1 at 10.9 K. Here we assume thatTc (=10.20±0.01 K) is a temperature at which
−dζ/dT = 0 or ζ has a peak.

Figure 6 shows the plots ofζ versusT for 4.6 6 T 6 20 K: c = 0.50 and 0.60.
Note that the data onζ versusT for c = 0.70, 0.80, and 0.90 not shown here are very
similar to those forc = 0.50 andc = 0.60. The resistivityζ for 0.50 6 c 6 0.90
monotonically increases with increasing temperature for 4.6 6 T 6 300 K. No magnetic
resistivity anomaly is observed in spite of the fact that the magnetic phase transition occurs
between 8 and 11 K for systems withc 6 0.90.

Figure 7 shows the temperature dependence ofζ for c = 1 for 4.6 6 T 6 90 K, which
has an appreciable step-like anomaly at around 67 K. In the inset of figure 7 we show the
temperature dependence of−dζ/dT for c = 1, which has a relatively broad peak at around
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Figure 6. ζ versusT for stage-1 CucCo1−cCl2 GICs with c = 0.50 (•) and 0.60 (◦) for
4.6 6 T 6 20 K.

67 K. Here we note that the dc magnetic susceptibility of the stage-1 CuCl2 GIC exhibits a
broad peak of magnitudeχmax (=2.858×10−3 emu/Cu mol) at the temperatureTmax (=65 K)
[11]. The position and magnitude of this susceptibility maximum are consistent with those
of a 2D Heisenberg antiferromagnet with the average antiferromagnetic intraplanar exchange
interaction〈J 〉 (= − 39 K) [19]. Apart from this broad peak there is no anomaly in the dc
magnetic susceptibility above 1.5 K. Therefore we can conclude that the resistivity anomaly
near 67 K for c = 1 is due to the growth of antiferromagnetic short-range spin order
developed in the CuCl2 intercalate layers. This result also gives direct evidence for the
exchange interaction betweenπ -electrons and Cu2+ spins mediated through the p-orbital
electrons of the Cl− ions.

4.3. Non-magnetic resistivity

Figure 8 shows typical examples ofζ versusT for 2.6 6 T 6 290 K: c = 0.20 and 1. We
find that the resistivityζ for 0 6 c 6 1 monotonically increases with increasing temperature
for 20 6 T 6 290 K. The data onζ versusT for these compounds fit well to the form

ζ(T ) = An + BnT + CnT
2 (15)

with the coefficientsAn, Bn, andCn. Here the characteristic temperatureT0 is defined as
T0 = Bn/Cn. The second term (BnT ) in (15) is due to the intrapocket electron–phonon
scattering, while the third term (CnT

2) is due to the interpocket electron–phonon scattering



Transport properties of stage-1CucCo1−cCl2 GICs 7291

Figure 7. The temperature dependences ofζ and−dζ/dT (shown in the inset) for the stage-1
CuCl2 GIC for 406 T 6 90 K.

Table 2. CoefficientsAn, Bn, and Cn of the normalized in-plane resistivityζ for stage-1
CucCo1−cCl2 GICs determined by a least-squares fit of the data to (15) in the temperature
range betweenT1 andT2. T0 is the characteristic temperature defined byT0 = Bn/Cn.

c An Bn Cn T0 (K) T1 (K) T2 (K)

0 0.428 6.599× 10−4 4.639× 10−6 142 20 290
0.20 0.540 2.118× 10−4 4.636× 10−6 45.7 20 290
0.30 0.787 5.951× 10−4 4.872× 10−6 1.22× 103 20 290
0.70 0.518 1.584× 10−3 3.602× 10−7 4.40× 103 20 290
1 0.067 3.252× 10−3 1.268× 10−8 2.56× 104 80 300

[20, 21]. The resistivityζ is proportional toT 2 for T � T0 and proportional toT for
T � T0. The least-squares fit of these data to (15) yields the values ofAn, Bn, and Cn

listed in table 2. From this table we find thatT0 drastically increases with increasing Cu
concentration. This result indicates that as the Cu concentration increases, the exponentn

of the power law for the resistivity gradually decreases fromn = 2 to n = 1: ζ ≈ T n. In
fact the resistivityζ is proportional toT 2 for c = 0 for 506 T 6 290 K and is proportional
to T for c = 1 for 806 T 6 290 K.

