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Abstract. The a-axis electrical resistivityp, and the transverse magnetoresistance (aT-MR
(H || c)) of stage-2 to 6 MoGl graphite intercalation compounds (GICs) have been measured
in the temperaturel() range between 4.2 and 300 K and magnetic fiél)l (ange between 0 and

7 kOe. The data are analysed together with the resulisagfs resistivityp. and the longitudinal
magnetoresistance (cL-MBHL || ¢)) reported in our previous work. For stage-2 to 5 M@GICs

pq Shows a metallic-like” dependence and exhibits no logarithmic behaviour, whilshows a
metallic-like behaviour for low stage (2), a logarithmic behaviour for the intermediate stigbs
and a semiconductor-like behaviour for high stages (5, 6). For all stages the sign of af-MR)(

is positive, while the sign of cL-MRHK | c¢) is negative for the intermediate stages (3-5) and
positive for low stages in loW and weakH . The resistivityp. is formed of a series connection of
G—-I-G (G: graphite layer, I: intercalate layer) and G-G resistivity, whjlés formed of a parallel
connection of each layer contribution. The behaviour difference betweand p. is discussed

in the light of the role of the interior G layer forming a bottleneck to ¢hexis conduction. The
logarithmic behaviour and negative magnetoresistanpe amise from the two-dimensional weak
localization occurring in these interior G layers.

1. Introduction

In the past two decadesaxis electrical resistivity measurements have been carried out for
various kinds of graphite intercalation compound (GIC) with a staging structure along the
c-axis [1-12]. For stage-GICs there ara graphite (G) layers between adjacent intercalate

(1) layers. Models on the-axis conduction mechanism have been proposed to explain these
results [13—17]. The overlapping of a wave function of carrier over adjacent G layers in GICs
is crucial to thec-axis conduction. Depending on the degree of the overlapping the following
two models are proposed: a two-dimensional (2D) band model and a three-dimensional (3D)
band model. In a 2D band model there is no overlapping of the wave function over nearest
neighbour G layers: carriers are localized in each G layer. Since the | layers are electrically
insulating in acceptor GICs, this model may be appropriate at least for low stages. In this
model thec-axis conduction can occur through a hopping of carriers between G layers through
a conduction-channel (conduction-path) Hamiltonian. However, this 2D conduction model
may not be true for pristine graphite and donor GICs because of relatively strong correlation

|| Present address: Energy Laboratory, Electronic Research Centre, Samsung Yokohama Research Institute,
2—7, Sugasawa-cho, Tsurumi-ku, Yokohama 230-0027, Japan.

0953-8984/99/153149+12$19.50 © 1999 IOP Publishing Ltd 3149



3150 K Matsubara et al

between G layers. The | layers are usually electrically conductive in donor GICs. The wave
function of carriers is not localized in each G layer (a 3D band model), leading to the bandlike
conduction along the-axis. Even for acceptor GICs it may be reasonable to assume that the
character of the conduction band changes from 2D- to 3D-like for high stages.

In a previous paper [11] we have reported the temperaflirel¢pendence of the-axis
resistivity (o.) and longitudinal magnetoresistan@eo.r /00, cL-MR (H || ¢)) of stage-2to 6
MoCls GICs, whereH is an external magnetic field. We have found (i) a metallic behaviour in
stage 2, (ii) a logarithmic behaviour at Idin stage 3 and 4 and a negative magnetoresistance
(n-MR) at low T and weakH in stage 3 to 5 and (iii) a semiconductor-like behaviour in
high stageg5, 6). We have shown that these results can be qualitatively explained within
the framework of a 2D band model with a hopping conduction mechanism. Carriers diffuse
along each G layer and occasionally make transitions to the nearest neighbour G layers through
hopping. The logarithmic behaviour and negative magnetoresistance are due to a 2D weak
localization effect (WLE) occurring in the interior G layer in high-stage MpGICs.

