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Abstract. We have measured the temperature dependence of the in-plane electrical resistivity
for stage-1 CoMn;_.Cl, GICs (0.70 < ¢ < 1) and stage-1 GdMg;_.Cl, GICs (085< ¢ < 1)

in the temperature range between 2.6 and 300 K. The resistivity shows a drastic increase
with decreasing temperature below the critical temperafyréor stage-1 CeMn;_.Cl, GICs

(¢ > 0.85) and stage-1 CMg;1-_.Cl> GICs (¢ > 0.90). The temperature dependence of this
resistivity anomaly is described by a smeared power law with an exporgnwiere 8 is

the critical exponent of the spontaneous magnetization. This anomaly is explained in terms
of a model based on the—d exchange interaction betweenelectrons in the graphite layers

and spins in the intercalate layers. Beldy two-dimensional (2D) ferromagnetic intercalate
layers are antiferromagnetically stacked along ¢haxis. Ther-electrons are scattered by
spin fluctuations 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. The Co concentration dependencé ofor stage-1 CeMg;_.Cl, GICs is also discussed

in the light of the 2D percolation problem.

1. Introduction

Recently the transport properties of magnetic graphite intercalation compounds (GICs)
such as CoGl GIC and NiCh GIC near the magnetic phase transition poiht have
excited considerable interest because of their two-dimensional (2D) electrical conduction
[1]. Several research groups [2—6] have reported a drastic increase of the in-plane resistivity
pq for the stage-1 CoGIGIC with decreasing temperature beldy. Similar anomalous
resistivity behaviours have been observed in the stage-1,NBIC [7, 8] and stage-1
Co.Mg;_.Cl, GICs [9]. In contrast, the magnitude of the anomalypinfor the stage-2
CoCh GIC nearT, is much smaller than that for the stage-1 GoGIC. Sugiharaet al

[10] have proposed a theoretical model explaining the temperature dependepgcdoof
stage-1 and stage-2 CaQBICs nearT,. They have shown that the drastic increasepof
nearT, for the stage-1 CoGIGIC is due to the scattering af-electrons by C&" spins in

the CoC} layers through ther—d exchange interaction defined by

and = - Z Jnfd("' - R)Sr ° SR (1)
R

where Si and s, are the spins of Cd at the positionR and thew-electron atr,
respectively. The semiempirical constait_; (= |€|?>J,_c;) can be described in terms

1 Present address: Department of Physics, Case Western Reserve University, Cleveland, OH 44106, USA.
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of indirect interactions through the admixture of Z&eCl- wave functions and CHC
wave functions, where = b/U, b is the transfer integral for transfer between Co and
Cl, U is the energy difference between the excited and the ground state for the Co-Cl
units without the presence af-electrons, and/,,_¢; is the exchange interaction between
the m-electron and an unpaired 3p electron of Cl. Sugihetral [10] have shown that

the m—d exchange interaction results in two effects on the scattering-@fctrons. One
effect is spin-disorder scattering. The other is a Fermi surface modification effect which
becomes dominant for the stage-1 CoGIC. The additional magnetic periodicity along
the c-axis gives rise to a zone-folding effect. The Fermi surface is split into two Fermi
surfaces as a result of the energy gap formation inkthaxis energy dispersion relation.
This Fermi surface modification enhances the scattering probability-el€ctrons because

of a reduction in the screening of the charged scattering centres.

In the present work we have studied the transport properties of some magnetic random-
mixture graphite intercalation compounds (RMGICs): stage-IMz0.Cl, GICs (M = Mn
and Mg). The C&" and M+ ions are randomly distributed on the triangular lattice in
the same intercalate layers. The magnetic phase transitions of stage-2 RMGICs have been
extensively studied by dc and ac magnetic susceptibility, and SQUID magnetization [11-13].
The magnetic phase transition of stage-1 RMGICs is similar to that of stage-2 RMGICs.
In stage-2 CaMn;_.Cl, GICs [12, 13] the spin frustration effect arises from a competition
between ferromagnetic and antiferromagnetic intraplanar exchange interactions. In stage-1
[9] and stage-2 CdVg;_.Cl, GICs [11] the dilution of C&" spins with nonmagnetic Mg
ions gives rise to a 2D percolation problem.

In section 3 we propose a model which can explain the temperature dependence of
in-plane resistivity for stage-1 and stage-2 Co@ICs near7,. Our model is rather
different from the model of Sugiharat al [10] although both models take account of
the 7—d exchange interactions. Our model is based on the following idea. While the
spin fluctuation of an ideal 2D ferromagnet does not contribute to the resistivity because
there is no significant contribution of the forward scattering to the resistivity, the spin
fluctuation of the 2D antiferromagnet gives rise to a drastic change of the resistivitf,near
because of the enhanced staggered mode.7Fakectrons in the graphite layers are weakly
coupled with Cé* spins in the intercalate layers through thed exchange interaction.

The w-electrons are scattered by the spin fluctuations of the ferromagnetic in-plane spin
configuration for a stage-2 CofGIC, and by the spin fluctuations of the antiferromagnetic
spin configuration for a stage-1 CgQGIC, which is formed by the superposition of two
in-plane ferromagnetic spin configurations with spins aligned antiparallel to each other. In
stage-1 CaM;_.Cl, GICs the superimposed in-plane spin configurations are expected to be
much more complicated because of the additional effects such as (i) the degree of random
distribution of spins in the intercalate layers and (ii) the combination of intraplanar exchange
interactions,/ (Co—Co) between Co spins and/ (Mn—Mn) between MA" spins for stage-1
Co.Mn;_.Cl, GICs.