Figure 9 shows the Cu concentration dependence of the non-magnetic contribution to
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Figure 8. ζ versusT for stage-1 CucCo1−cCl2 GICs with c = 0.20 andc = 1 for the range
4.6 6 T 6 300 K.

ζ at 5 K, λ, for stage-1 CucCo1−cCl2 GICs. The magnetic contribution toζ is subtracted
from λ for c = 0 and c = 0.20. Here we note that the value ofλ is close to, but not
exactly the same as that of the coefficientAn. As shown in figure 9 the value ofλ depends
on the Cu concentration: it has a broad peak nearc = 0.5 and minima atc = 0 and
c = 1. These data seem to lie close to the solid line whereλ varies with Cu concentration
as λ = (−0.238c + 0.447) + 1.452c(1 − c), which is thec(1 − c)-term plus the straight
line between two end points atc = 0 andc = 1. For further discussion we assume that
the in-plane resistivity at 290 K is independent of Cu concentration, in spite of lack of
data on the absolute value of the resistivity for these compounds. Then the concentration
dependence ofλ is equivalent to that of the residual resistivity defined as the resistivity
at 5 K. Since the electrical conduction ofπ -electrons occurs in the graphite layers, this
residual resistivity is mainly due to the scattering ofπ -electrons by static lattice defects
in graphite layers [22]. The residual resistivity due to the defect structures of the host
graphite (ρ1

r ) is independent of the Cu concentration, while the residual resistivity due to
the defect structures introduced during intercalation (ρ2

r ) depends on Cu concentration. The
latter defect structures may be closely related to the degree of random distribution of Cu and
Co atoms in the intercalate layers. For the degree of maximum randomness possible for a
given value ofc, the residual resistivity (ρ2

r ) is predicted to vary with the Cu concentration
asc(1− c) according to Nordheim’s rule [23, 24]. As described above, in fact the variation
of λ for stage-1 CucCo1−cCl2 GICs depends on the Cu concentration asc(1−c). This result
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Figure 9. The non-magnetic contribution toζ at 5 K,λ, versus the Cu concentration for stage-1
CucCo1−cCl2 GICs. The solid line is described by the equationλ = (−0.238c + 0.447) +
1.452c(1 − c).

gives indirect evidence that the Cu and Co atoms are randomly distributed on the triangular
lattice in the intercalate layers.

4.4. The ac magnetic susceptibility

In order to determine the critical temperatureTc, the temperature dependence of the real
part of the ac magnetic susceptibility (χ ′) for stage-1 CucCo1−cCl2 GICs with c = 0.20,
0.30, 0.40, and 0.50 has been measured for 4.6 6 T 6 25 K. Figure 10(a) shows the plot
of χ ′ versusT for stage-1 CucCo1−cCl2 GICs with c = 0.30 andc = 0.40. A broad peak
is observed at around the critical temperatureTc: Tc = 9.75 ± 0.01 K for c = 0.30 and
9.80±0.01 K for c = 0.40. In figure 10(b) we show the plot ofTc versus Cu concentrationc
for stage-1 CucCo1−cCl2 GICs determined from the ac magnetic susceptibility and resistivity
measurements. For comparison we also show the plot ofTc versusc for stage-2 CucCo1−cCl2
GICs determined from the ac magnetic susceptibility measurements [10]. The magnetic
phase diagram of stage-1 compounds is essentially the same as that of stage-2 compounds
in spite of the fact that the interplanar exchange interaction in stage-2 compounds is much
weaker than that in stage-1 compounds. As shown in figure 10(b) the Cu concentration
dependence ofTc for stage 1 agrees well with that for stage 2 for 06 c 6 0.40. The increase
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Figure 10. (a) The temperature dependence of the real part of the ac magnetic susceptibility
(χ ′) for stage-1 CucCo1−cCl2 GICs with c = 0.30 (•) and 0.40 (◦). (b) Tc versus the Cu
concentrationc for stage-1 CucCo1−cCl2 GICs determined from resistivity (•) and ac magnetic
susceptibility measurements (N). For comparisonTc versus the Cu concentration for stage-2
CucCo1−cCl2 GICs determined from ac susceptibility measurements (◦) is also shown [10].
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of Tc with increasing Cu concentration suggests that the intraplanar exchange interaction
between Cu and Co,J (Cu–Co), is ferromagnetic rather than antiferromagnetic. In fact the
Cu concentration dependence of the Curie–Weiss temperature2 for stage-2 CucCo1−cCl2
GICs can be explained in terms of the ferromagneticJ (Cu–Co).