In most of the studies on electrical resistivity in GICs so far, measurements were restricted
to one directiond- or c-axis) and little attention has been paid to the correlation between
and c-axis conduction and systematic study of their stage dependence. As far as we know,
there are few detailed attempts [18] to compare the experimental resyifsnth those of
p. for the same sample, partly because of the problem of their stability or resolution. On
this point, MoCk GICs are suitable for investigation, because they are stable under ambient
atmosphere and the reproducibility of the resistivity is good when repeating the examination
with decreasing or increasirg.

In the present work we report experimental results ofitlaexis resistivity p,) anda-axis
transverse magnetoresistan@eo,r/po, aT-MR (H | ¢)) for stage-2 to 6 MoGl| GICs.

We also examine the-axis transverse magnetoresistaniée.r/po, CT-MR (H || a)) in
association with the negative component of cL-NIR || ¢). The samples used in the present
work are the same as those used in the previous work [11]. We will show that for stage-2 to 5
MoCls GICs p, shows a metalli@ dependence and exhibits no logarithmic behaviour, while
the sign of aT-MR(H || ¢) is positive for all stages. These results seem to be rather different
from those obtained from,. and cL-MR(H | ¢). We will show that such a difference can be
qualitatively explained within the framework of the 2D band model with a hopping conduction
mechanism.

2. 2D band model with hopping conduction:c- and a-axis resistivity

Here we present a simple model for thaxis anda-axis resistivity of acceptor GICs which
has been proposed by Sugihataal [13, 15-17], assuming that hopping conduction occurs
between G layers having 2D bands. The carriers diffuse along each G layer for a sufficiently
long time and occasionally transfer to the neighbouring G layers with the aid of a conduction-
channel (conduction path) Hamiltonian. Thus thaxis conductivity of the regions G—G and
G—I-G is determined mainly by the in-plane conductivity of the related G layers. There are
two kinds of G layer for high stage GIGs > 3). Due to the attractive Coulomb interaction
between | and G layers, the transfer charge density is mostly concentrated on the bounding
G layers(Gy), while a small amount of charge density is distributed on the interior G layers
(G;). Thein-plane conductivity along the,Gyer may be much larger than along thel&yer.

The c-axis conductivity o.(G,1G;,) for the GIG, sandwich is approximated as
(mph) Tp)|H(GyIG,)|?, wherem,, is an effective mass of carriers in,Gayers, I', /% is
the in-plane scattering rate afl(G,IG,) is the interlayer transition matrix element of the
conduction-channel Hamiltonian. Theaxis conductivity between the adjacenf @yers
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(= 0.(G,Gp)), which appears only for = 2, is approximated bym,h/'y)|H(G,Gp)|?.
The c-axis conductivity between the, Qayer and G layer (= o0.(G,G;)), which appears
for n > 3, is approximated bym,h/ T, + m;h/ ;)| H(G,G;)|?/2, wherem; is the effective
mass of carriers in Jayers and™; /7 is the in-plane scattering rate. Thexis conductivity
between the adjacent Gyers(= 0.(G;G;+1)), which appears for > 4, is approximated by
(mih/ T; + misah/ Tis1) |H(GiGia1) /2.

The resultant-axis resistivity of stage-GICs, p., consists of the following resistivities in
series: p.(Gy1Gy) = [0c(GpIGp)]1 7L, pe(GrGp) = [0c(GpGp)] ™Y, pe(GrGi) = [06(GpG)] ™
and p.(G;Gi+1) = [0.(G;Gi+1)] L. For stage-1 GlG., is equal top.(G,IG,). For stage-2
GIC with G,IG,G,! ... as ac-axis stacking sequencg, is expressed by

1
pe = —ldip:(GIGy) +dgp (GG (1)

wherel™ denotes the-axis repeat distance of stagesIC andd; andd; are the distances
between nearest neighbour G layers with and without an intervening | layer, respectively.
For stage-5 GIC with @G,G,:G,G,G,l ... as ac-axis stacking sequence, for exampleis
expressed by