In section 4 we present the experimental results on the temperature dependence of the
in-plane resistivityp, for stage-1 CaM;_.Cl, GICs in the temperature range between 2.6
and 300 K. In section 5 the temperature dependence, dbr stage-1 CoM;_.Cl, GICs
near7, are examined and discussed in light of our model. The temperature dependence of
pq for stage-1 CoM,_.Cl, GICs at high temperatures is also discussed in comparison with
a conventional theory in which, is described by the equatign, = A, + B,T + C,T?,
whereA,, B,, andC, are constants.



Transport properties of graphite intercalation compounds 201

2. Experimental procedure

Single crystals of CM1_.Cl, as intercalants were prepared by heating a mixture containing
¢ of CoCh to (1 — ¢) of MCl; in vacuum atT = 780 °C. The samples of CM;_.Cl,

GICs were synthesized by heating single-crystal kish graphites (SCKG) and single-crystal
Co.M1_.Cl; in a chlorine gas atmosphere with a pressure of 740 Torr. The reaction was
continued at 450-560C for 20 days. The--axis stacking sequence of (4, .Cl, GIC
samples used in the present work was confirmed to be a stage-1 sequence -89
diffraction with a Huber double-circle diffractometer with a Maxk-ray radiation source

(1.5 kW) and a HOPG monochromator.

We determined the Co concentration of stage-1.Mig_.Cl, GICs from electron
microprobe measurement with the use of a scanning electron microscope (Model Hitachi S-
450 and JOEL JXA-8900M). The electrons having a kinetic energy of 20 keV penetrate the
sample to a depth of the order ofi@n, spreading out a similar distance. The concentration
(c.) is the average concentration over several different points of the sample surface. We
find that the actual Co concentrationof stage-1 Covin;_.Cl, GICs is in good agreement
with the nominal Co concentration in the ranges ok < 0.4 and 07 < ¢ < 1. The
deviation ofc, from the nominal concentration for< ¢ < 0.7 may be due to the limited
energy resolution of electron microprobe analysis: a small peak of the Blnié at 6.492
keV and a large peak of the CaoKline at 6.925 keV are superimposed [12].

We determined the Co concentration of stage-1Mip_.Cl, GICs by dc magnetic
susceptibility investigation. The measurement was made by the Faraday balance method in
the temperature range between 50 K and 300 K. A magnetic fielfl ef 2 kOe was applied
in an arbitrary direction in the-plane (the plane perpendicular to thaxis). The actual Co
concentration of stage-1 Qdg;_.Cl, GICs is related to the Curie-Weiss temperat@ie)
by the relationc = ®(c)/®(c = 1) with ©(c = 1) = 23.20 K. This relation is predicted
from the molecular-field theory when €oand Mg+ ions are randomly distributed on the
triangular lattice sites. We find that the nominal Co concentration is in good agreement with
the actual concentration estimated fr@ic) [11]. The stoichiometry (Co.M1_.Cl,) of
each sample was determined from weight uptake measurements: typicals/76 for the
stage-1 CoGl GIC, 5.37 for the stage-1 GgoMng20Cl, GIC, and 6.52 for the the stage-1
Cop.95Mgo.0sCl, GIC. The ideal stoichiometry is approximated by;Co.M;_.Cls.

We measured the in-plane electrical resistivity of stage-IMzo.Cl, GICs using the
conventional four-probe method. The samples each had a rectangular form with typically a
base of 7 mmx 2 mm and a height of 0.5 mm. Four thin gold wires (261 diameter)—
acting as the current and voltage probes—were attached to one base of the sample by silver
paste (4922N, Du Pont), which was diluted with 2-butoxyethyl acetate; voltage probes were
located between the current probes. The sample was mounted on a surface of copper heat
sink which was electrically insulated with 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). For each temperafurie voltage
across the voltage probes was measured for the forward and reverse current directions,
alternating between them three times. The averages of the data for forward and reverse
current directions are denoted By (> 0) andV~ (< 0), respectively. The voltage data
were calculated a¥ = (V* — V7)/2. The temperatures of the samples were measured
using a silicon diode sensor (DT-470-SD13, Lake Shore) embedded in the copper heat sink,
which was supplied by a 10A current source. The, versusT data were taken through
an IEEE 488 bus to a computer. Note that the absolute value of the resistivity cannot be
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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, and so on. Thus we report only the normalized in-plane resistivity
data, defined by (T) (= p.(T)/p.(290 K)), which is independent of the above factors.

3. The model

3.1. The conduction mechanism in stage-1 and stage-2Q8ICls

The c-axis stacking sequence of CoeQhyers in a stage-1 Co£GIC is different from that
in a stage-2 CoGIGIC. For the stage-1 Co&IGIC the CoC} layers stack in an ordered
abgabg rhombohedral sequence [14], while for the stage-2,38ICl the CoC} layers are
structurally uncorrelated along tleaxis [14, 15]. Here the translation of theCoCl, layer
by the vectorsd (=(2a + b)/3) and—6 gives rise tog- and y-CoCl, layers, respectively,
wherea and b are the primitive lattice vectorsia| = |b] = 3.572 A [14] and the angle
betweena andb is 120.