5. Discussion

5.1. Critical behaviour of magnetic resistivity

First we discuss the temperature dependence of the magnetic resistivityζmag nearTc for
stage-1 CucCo1−cCl2 GICs with c = 0, 0.20, 0.30, and 0.40. According to (5) and (7)
in section 2,ζmag for stage-1 CucCo1−cCl2 GICs with c ≈ 0 is expected to consist of the
long-range spin-order partζLS for T < Tc and the spin-fluctuation partζLS for bothT > Tc

and T < Tc. Near Tc the in-plane resistivity of stage-1 CucCo1−cCl2 GICs is described
by the sum ofζmag and the non-magnetic resistivityζnon−mag. There are two methods for
estimatingζnon−mag near Tc: (i) the extrapolation ofζnon−mag from the high-temperature
side aboveTc whereζmag � ζnon−mag, and (ii) the suppression ofζnon−mag nearTc by the
application of an external magnetic field. Here we adopt the first method to determine the
temperature dependence ofζmag nearTc. To this end we determine the polynomial function
form of ζ versusT far aboveTc whereζ is nearly equal toζnon−mag, by the least-squares
fitting of data to quadratic forms forc = 0 andc = 0.20 (156 T 6 25 K), a quadratic
form for c = 0.30 (16 6 T 6 35 K), and a polynomial form to the fourth order for
c = 0.40 (126 T 6 25 K). The dotted lines in figures 2–5 denote the extrapolation curves
of ζnon−mag versusT nearTc for c = 0, 0.20, 0.30, and 0.40. Note that the temperature
dependence ofζmag for c = 0.40 is similar to that forc = 0.50 and 0.60 whereζmag is
nearly equal to zero at any temperature. Figure 11(a) shows the temperature dependence
of ζmag (=ζ − ζnon−mag) for c = 0 and 0.20. The drastic increase ofζmag nearTc with
decreasing temperature indicates thatζLS is predominant compared toζSF . The long-range
spin-order partζLS is predicted to vary with temperature asζLS ≈ |t |2β for T < Tc from
(7). Here we assume that the smearing ofTc due to either the macroscopic concentration
gradient or inhomogeneity over the sample is described by a Gaussian distribution function
with the average value〈Tc〉 and widthσ [25, 26]:

f (Tc) = 1√
2πσ

exp

[
−1

2

(
Tc − 〈Tc〉

σ

)2
]

. (16)

ThenζLS(T ) can be rewritten as

ζLS(T ) =
∫ ∞

T

ζ ′
0

(
1 − T

Tc

)2β

f (Tc) dTc (17)

where ζ ′
0 is a constant. The least-squares fit of these data to (17) yields the values of

β, 〈Tc〉, and σ : β = 0.079± 0.05, 〈Tc〉 = 8.85 K, and σ = 0.62 K for c = 0, and
β = 0.042± 0.05, 〈Tc〉 = 9.74 K, andσ = 1.22 K for c = 0.20. These small values ofβ

suggest that these compounds belong to a universality class of 2DXY spin systems. The
value of 〈Tc〉 is in fairly good agreement with that ofTc for c = 0 and c = 0.20. The
value ofσ tends to increase with increasing Cu concentration, implying the increase of the
concentration gradient or inhomogeneity over samples. These results indicate thatζmag is
proportional to the square of the staggered magnetization〈S(Q = Q0)〉. In stage-1 CoCl2

GICs the 2D ferromagnetic layers are antiferromagnetically stacked along thec-axis for
T < Tc. The magnetic neutron scattering intensity atc∗/2 (|c∗| = 2π/d1) is proportional to
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Figure 11. The magnetic resistivityζmag versusT for stage-1 CucCo1−cCl2 GICs with (a)
c = 0 (•) and 0.20 (◦), and (b)c = 0.30 (•) and 0.40 (◦), whereζmag = ζ − ζnon−mag. The
solid line of the inset shows the fitting curve described by (18) withµ = 0.097.

|〈S(Q = Q0)〉|2. In fact the integrated intensity atc∗/2 is found to vary with temperature
as |t |2β [27].