1
Pe = ﬁ[dlpc(GbIGb) +2d6 p:(GpGy) + 2dg p:(G1G)]. 2

In contrast, the in-plane conductivity of stag&s1C, o, is approximated by a sum of the
in-plane conductivity of each G layer because of parallel connection of the in-plane resistivity
contribution of G layers. The in-plane conductivity(G,) for the G, layer ando, (G;) for
the G layer are described as,(G,) = nye?t,/m;, ando,(G;) = n;e?t;/m;, respectively,
wheret, andt; are the in-plane relaxation times of carriers, afpdandn; are the carrier
concentrations in the Gand G layers, respectively. For exampte, is equal too, (G,) for
stage-2 GIC and is approximated by

04 = £[204(Gp) + 20,(Gy) +04(Gp)] ©)
for stage-5 GIC. Note that the relaxation rafe 1s related td" /% by

1 = /d@(l— cos@)£ (4)
T h

whered is an angle between the incoming and outgoing wave vectors of carriers. Except at
low T where the forward (small angle) scattering fagtb cosp) is important,r is assumed
tobeequaltd/T: 1, ~ h/ T, andt; ~ h/T;.

Now we add the following assumption to the above model: a 2D WLE occurs only in
the interior G layers. The weak localization of carriers arises from the interference between
the electron waves, which are related to each other through a time reversal scattering process.
The in-plane relaxation rate of interior G lay€l%) is assumed to be much larger than that
of bounding G layersl',). Then thec-axis resistivity is dominated by, (G; G;.,) for interior
G layers, forming a bottleneck to theaxis conduction. In contrast, theaxis resistivity is
dominated by the in-plane resistivity [(G,)]~* for bounding G layers. Thus a logarithmic
behaviour which is one of the characteristics of the 2D WLE is predicted to appesar in
The interference effect can be partly destroyed by the applicatidih, éfiducing a negative
magnetoresistance (N-MR) component. Since the orbital motion of carriers in interior G layers
is influenced by the application d@f parallel to thec-axis, an N-MR is predicted to appear
only in the longitudinak-axis magnetoresistance.
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3. Experimental procedure

Host graphite used in the present work was highly oriented pyrolytic graphite (HOPG)sMoClI
GIC samples were prepared by heating a mixture of HOPG and powdered; Mo&two-

zone furnace. The staging structure was determined by x-ray diffraction [11]. Samples had
a rectangular form with typically a base of 6 mm4 mm and a height of 0.4 mm along the
c-axis. The measurements@faxis resistivityp, were made using a conventional four-probe
method. Two pairs of gold wires as the current and voltage probes were attached to samples by
silver paste (4922N, du Pont). The current (10 mA) was supplied through the current probes by
a Yokogawa 7651 programmable DC current source. The voltage generated across the voltage
probes was measured by a Keithley 181 nanovoltmeter. Magnetoresistance was measured in
the presence aff changing stepwise 0 to 7 kOe Athetween 4.2 and 300 K.

4. Results and discussion

4.1. T-dependence of a- and c-axis resistivity

In the previous paper [11], we reported tiiedependence op. for stage-2 to 6 MoGl
GICs. The resistivityp, for stage-2 MoGJ GIC exhibits a metallic-likel" dependence for
4.2 < T < 300K, while p. for stage 3 and 4 shows a logarithmic behaviour below 20 K and
monotonically increases with increasifigabove 20 K. For stage b. has a local minimum
around 40 K and a maximum at 128 K, and shows a relatively abrupt decrease above 128 K.
The T dependence gb. for stage 6 also has a local minimum at 184 K and increases with
further increasing’. The T dependence gf. changes continuously from metallic-like to
semiconductor-like with increasing stage number

In figure 1 we show th& dependence gf, for stage-2 to 6 MoGIGICs. The features
of figure 1 are summarized as follows. (i) The valueopfat 4.2 K simply increases with
increasing: except for stage 2. (ii) The value of, for stage 3 to 5 is smaller than that of
the host material HOPG. (iiip, shows a metallic-like behaviour for all stages. Note that no
logarithmic behaviour is observed at afly (iv) The derivative @, /dT is almost the same
except for stage 2.