For both stage-1 and stage-2 Co@ICs the Cé* spins in each CoGllayer become
2D ferromagnetically ordered at low temperatures. Belpwthese 2D ferromagnetic layers
are antiferromagnetically stacked along #hexis [16, 17]. When ther-electrons in the
graphite layers are magnetically coupled with’€epins of the CoGllayers through ar—d
exchange interaction, the electrical conductionreélectrons is expected to be influenced
by long-range in-plane spin ordering of CeQhyers. For the stage-2 CoCGIC the z-
electrons experience a molecular field from?Cwpins of the nearest-neighbour (N.N.)
CoCh layer. The molecular field from Cb spins of the next-nearest-neighbour (N.N.N.)
CoCl, layer is much weaker than that of the N.N. Cep@Glyer. Note that these two CoLl
layers are structurally uncorrelated with each other. Thusrtiedectrons are scattered by
ferromagnetically ordered €6 spins in the CoGllayer (the 2D ferromagnet). In contrast,
for the stage-1 CoGIGIC the m-electrons experience two kinds of molecular field which
are antiparallel to each other. These types of molecular field arise from thie Spins
of two adjacent CoGllayers next to the graphite layer, where these two Gd&Slers are
structurally correlated. Far-electrons ther—d interaction effect from CGd spins in one
N.N. CoCl layer is exactly the same as that in the other N.N. Gd&er. This implies
that the scattering of -electrons by C#" spins is equivalent to that of €b spins in the
resultant antiferromagnetic in-plane spin configuration which is formed by the superposition
of the two N.N. in-plane ferromagnetic spin configurations.

In figures 1(a) and 1(b) we schematically show thed exchange interaction between
a -electron in the graphite layer and €ospins ina- and 8-CoCl, layers for the stage-1
CoCh GIC. As shown in figure 1(b), the-electrons in the graphite layer can be treated as
if they are scattered by antiferromagnetically ordere(§+C$pins in one CoGllayer (the
2D antiferromagnet), which is located at a distance A7#2om the graphite layer.

3.2. Resistivity due to spin-fluctuation scattering

In the acceptor GICs it is well known that tlreaxis resistivity is much larger than the in-
plane resistivity because the adjacent graphite layers are separated by insulating intercalate
layers [1]. This implies that the 2D electrical conduction occurs in the graphite layers. The
electrical resistivity of our system can be analysed using the formula
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o-Co layer

graphite layer

B-Co layer

Figure 1. (a) A schematic diagram of—d exchange interaction betwegrelectrons and Co

spins ina- and B-CoCh layers for a stage-1 Co&IGIC. (b) A schematic diagram for the
scattering ofr-electrons in the graphite layer by an in-plane antiferromagnetic spin structure
located at a distance of 4.72 from the graphite layer.

where p,(T) is the magnetic resistivity due to spin-fluctuation scattering gnd’) is the
sum of residual resistivity due to the scattering by impurities and lattice defects and the
resistivity due to the electron—phonon scattering. The resistpity") is described by

where A, is the residual resistivity, and th&,7- and C,T?terms B, and C, are
constants) are the contributions due to the electron—phonon scattering. The Fermi surfaces
of these compounds each consist of two kinds of cylindrical surface called pockets. The
T- and T2-terms originate from the intrapocket scattering of carriers by phonons with
small wave numbers and the interpocket scattering by phonons with large wave numbers,
respectively [18].

Here we consider the magnetic resistivity7') in the case when the-electrons in the
graphite layer are scattered by a 2D ferromagnetic system or a 2D antiferromagnetic system
(see figure 1(b)). The resistivity, (T) is described as

m

(4)

5 = —
ne2t
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wherem is the effective mass of an electron ands the electron concentration. The
relaxation timer; associated with the scattering from 2D spin fluctuations [19-22] is defined
by

1 = ki 2 d—a(l — cost) do (5)

Ty m 0 do
wherek is the Fermi wave number of the 2D Fermi surface ar{e-6, /) is the scattering
angle between the in-plane wave vectors of incomibggnd outgoing electronge(). We
note that (4) and (5) are valid irrespective of the separation distance between the graphite
layer and the intercalate layer, if there ared exchange interactions betweerelectrons
and C@* spins. For single-particle elastic scattering, the differential scattering cross section
per magnetic spin in the Born approximation is given by

do o 'R . o r
d0 (ﬁ) %: S(S(+)1) expiQ - B) = (272) S(S(ig)l) ©)
whereaoyg is defined by
1 (mdp_a\>
cro=4n< 2 )S(S—I—l) ©)

and whereQ (= k — k') is the scattering wave vector, aiqQ) is the Fourier transform
of the static spin correlation function for two spins separated by a distBnce

I'(R) = (So - Sgr). 8

Itis useful to define spin variables;, in the reciprocal-lattice space as the Fourier transforms
of the corresponding real-space spin varialties

1 . 1 .
Sk = i Xq:exp(—|q ‘R)S, S, = TN XR:expﬂq -R)Sk.  (9)

ThenT'(Q) can be rewritten as
r(@Q) = (Sq-S-q)- (10)

In the high-temperature limif (Q) is equal toS(S + 1). The resistivity of the system due
to thewr—d exchange interaction is given by

1 b
po= 00 [ - cosnr@) (12)
T 0
wherep? is the resistivity in the high-temperature limit and is defined as
Fkp (mde_q\°
0
C= S(S+1). 12
0= e (M) ses (12

Here we consider only elastic scattering. Sike= |k'| = kr andQ = k — k/, we have
the relationQ = |Q| = 2k sin(6/2). The resistivity can be rewritten as

p0 (%
=2 / do f(OT(@Q) (13)
JTkF 0
where f(Q) is defined by

Q2

Ja — o7

The function f(Q) is equal to zero at) = 0 and then monotonically increases with
increasingQ.