Our model described in section 2 predicts that the occurrence ofζLS below Tc is
due to the scattering ofπ -electrons by antiferromagnetic in-plane spin configurations
consisting of the superposition of the in-plane ferromagnetic spin structures of the N.N.
magnetic intercalate layers separated by the graphite layer. The important conditions for
the occurrence ofζLS below Tc in stage-1 CucCo1−cCl2 GICs are that (i) the effective
antiferromagnetic interplanar exchange interactionJ ′

eff should be rather strong and that
(ii) the antiferromagnetic spin alignment of the superimposed in-plane ferromagnetic spin
structure should be described by a well-defined in-plane antiferromagnetic Bragg point
at Q = Q0. The latter condition also implies that the magnetic intercalate layers are
structurally correlated along thec-axis.

Figure 11(b) shows the temperature dependence ofζmag for c = 0.30 andc = 0.40.
For c = 0.30, ζSF , having a relatively sharp peak at around the peak temperatureTp

(=10.6 ± 0.1 K), is superimposed onζLS , which tends to reduce to zero at aroundTp with
increasing temperature. The slight deviation ofTp from Tc (=9.75±0.01 K) determined from
the ac magnetic susceptibilityχ ′ is partly due to the superposition ofζLS andζSF nearTp.
For c = 0.40,ζLS almost disappears, whileζSF still has a relatively sharp peak at aroundTp



Transport properties of stage-1CucCo1−cCl2 GICs 7297

Figure 11. (Continued)

(=9.9±0.1 K) close toTc (=9.80±0.01 K) determined from the ac magnetic susceptibility.
The disappearance of long-range spin order with increasing Cu concentration is due to
the spin-frustration effect arising from competing ferromagnetic and antiferromagnetic
intraplanar exchange interactions. This tendency of the disappearance ofζLS is consistent
with the results derived from the value of the dc magnetic susceptibility at 5 K versus the Cu
concentration for stage-2 CucCo1−cCl2 GICs [10]. Note that no appreciable spin-fluctuation
part is observed for stage-1 CucCo1−cCl2 GICs with 0.50 6 c 6 0.90 in spite of the fact that
ferromagnetic phase transitions still weakly occur near 10 K. The degree of spin ordering in
these compounds is strongly influenced by the competing intraplanar exchange interactions
J (Co–Co),J (Cu–Co), andJ (Cu–Cu). The interactionJ (Cu–Co) also varies with the Cu
concentration. For 06 c 6 0.20 there exists a ferromagnetic long-range order of Co2+ spins
in the intercalate layers. Forc > 0.50 the ferromagnetic interactionJ (Cu–Co) contributes
to the ferromagnetic long-range order, while the antiferromagnetic interactionJ (Cu–Cu)
tends to suppress this order. The interactionJ (Cu–Co) is of the same order asJ (Co–Co)
at c = 0.50, increases with increasing Cu concentration, and becomes of the same order as
|J (Cu–Cu)| at c ≈ 0.80.

Next we discuss the critical behaviour ofζSF for c = 0.30. The spin-fluctuation part
ζSF is predicted to vary with temperature asζSF ≈ |t |ν(−1+η) for T > Tc and |t |ν ′(−1+η′) for
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T < Tc from (5) and (7). For convenience we assume thatζSF is described by

ζSF (t) = A

µ
(t−µ − 1) + B (18)

where t = T/Tc − 1, A and B are constant or only weakly temperature dependent, and
µ is the exponent which characterizes the resistive critical behaviour. Whenµ = 0,
the divergence is logarithmic. The least-squares fit of the data onζSF versusT for
0.13 6 t 6 0.70 to (18) yieldsµ = 0.097± 0.123 andA = (−2.90 ± 0.40) × 10−4.
The fitting curve thus obtained is denoted by a solid line in the inset of figure 11(b). In
this analysis we useTp (=10.6 K) instead ofTc (=9.75 K), although small errors inTc