In figure 2 we show theT dependence of normalized resistivity defined fy
(= (pp(T) — pp(4.2K))/(pp(295K) — p,(4.2 K))) with p = a andc for stage-2 Mo({
GIC. We find that thel dependence . is in good agreement with that éf at least below
150 K. This result may be explained as follows. In the model described in section 2, the
c-axis resistivity p. for stage 2 is predicted to be proportional @, /7){|H(G,G,)|~2 +
|H (G,1G,)|~2}, while the in-plane resistivity, is described byn,/(n,e?t,), where Yz, is
related tol', /7 by (4). If 1/7, =~ ', /h, and|H (G, G,)| 2 and|H (G,IG,)| 2 are independent
of T, both p. and p, are proportional td", /%, leading to the relatio. = &,. It may be
concluded that the conduction mechanismoéndp, is controlled by the in-plane relaxation
ratel",. The slight deviation of. from &, may suggest that (i, /% is not strictly equal ta,,
and that (i) the interlayer matrix element is assumed to be weakly depend&nt on

Inthe case of > 4, theT dependence gf. is modified by the contribution gf,. (G; G;.+1),
where G and G4, are interior G layers. Note that.(G;G;+1) is completely different from
the resistivity of pure graphite derived from the 3D band model. #ais resistivity
p(G;G;41) is proportional taT; /)| H (G;G;+1)| =2, where| H (G; G;+1)|? is a sum of the elastic
scattering contributionH (G; G;+1)” | due to impurities or defects and the inelastic scattering
contribution | H (G;G;4+1) ™| due to out-of-plane mode phonons. Thedependence of
|H (G;G;+1)|?> comes from that of H(G;G;+1)“?|?, which increases with increasing.
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Figure 1. T dependence af, for stage-2 to 6 MoG| GICs. Solid lines are results of the curve
fitting based on (5).
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Figure 2. Normalizeda- and c-axis resistivitys, (= (0,(T) — pp(4.2 K))/(pp(295 K) —
pp(4.2 K))) againstT for stage-2 MoG GIC with p = a andc.

SinceT';/h increases with' and |H (G;G;+1)|~2 decreases witi', the T dependence of
0.(G;G;+1) results from the competition between these two factors. With increasthg
contribution from|HC(;“’G_")|2 becomes dominant compared to thatIof, leading to the
change ofl" dependence af. from metallic-like to semiconductor-like. Consequently the
dependence b, gradually differs from that op, with increasings.

No logarithmic behaviour is observed i for all stages, while a logarithmic behaviour
is observed i, for intermediate stages (3, 4). These results suggest that the 2D WLE occurs
in the interior G layers. The-axis resistivityp,. is formed of series connection of resistivities
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0:(Gp1Gy), p(GpG1), p.(G1Gy), . .. along thec-axis. The interior G layers form a bottleneck
to thec-axis conduction. Th& dependence gf. mainly comes from that of the bottleneck
resistivity. In contrast, the-axis resistivity is formed of parallel connection of the in-plane
resistivity contribution of each G layer. When the in-plane conductivity of bounding G layers
is much larger than that of interior G layers, thelependence gf, mainly comes from that
of the in-plane relaxation rate, /4 (= 1/1,) of bounding G layers.