f(Q) = (14)
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3.3. Resistivity of the 2D ferromagnet and the 2D antiferromagnet

On the basis on the above formulation we predict the temperature dependence of
electrical resistivity for ideal 2D ferromagnetic and 2D antiferromagnetic systems. For
the ferromagnetic system, the spin correlation functiw®) aboveT, coincides with the
wave-vector-dependent susceptibiljty@) [23—-25], and it can be described as

x(@Q=0)
rQ) =x@Q = W

near@ = 0, wherex is the inverse correlation length,(Q) is related to the static spin
correlation between Co spins in the same Cog&llayer, x(Q = 0) = x0T, and the
susceptibilityyo is proportional tac—2+". The parametes (~0) is a Fisher—Burford critical
exponent. Then the resistivity, is predicted to be, = «k3x(Q = 0) ~ " which goes
to zero on approaching@, from above. The forward scattering wit@ = 0 (k = k') does
not contribute top, because the factor 4 cost i is zero. BelowT,, I'(Q) becomes

Q) = (Sg=0%(Q) + x(Q) (16)

whered (Q) is a delta function with a sharp peak@t= 0 and(Sq-o) is proportional to the
spontaneous magnetizatiah of the system. The magnetizatid varies with temperature
as described by ~ |¢t|# below T,, wheret = (T — T.)/T.. Because of the properties of
5(Q) the first term of'(Q) does not contribute to the resistivigg. Thus the resistivity

is given by the formp, ~ [¢|"®*" for T > T. and p; ~ |¢t|" ") for T < T,, showing

no anomaly around,. Herex ~ |¢|* for T > T., andVv’ andn’ are the corresponding
critical exponents foiT < T.. The situation is different for the 2D antiferromagnet. As
the temperature approachg&s from above the importance of the staggered ma@e) (is
enhanced [23], wher€)g is a wave vector for the in-plane antiferromagnetic Bragg point.
The spin correlation functiol (Q) near@Q = Qg can be written as [24, 25]

X (Qo)
r = =
Q) =x(@Q) 1+ 1Q — QolZ/i?
where x (Q = Qo) = x,T and the staggered susceptibility diverges atl,: y, ~ x 2",
Thus the resistivityp, is predicted to bep, ~ k x (Q = Qo) ~ « ", or to take the form

ps = p2lt|" LY (T > T.) (18)

wherep; is a constant with the dimension of resistivity. This form indicates phaliverges
at 7. on approaching’, from above since) is a small positive value. On the other hand,
the spin correlation functiof' (Q) below T, can be described as [24, 25]

. e s - x(Qo)
(Q) = (Sg=q,)3(Q QO)+1+|Q—QOIZ/K2

where (Sg-q,) is proportional to the staggered magnetizatibfy of the system. The
magnetizationM, varies with temperature ag|? for T < T.. Then the resistivity is

given by a sum of the contributions related to the staggered magnetization and staggered
susceptibility, or the form

ps = it + polt" D (T < T) (20)

where p] and p; are constants with the dimension of resistivity. From (18) and (20) we
conclude as follows. (i) In the case whewk > p;, the resistivity p, drastically increases
with decreasing temperature beldfy. (i) In the case wherg; <« pj the resistivity p,
shows a sharp peak &t. (iii) In the case where) ~ p; the drastic increase ¢f; below

T, is superimposed on a sharp peakiat Here it should be noted that case (@) (> 05)

(15)

(17)

(19)
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may describe the situation for the stage-1 GoGIC because of very weak spin correlation
between C&" spins in adjacent Cogllayers. In this model we neglect the effect [21]
whereby the spins separated by a distance greater than the electron mean free path cannot

scatterm-electrons coherently. If this effect is appropriately included, the divergence of
resistivity in (18) and (20) nedf, may be greatly reduced.

Here we discuss the effect of a magnetic field on the resistivity of a 2D antiferromagnet.
When a magnetic field which is larger than a spin-flop figlfj: (=~ 10 Oe for the stage-2
CoChL GIC [26]) is applied to any direction in the-plane of this system, the importance

of this staggered mode&X = Qo) is diminished while the importance of th@ = 0 mode

is enhanced, leading to the drastic decrease of resistivity as the magnetic field increases.

stage-1 CoCl, GIC

()

stage-1 Cog, gsMng 15Cl, GIC
0.5
@ 0.482
0.49 \
0.48 | \ 0.481 |- Y
H
I... ..
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0.45 - : . ,_-—"‘".’
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0.537 ‘.,‘-"-’" B
o
&
0.536 Figure 2. The temperature dependence of the
0 5 10 15 20 normalized in-plane resistivity defined by(T) =
T(K)

0a(T)/pa (T = 290 K) for stage-1 CdMin;_.Cl, GICs
with (&) ¢ = 1, (b) c = 0.85, and (c)c = 0.70 nearT,.
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4. Results

4.1. Electrical resistivity of stage-1 Qlln;_.Cl, GICs

We have measured the temperature dependence of the in-plane resisti#ijyof stage-1
Co.Mn,_.Cl, GICs based on SCKG with= 1, 0.90, 0.85, 0.80, and 0.70. Figure 2 shows
typical examples of normalized in-plane resistivity definedcty) (=p.(T)/p.(290 K))
versusT for stage-1 CaMn;_.Cl, GICs: (a)c = 1, (b) c = 0.85, and (c)c = 0.70 at low
temperatures. For = 1 the in-plane resistivity exhibits a drastic increase bete®0 K

with decreasing temperature and almost reaches a saturated value at around 5 K. The relative
value defined by

Ap = (5”” - 1) x 100% (21)

min

gives a measure of the degree of drastic increase in the in-plane resistivity, gyheaad

Cmin are the saturated value ofat the lowest temperature and the minimum value of
respectively. The value ok p is estimated to be 9.7% fer= 1 and is in good agreement

with that reported by Yelet al [2] (10%). Forc = 0.90 the in-plane resistivity shows a
drastic increase below8 K and reaches a saturated value at around & K:(=0.05%).