may significantly affect the critical region results. Such an assumption precludes a precise
statement about the critical exponentµ: the data are consistent withµ ≈ 0.1. This value
of µ is much smaller than that predicted from (5) and (7):µ = ν(1 − η) ≈ 1, sinceη ≈ 0
and ν ≈ 1 for stage 1 CucCo1−cCl2 GICs which magnetically behave like 2DXY spin
systems. Before further discussion we note that similar analysis forζSF versusT with
c = 0.40 was unsuccessful partly because the critical exponentµ thus obtained strongly
depends on the background term includingζnon−mag. What is the reason for such a large
difference ofµ? As described in section 2, the spins separated by a distance greater than the
electron mean free path cannot scatterπ -electrons coherently [15]. When the in-plane spin-
correlation length is larger than the mean free path, the spin fluctuations do not contribute
to ζmag. The mean free path remains finite throughTc and is typically hundreds of̊A [2].
The spin-fluctuation part ofζmag is determined by the Fourier transform of the in-plane
spin-correlation function,0(k) with k = Q − Q0. The long-range part of0(k), where the
in-plane spin-correlation length is larger than mean free path, does not contribute toζSF .
Therefore it is not reasonable to suppose that the detailed form ofζSF is determined solely
by the long-range part of0(k) with k ≈ 0.

5.2. Superexchange interaction andπ– d exchange interaction

We consider theπ– d exchange interactionJπ−M (M = Co and Cu) which is responsible for
ζmag in stage-1 CucCo1−cCl2 GICs. In these compounds the intraplanar exchange interaction
is dominated by the superexchange mechanism [28–30]. The superexchange interaction
between M2+ ions occurs through the Cl− ions ((3p)6), where one of two bonds denoted by
M–Cl is perpendicular to the other bond denoted by M′–Cl (theφ = 90◦ case). Because of
the overlap of electron wave functions, one of the 3p electrons from the Cl− ion hops over
to the M2+ ion. The remaining unpaired 3p electron on the Cl− ion then enters into a direct
exchange with the M′2+ ion with an exchange interactionJM ′−Cl . The intraplanar exchange
interaction between M and M′ ions can be described byJM−M ′ = ε2JM ′−Cl/S

2, whereS is
the spin of M2+, ε = b/U , andb, U , andε2 are the energy matrix element, the increase
of energy, and the probability for shifting the 3p electron to M2+, respectively. The energy
level of a 3d electron in the octahedral crystal field splits into the dε and dγ levels: the dε
level lies lower than the dγ level. The ground state of M2+ in the MCl2 GIC is an orbital
doublet for Cu2+ and an orbital triplet for Co2+. The single one-electronic configuration of
the lowest orbital state of M2+ is (dε6)(dγ 2)dγ 1 for Cu2+ and≈(dε4)dε1dγ 2 for Co2+ [28]
(the parentheses indicate paired electrons). The p orbitals of the 3p electrons are denoted by
pσ and pπ , where the pσ orbital is the p orbital whose principal axis points to M2+ ion, and
the pπ orbital is the p orbital whose principal axis is perpendicular to the line connecting
the Cl− ion.

According to the method used by Sugiharaet al [2], the π– d exchange Hamiltonian
is described byHπ−M = −2Jπ−M(σ · S), whereJπ−M = αε2Jπ−Cl with α = 1.35 for
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Co2+ andα = 3 for Cu2+, andJπ−Cl is the exchange interaction between the spin of the
π -electron and the unpaired 3p electron of Cl−. Then theπ– d exchange interactionJπ−M

can be rewritten as

Jπ−M = α

S2

JM−M ′

JM ′−Cl

Jπ−Cl (19)

in terms ofJM−M ′ , whereS = 1/2 for both the Cu2+ spin and the fictitious spin of Co2+.
The intraplanar exchange interactionJM−M ′ is experimentally determined as 7.75 K for the
CoCl2 GIC and−39 K for the CuCl2 GIC, which implies thatJCo′−Cl > 0 andJCu′−Cl < 0.
It may be reasonable to assume thatJπ−Cl of the CoCl2 GIC is equal to that of the CuCl2

GIC because the graphite layer is sandwiched between two Cl− layers. Then the ratio of
Jπ−Co to Jπ−Cu is expressed by

Jπ−Co

Jπ−Cu

≈ −0.1
JCu′−Cl

JCo′−Cl

. (20)