Here we discuss th€é dependence g, for MoCls GICs. It is generally accepted that
the T dependence gf, for many kinds of acceptor type GIC can be described as

pa(T) = A+ BT +CT? (5)

whereA, B andC are constants [19]. Here thR®T term is due to the intrapocket electron
phonon scattering which is dominant in the intermediatanges, while th€ 72 term is due

to the interpocket scattering process suggested by Kamietatfl9]. For stage-2to 5 MoGl

GICs the least squares fit of our dagg @gainstl’) to (5) yields parametera, B andC as

listed in table 1 p, for stage 6 is not included because of its local minimum). For stage 2,
the contribution of the'? term is more important than that of stage 3 to 5, suggesting that the
larger the Fermi surface, the stronger the interpocket scattering. The GICs witB have
several bands and the corresponding Fermi surfaces. The interpocket scattering associated
with interior G layers is weaker than that with bounding G layers. However, so far we have no
reasonable explanation for the interpocket scattering which is more effective for the low-stage
GICs. Here we show an alternative model which may explain the dominant contribution of the
T2 term for low stages. The phonon wave veajpicontributing to the intrapocket scattering
mediated by the in-plane phonon has a limited value ef§, < 2kr, whereky is the Fermi

wave number. A typical value dfz for low stages is~10’ cm™, and thus the maximum
phonon energy is of the order ofi&ky/ks = 320 K wherek; = 10’ cm~* and sound
velocity v, = 2.1 x 10° cm s%, implying that the phonon distribution cannot be treated as
the classical one. The deviation gf from T-linear dependence is predicted to appear below
300 K. This is the reason whypd/dT for stage 2 is larger than that for stage 3 to 6. The
features of the data given by table 1 can be qualitatively explained by the above model. As
most of the charge transfer occurs between bounding G layers, howeVEr, tit¥en remains

even for high stages. Therefore thedependence af, still shows a metallic-like behaviour

for high stages.

Table 1. Parameters obtained from least squares fitting of gatato (5) for stage-2 to 5 MoGl
GICs, where is the stage number.

n Ax10°Qcm) B (x108QemKhH) € (x100QcmK?)

2 1525 8.477 1.915
3 1.362 2.781 0.457
4 1.736 2.877 0.193
5 2307 6.441 —0.161

4.2. Magnetoresistance

4.2.1. c-axis transverse magnetoresistanda the previous paper [11] we have studied The
andH dependence of theaxis longitudinal magnetoresistartg,; / oo (CL-MR (H || ¢)) for
stage-2to 6 MoGIGICs. The N-MR ofp, is observed at low and lowT for the intermediate
stages (3-5). Thisresulthas been discussed interms of the 2D WLE which occursin the interior
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Figure 3. T dependence of-axis transverse magnetoresistance (CT-MR,|| a, E | c) for
stage-4 Mo GIC, whereE is an electric field.
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Figure 4. H dependence akp,r/p0(@T-MR, H | ¢, E || a) at 4.2 K for stage-2 to 6 MoGIGICs.

G layers. The appearance of N-MR is closely related to a partial destruction of the interference
effect by the application off along thec-axis.

What happens tp. whenH is applied along the-plane? Can the N-MR be still observed
for stage-3 to 5 MoGIGICs? Figure 3 shows tlfédependence akp.r /oo (CT-MR (H || a))
for field H = 1.24, 2.48, 3.69, 4.88, 5.97 and 6.82 kOe. We find that the sign of cT-MR
(H | a) is positive all over thel’ and H ranges in contrast to the negative sign of cL-MR
(H || ¢) shownin figure 8 of [11]. The peak around 20 K indicates that a component of N-MR
slightly exists below 20 K, although the sign of the observed cTMR|| a) is still positive.
The difference between cT-MBH || a) and cL-MR(H || ¢) indicates that the 2D WLE is
strongly dependent on the directionff The orbital motion of carriers in the interior G layers
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Figure 5. T dependence af-axis transverse magnetoresistance (aT-MR,|| ¢, E | a) for
(a) stage-2, (b) 3, (c) 4, (d) 5 and (e) 6 Mg@ICs. H = 1.24, 2.48, 3.69, 4.88, 5.97 and 6.82

kOe.