Forc = 0.85 (figure 2(b)) the in-plane resistivity also shows a drastic increase ke®¥K

and reaches a saturated value near 2.6\g: (=0.7 %), which is much smaller than that

for c = 1. Forc = 0.70 the in-plane resistivity increases monotonically with increasing
temperature, showing no anomaly at low temperatures. These results suggest that the value
of Ap rapidly decreases with decreasing Co concentration.

stage-1 CoCl, GIC

0.03
-
.
. L]
0.02 | .
L d
.
| . . |
5 .
3 Do
0.01 | o R B
*
o'. .
o
/ .
L]
..
0 “vusamenssesnny

4 5 6 7 8 9 10 11 12
Figure 3. —d¢/dT versusT for the stage-1 CoGIGIC

TK) nearT,.

Figure 3 shows the temperature dependence-aif/dT for ¢ = 1. A sharp peak is
observed at around 8.85 K. This peak temperature is close to the vallledatermined
from the ac magnetic susceptibility of the stage-2 GoGIC: the ac susceptibility shows
a sharp peak daf,.. Here we note that for = 1 the temperaturex{(10 K) at which¢ starts
to rise is higher tharf,.

Figure 4 shows the temperature dependence fiufr stage-1 Cavin;_.Cl, GICs with
(@ c =1, (b)c = 0.85, and (c)c = 0.70 in the temperature range between 2.6 and
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stage-1 CoCl, GIC

(a)

stage-1 Coy gsMng 15Cl, GIC

(b)
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stage-1 Co,,Mn, ;Cl, GIC

(©
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Figure 4. ¢ versusT for stage-1 CoMn;_.Cl, GICs
with (@) ¢ = 1, (b) ¢ = 0.85, and (c)c = 0.70 for
26 < T <290 K.

100 150

K

200 250 300

290 K. We find that the magnitude of the drastic increase afbserved below 10 K
clearly decreases with decreasing Co concentration, ang thateases monotonically with
increasing temperature at least for0r' < 290 K. The¢—T data for stage-1 CMn;_.Cl;
GICs fit very well to the form

¢(T)= A+ BT +CT? (22)

where the coefficientsl, B, and C are listed in table 1. For comparison, the result for

¢ = 0.90 is also shown in table 1. The characteristic temperafyriésted in table 1 is a
temperature at whicB7T = CT?. The T?-term which is dominant fof’ > T; is due to the
interpocket electron—phonon scattering, while ffrderm which is dominant fofl’ « Ty

is due to the intrapocket electron—phonon scattering. The interpocket transition is induced
by the coupling of electrons to the phonon associated with the in-plane lattice vibration
(D ~ 16 eV) which is much larger than that associated with the out-of-plane vibration
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(D < 3.7 eV) [27]. Electron—electron scattering is ineffective as regards contributing to the
resistivity. This temperature dependencepgfis similar to that of nonmagnetic acceptor-
type GICs such as Cd€IGIC with T, = 96.6 K [28]. Note that the values ofy are
different for different samples as shown in table 1.

Table 1. The coefficientsA, B, and C of the normalized in-plane resistivity for stage-1
Co.M1_.Cly GICs determined from a least-squares fit of the data (fox20 < 290 K) to the
form ¢(T) = pa(T)/pa(290 Ky = A + BT + CT?2. Ty is the temperature at whicBT = CT?2.

The stage-1 Gavin;_.Cl, GIC
c A B c To (K)

1 0.428 6599x 1074 4.639x 10 142
090 0.685 ®&92x10% 9.297x107 892
0.85 0.460 ®72x10% 4.037x10°% 172
0.70 0507 1010x103 2345x10°% 431

The stage-1 GMg;-.Clz GIC
c A B C To (K)

095 0.508 1009x 103 2480x 10°°% 407
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Figure 5. (a) ¢ versusT and (b)—d¢/dT versusT for the stage-1 CaMg;_.Cly GIC with
¢ = 0.90 nearT,.

4.2. Electrical resistivity of stage-1 Qllg;_.Cl, GICs

We have measured the temperature dependence of the in-plane resigtivofystage-1
Co.Mg;_.Cl, GICs on the basis of SCKG with = 0.95, 0.90, and 0.85. Figure 5(a)
shows the temperature dependence dbr the stage-1 CGiMg; .Cl, GIC with ¢ = 0.9,
which is similar to that forc = 1 as shown in figure 2(a): it exhibits a drastic increase
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at ~7.5 K with decreasing temperature. The magnitude of the incregs€=3.1%) is
much smaller than that far= 1 (9.7%). Figure 5(b) shows the temperature dependence of
—d¢ /dT for ¢ = 0.90. A sharp peak is observed at around 6.85 K which is much lower than
the value ofT, for the stage-1 CoGIGIC (=8.85 K). This decrease of the peak temperature
indicates that the long-range spin order is partly broken by the replacementofi@s

by nonmagnetic Mg ions.

stage-1 Coy asMgg 15Cl; GIC stage-1 Coy Mg, 1Cl, GIC
: 1 . ;
0.495 - / 0.9 |
_.o’
’,
» .
P 08 .
P .Of P
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Figure 6. ¢ versusT for the stage-1 GaMgi1_.Cl,  Figure 7. ¢ versusT for stage-1 CeMg;_.Cly GICs
GIC with ¢ = 0.85 nearT,. with ¢ = 0.90 for 26 < T < 290 K.