Since one M–Cl bond is perpendicular to the other M′–Cl bond, the pσ and pπ orbitals for
the M–Cl bond are the pπ and pσ orbitals, respectively, for the M′–Cl bond. The d orbitals of
the M′2+ ion are denoted as dε′ and dγ ′ orbitals. A set of empirical rules (the Goodenough–
Kanamori rules [28, 30]) are well established for determining the sign ofJM ′−Cl or JM−M ′

from the symmetry relation between the occupied d orbitals (dε and dγ ) and occupied p
orbitals (pσ and pπ ). For the CoCl2 GIC the pπ orbital of the Cl− ion is non-orthogonal to
the dε orbital of one Co2+ ion and orthogonal to the dε′ orbital of the other Co′2+ ion. Less
than one electron transfers from the pπ orbital to the dε orbital. The electron left behind on
the Cl− ion has its spin parallel to the spin of the Co2+ ion. The direct exchange interaction
between the pπ orbital and dε′ orbital of the Co′2+ ion, JCo′−Cl , is ferromagnetic because
of the orthogonality [28]. Therefore the intraplanar exchange interaction between Co2+

spins is ferromagnetic, which is consistent with the experimental result:JCo−Co′ = 7.75 K.
For the CuCl2 GIC the pσ orbital is non-orthogonal to the dγ orbital of the Cu2+ ion and
orthogonal to the dγ ′ orbital of the Cu′2+ ion. Less than one electron transfers from the
pσ orbital to the dγ orbital. This dγ – pσ bond is stronger than the dε– pπ bond for the
CoCl2 GIC because of a larger overlap of wave functions. The electron left behind on the
Cl− ion has its spin parallel to the spin of the Cu2+ ion. The direct exchange interaction
between the pσ orbital and the dγ ′ orbital of the Cu′2+ ion is ferromagnetic because of
the orthogonality [28]. Thus the intraplanar exchange interaction between Cu2+ spins is
ferromagnetic, which is inconsistent with the experimental result:JCu−Cu′ = −39 K. Since
the Cu2+ ion is a Jahn–Teller ion and the ground state is an orbital doublet, the ground state
may be no longer described by the single one-electron configuration of (dε6)(dγ 2)dγ 1 [28].
These situations may favour the antiferromagnetic interaction rather than the ferromagnetic
one. In spite of this the direct exchange interactionJCu′−Cl may dominantly include the
element of the pσ – dγ ′ coupling.

At the present we do not know how to estimate the magnitude of the direct exchange
interactionsJCo′−Cl and JCu′−Cl . Experimentally no appreciable magnetic resistivity is
observed for 0.50 6 c 6 0.90, suggesting that the magnitude ofJπ−Cu is smaller than that
of Jπ−Co. This may imply that the magnitude ofJCu′−Cl is larger than that ofJCo′−Cl .

6. Conclusion

We have studied the temperature dependence of the in-plane magnetic resistivity for stage-1
CucCo1−cCl2 GICs. The magnetic resistivity nearTc consists of a long-range spin-order
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part and a spin-fluctuation part. The long-range spin-order part observed for 06 c 6 0.30
is proportional to the square of the staggered magnetization with a smeared power law
with exponent 2β. The spin-fluctuation part observed forc = 0.30 seems to diverge with
an exponentµ (≈0.1) which is much smaller than the expected exponentν(1 − η) as
the temperature approachesTc from the high-temperature side:ν(1 − η) ≈ 1 for 2D XY

ferromagnetic systems. This implies that the long-range part of the spin fluctuations cannot
contribute to the magnetic resistivity since the in-plane spin-correlation length is larger
than the mean free path. Both parts disappear forc > 0.50 in spite of the existence of a
ferromagnetic phase transition forc < 0.90. For c = 1 there exists a resistive anomaly
related to the growth of short-range spin order which is a characteristic of the 2D Heisenberg
antiferromagnet. These behaviours can be qualitatively explained in terms of a model in
which throughπ– d exchange interactions theπ -electrons are scattered by the spins of
the antiferromagnetic in-plane spin configuration arising from the superposition of two
ferromagnetic in-plane spin structures.

Further study on theπ– d exchange interaction (π– Co2+ andπ– Cu2+) is required for
understanding the conduction mechanism ofπ -electrons in stage-1 CucCo1−cCl2 GICs.
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