Figure 6 shows the temperature dependence fof ¢ = 0.85. It is very different from
that for 0.90: it gradually increases with increasing temperature . ®&K2T" < 5.8 K and
rapidly increases above 5.8 K with further increasing temperature. The kink temperature
5.8 K is considered to be close ®. In section 5 the Co concentration dependence of
T, will be further examined in a discussion of the percolation threshold of these systems.
Note that the temperature dependence &br ¢ = 0.85 is different from that foe = 0.77
reported by Nicholls and Dresselhaus [9]: the resistivity begins to increasd & with
decreasing temperaturd f = 1.5%).

Here we describe the temperature dependencgefof ¢ = 0.95 which is not shown in
figures 5(a) and 6. The temperature dependencefof ¢ = 0.95 is roughly similar to that
for ¢ = 0.90 as shown in figure 5(a): it exhibits a drastic increase@tK (Ap = 1.5%)
with decreasing temperature. The temperature derivative stiows a peak at arount
(=8.59 K), which is lower than the temperature at whiclstarts to rise. Figure 7 shows
the temperature dependence ffor stage-1 CoMg;_.Cl, GICs with ¢ = 0.90 for the
temperature range between 2.6 and 290 K. The monotonic increasésobbserved for
20 < T < 290K as the temperature increases. A small shoulder-type anomaly observed near
210 K is considered to be related to some structural phase transition. A similar monotonic
increase iry is also observed for = 0.95; no resistivity anomaly is observed near 210 K.
The least-squares fit of the-T' data forc = 0.95 and 0.90 to (22) yields the coefficients
A, B, C, andTy listed in table 1.
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5. Discussion

5.1. The temperature dependence of the in-plane resistivity

In section 3 we predicted the temperature dependence of the in-plane resjstitity the
stage-1 CoGIGIC, which is described by (18) fdf > T, and by (20) forT < T.. The first
term of (20) is related to the magnetic neutron scattering intensity of the antiferromagnetic
Bragg peak at the wave vect@ = Lc¢* with L = 1/2, wherec* (|c*| = 27/d) is the
fundamental reciprocal-lattice vector along the ID@irection andd is the c-axis repeat
distance of the stage-1 CaQBIC. Equation (18) and the second term of (20) are related to
the magnetic diffuse scattering intensity at arodha= ¢*/2. Ikedaet al[29] have reported
the experimental results on the magnetic neutron scattering of the stage-4 @&CIThe
intensity atQ = c¢*/2 drastically decreases with increasing temperature. It does not reduce
to zero but shows a tail at around 9.9 K due to the smearirig.in

First we analyse the temperature dependence of the intengidy-at* /2 by assuming
that the smearing of. is described by a Gaussian distribution function with the average
value (T,.) and widtho [30]:

1 1(T.—(T.)\*
NP exp[—2 (6 ) } . (23)

The intensity atQQ = c¢*/2 for the stage-1 Co@lIGIC is predicted to vary with
temperature as

f(Tc) =

o0 T 2B

I(T) = / Io <1— ) f(T) dT, (24)
T TC

where [y is a constant. The least-squares fit of the intensit@Qat c*/2 versusT to (24)

yields the valuegs = 0.125, (T,) = 9.53 K ando = 0.71 K. Note that the temperature

derivative of the intensity a = c¢*/2 clearly shows a broad peak at 9.53 K which coincides

with (7).

Table 2. The critical exponentf), 7,-distribution width ¢), average critical temperatut&,),
and Ap for stage-1 CoM;_.Cly GICs, whereAp = (Zsar/Smin — 1) x 100 (%), andsy,, and
Lmin are the values of at a temperature far belo®. and at just abové&,, respectively.

Sample name B o (K) (T.)(K) Ap (%)
CoCh GIC 0.079 0.62 8.85 9.7
CogoMng10Clo GIC  0.031  0.82 7.22 0.05
CogsMng1sCl; GIC  0.087 0.71 6.06 0.7
Cop.o5MgoosCl; GIC  0.084 1.11 8.59 1.5
Cm.9oMgp.10Cl2 GIC  0.078 0.75 6.85 3.1

Ikeda et al [29] have shown that for the stage-1 CeGBIC the magnetic diffuse
scattering intensity at aroun@ = ¢*/2 is much weaker than the antiferromagnetic Bragg
intensity atQ = c¢*/2 partly because of the 3D long-range spin order belpw This
implies that the contribution of the static spin correlation between adjacent, Cay@rs
to the in-plane resistivity is assumed to be negligibly small. Therefore it follows that the
magnetic contribution of in-plane resistivity for the stage-1 GoGIC can be described
by p, ~ A'|t|?! for T < T.. When the smearing of,. defined by (23) is also taken
into account, the magnetic contribution of the normalized in-plane resistiu#) can be
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expressed by

00 T 2B
T

c

where ¢} is a constant. In terms of (25) we analyse our experimentdl data for stage-
1 CaoMny_.Cl, GICs withe = 1, 0.90, and 0.85, and stage-1 @®ty; .Cl, GICs with
¢ = 0.95 and 0.90. The least-squares fit of these data to (25) yields the valyges B
and o listed in table 2. The critical exponeit thus obtained (@02 < g < 0.087) is
smaller than that estimated from the neutron scattering intensiy at ¢*/2, but is in
good agreement with that derived from the magnetization of stage-®#Ga.Cl, GICs in
the presence of a magnetic field of 100 %= 0.082 forc = 1, 0.085 forc = 0.90, 0.040
for ¢ = 0.85, 0.085 forc = 0.80, 0.046 forc = 0.70, and 0.107 for = 0.55 [13]. These
results indicate that the magnetic contribution of in-plane resistivity for stage4#1 CoCl,
GICs is proportional to the square of the staggered magnetization defingghy /»).

The situation is very different for the stage-2 CoGIC with thec-axis repeat distance
d = 1279A[13]. The interplanar distance between the graphite layer and the N.N.NpCoCl
layer &8.07 A) via the intervening graphite layer is much larger than that between the
graphite layer and the N.N. CoLlayer =4.72 A). The m-electrons in the graphite layer
are scattered by spin fluctuations with t§e= 0 mode for Cé* spins in the N.N. CoGl
layer through ther—d exchange interaction. Our model described in section 3 predicts that
the spin fluctuations with th€ = 0 mode do not make any significant contribution to the
resistivity because of the factor-1cosf being zero in (11). This prediction seems to be
inconsistent with a resistivity anomaly of the stage-2 GoGIC near7,. which has been
reported by Yetet al [2]: the magnetic contribution for the resistivity shows a small peak
at 7T.. Note that similar behaviour is also observed fowersusT for the NiMn;_.Cl,

GIC with ¢ = 0.85 consisting of majority stage-2 with minority stage-1 and stage-3 GICs
[31]. The resistivity; shows a kink-like behaviour at around 10 K, which is betw&er

9.58 K for ¢ = 0.80 and 14.34 K for = 0.90 derived from the ac magnetic susceptibility
of stage-2 NiMn,_.Cl, GICs [32].

Here we consider how such a resistivity anomaly in a stage-2 £GOC can be
explained within the framework of our model. In our model the?Cwpins are 2D
ferromagnetically aligned over the whole intercalate layer belpwThe intercalate layers
are formed of small islands whose peripheries provide acceptor sites for electrons transferred
from graphite layers. The 2D spin correlation lengtimcreases on approachirg from the
high-temperature side. The growth &fis limited by the existence of these small islands,
forming a ferromagnetic cluster. It has been revealed through a SQUID magnetization
measurement [12] that the low-temperature ordered phase #&loarresponds to a cluster
glass phase where the spin directions of ferromagnetic clusters are frozen due to frustrated
inter-island interactions consisting of inter-island dipole—dipole interactions and interplanar
antiferromagnetic interactions. The-electrons may be scattered by the spin fluctuations
of these ferromagnetic clusters. Suppose that the corresponding spin correlation function
'(Q) is described by the same form as (17), whég is a characteristic wave vector
characterizing the spin structures of ferromagnetic clusters with frozen spin directions. Then
the in-plane resistivity may be described by (18) for> 7, and the second term of (20)
for T < T,.. Sincen = ' ~ 0, the resistivity diverges ds|~" for T > T, and ast|™" for
T < T, on approachind,., wherev = v/ = 1 is expected for 2DXY spin systems. This
divergence of the resistivity &. may be greatly reduced by the scattering effect related to
the limited electron mean free path as described in section 3.
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5.2. The critical temperature of stage-1 @4g;_.Cl, GICs

The percolation behaviour of CHlg; .Cl, GICs has been studied by Nicholls and
Dresselhaus [9] for stage-1 and by Suzwial [11] for stage-2 GICs. The critical
temperaturel, decreases with the substitution for €dons with nonmagnetic Mg ions
and reduces to zero below the percolation threshgldc, = 0.65 for stage-1 [9] and
¢, ~ 0.5 for stage-2 GICs [11]. The threshold concentratigns theoretically predicted
asc, = 0.5 for the 2D triangular lattice. Below, there is no long-range spin order at any
temperatures above 0 K.

Co,Mg,..Cl, GIC
10 S—

T K)

0 : -
03 04 05 06 07 08 09 1

c

Figure 8. The critical temperatur&. versus the Co concentration for ®ég;_.Cl, GICs: stage-
1 (® and O) from resistivity measurements and stage-3 from ac magnetic susceptibility
[11]. The data marke®@ are taken from [9].

Here we discuss the percolation behaviour of stage-MMge_.Cl, GICs based on our
resistivity results. Figure 8 shows the critical temperatfjresersus Co concentration for
stage-1 CgMg;_.Cl, GICs, whereT, for ¢ = 1, 0.95, and 0.90 (closed circles) corresponds
to the peak temperature efdz /dT, T, for ¢ = 0.85 (open circle) corresponds to the kink
temperature ot, and7, for ¢ = 0.77 (closed square) is the temperature at whidhas a
minimum: T, >~ 4 K [9]. The least-squares fit of the data yields the solid straight line in
figure 8. The percolation threshalg is estimated to be, = 0.59 from the extrapolation of
the solid straight line to th&, = 0 axis. This value ot, is a little larger than the value of
¢, (=0.5) predicted for the 2D triangular lattice, but is smaller than the valug ¢£0.65)
obtained by Nicholls and Dresselhaus [9]. The deviatior ofrom the theoretical value
is partly attributed to the random distribution of in-plane voids caused by the incomplete
in-plane filling factor of the GICs [9]: Cd ions are replaced by both nonmagnetic Vg
ions and voids. In figure 8, for comparison, we showThe data for stage-2 Cdig;_.Clo
GICs determined from the ac magnetic susceptibility [11]. The valug. dbr the stage-1
compounds is lower than that for the stage-2 compounds with the same concentration for
¢ < 0.90. The dimensionality of these systems decreases from 2D-like for stage-2 to 3D-
like for stage-1 GICs due to the decrease in the interplanar distance, predicting an increase
of T, with decreasing stage number. The difference between our results and this prediction
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can be explained if the number of voids per intercalate layer for a stage-1 GIC is much
larger than that for a stage-2 GIC.

5.3. The concentration dependenceAqgf in stage-1 CoM;_.Cl, GICs

We discuss the Co concentration dependenca f For stage-1 CdMn;_.Cl, GICs Ap
decreases from 9.7% fer= 1 to ~0% for ¢ = 0.7 with decreasing Co concentration. For
stage-1 CaMg,_.Cl, GICs, Ap also decreases from 9.7% for= 1 to ~0% for ¢ = 0.85
with decreasing Co concentration.

Our model described in section 3 predicts that the occurrenagcobelow T, is due
to the scattering ofr-electrons by antiferromagnetic in-plane spin configurations consisting
of the superposition of the in-plane ferromagnetic spin structures of the N.N. intercalate
layers separated by the graphite layer. The important conditions for the occurrenge of
belowT, in stage-1 CaM;_.Cl, GICs are that (i) the effective antiferromagnetic interplanar
exchange interactiod, . 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 antiferromagnetic Bragg point@t= Q. The latter condition also implies
that the intercalate layers are structurally correlated along-thés.

First we consider the magnitude df5 for the stage-1 CiM;_.Cl, GICs. In these
systems the 3D long-range spin order appearszd@ where the thermal energyT) is
of the same order aslgffl. In other words, the value df. is a measure foﬂg’ff which is
described by

2
I = pOJ'S(S+1) (é) : (26)

a

Here J' is the antiferromagnetic interplanar exchange interaction ans the in-plane
lattice constant of the intercalate layer. The paramgtey is the probability of the overlap

of the ordered region, with the area of 7£2, in one intercalate layer, with another
region, with the same area, in the adjacent intercalate layer. For stageMn{goCl,

GICs and CpMg;_.Cl, GICs, T, drastically decreases with decreasing Co concentration
(table 2 and figure 8), leading to the reduction&p. The ratio|J€/ff(c)|/|Jefff(c =1
decreases to 1/2 at= 0.70 for stage-1 Cdvin;_.Cl, GICs and atc = 0.77 for stage-1
Co.Mg;_.Cl, GICs. SinceJ’ is considered to be independent of the Co concentration, it
follows thaté and p(c) in (26) decrease with decreasing Co concentration. The decrease
of & in stage-1 Cgvn;_.Cl, GICs is due to the spin frustration effect arising from a
competition between the intraplanar ferromagnetic exchange interag¢({@o—Co) and

the antiferromagnetic exchange interactigfMn—Mn). The decrease of in stage-1
Co.Mg:_.Cl, GICs corresponds to the breakdown of ordered regions &f Gpins by

the replacement of Go ions by nonmagnetic Mg ions. Thus the reduction ok for

¢ < 0.9 in stage-1 CadMn;_.Cl, GICs and CpMg;_.Cl, GICs is attributed to the decrease
of & and p(c) with decreasing Co concentration. The superimposed in-plane spin structure
of these compounds with > 0.9 is considered to be still similar to that of the stage-1
CoChL GIC. Note that the intercalate layers of stage-1./@a,_.Cl, GICs are expected to
stack in an ordered abgabg rhombohedral sequence, sinceattie stacking sequences of
the stage-1 CoGIGIC and the stage-1 MngGIC are described by the same sequence [14].
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6. Conclusion

We have studied the temperature dependence of the in-plane resistivity for stage-1
Co.Mn;_.Cl, GICs and stage-1 Cbig;_.Cl, GICs nearT,. We have found that the
resistivity shows a drastic increase bel@wwith decreasing temperature. The temperature
dependence of this resistivity anomaly is similar to that of the square of the staggered
magnetization with a smeared power law with exponeft 2We have presented a
model which can explain this resistivity anomaly: theelectrons are scattered by the
spin fluctuation of the antiferromagnetic in-plane spin configuration arising from the
superposition of two ferromagnetic in-plane spin structures. #Hadectrons experience two
types of molecular field whose directions are antiparallel to each other. The key point of our
model is that (i) forr-electrons there is no distinction between thed exchange interaction
effect from one of the N.N. intercalate layers and that from the other N.N. intercalate layer,
and that (ii) the intercalate layers are structurally correlated with each other alongxie

We have also discussed the Co concentration dependeriefaf stage-1 and stage-2
Co:Mg;_.Cl, GICs. The percolation threshold is estimated tocpe= 0.59, which is a
little larger than the theoretical value for the 2D triangular lattied.60). The critical
temperaturel, for stage-1 compounds is lower than that for stage-2 compounds with the
same Co concentration. These results give indirect evidence that the number of voids per
intercalate layer for stage-1 compounds is much larger than that for stage-2 compounds with
the same Co concentration.
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