is influenced only by the application &f along thec-axis. This behaviour is not due to the
Zeeman effect for electron spins which does not strongly depend on the directibn of

In the previous paper [11] we discussed the possibility of the Kondo effect as a cause for
the logarithmic behaviour gé. and N-MR of cL-MR(H || ¢). This possibility can be ruled
out for the following reasons. As the Kondo effect is an isotropic effect, the N-MR should be
independent of the direction @&f. In fact the N-MR can be observed only fBrparallel to the
c-axis. The N-MR should appear in stage-2 MgGIC because of relatively strong exchange
interaction between spins of carriers in the bounding G layers ard &ns withS = 1/2
in the nearest neighbour | layer. In fact, the sign of cL-MR || ¢) of stage 2 is positive over

the wholeT and H ranges examined.
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Figure 5. (Continued)

4.2.2. a-axis transverse magnetoresistancél/e have measured theaxis resistivity of stage-

2 to 6 MoCk GICs in the presence dff along thec-axis, denoted as the-axis transverse
magnetoresistanc&p,r /oo (QT-MR (H || ¢)). In the 2D model described in section 2, the
a-axis resistivity is dominated by the in-plane resistivity of bounding G layers. When the
2D WLE occurs in the interior G layers, no N-MR contribution is predicted to be observed
in aT-MR (H || ¢). The magnetoresistance aT-MIR || ¢) of stage-2 to 6 MoG| GICs is
expected to be similar to that of pristine graphite. It is expectedAlgt /oo is positive and
equal to(w.7,)? Wherew. (= e H/myc) is the cyclotron angular frequency.

Figure 4 shows theé? dependence oAp,r/po (QT-MR (H || ¢)) atT = 4.2 K for
stage-2 to 6 MoGl GICs. Though absolute values 6fo, 7/ 0o for all stages are nearly the
same as those of cL-MRH || c¢), their sign is positive over whole th# range examined,
exhibiting a positive magnetoresistance (P-MR). For stage 2, the valg,@f/ oo increases
with increasingHd and is nearly proportional tf at H > 2 kOe. For stage 3 and 4, the slope
of Ap,7/po againstd nearH = 0 is nearly equal to zero. For stage 5 and\,7/ 0o again
increases drastically in low. We also note that the magnitude 8p,r /o0 atT = 4.2 K
andH = 6.82 kOe is strongly dependent on the stage number: it dramatically decreases with
increasing stage number from stage 2 to 4, having a minimum at stage 4, and increases with
further increasing stage number. The value\gf,; / oo for stage 6 is almost the same as that
for stage 2.

Figure 5(a)—(e) show th& dependence ohp,7r/p0 (@T-MR (H | c¢)) for stage-2 to
6 MoCls GICs for variousH. The sign ofAp,7/po is positive over the whold and H
ranges examined, indicating that the P-MR contribution from the bounding G layers with high
in-plane conductivitys, (G,) is dominant. For stage 3 and 4, tliedependence ahp,r/ 0o
exhibits a peak around 15 K, indicating the existence of a small N-MR contribution from the
interior G layers with low in-plane conductivity, (G;). For stages 2 and 6 no appreciable
N-MR component is observed at |Gl

These results suggest that the 2D WLE does not occur in the bounding G layers
for all stages. The value of P-MR for stage 3 and 4 is much smaller than that for the
other stages at lowH. This may be closely related to the occurrence of N-MR in the
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longitudinal magnetoresistance cL-M@ | c¢) for stage 3 and 4. According to the 2D
model described in section 2, for example, thaxis magnetoresistandep,. for stage-4 GIC
with G,1G,G1G1G, as ac-axis stacking sequence is described by a sumgf(G,1G,),
Ap:(G,G1) and Ap.(G1G1). When the 2D WLE occurs in the interior;Gayers, the sign
of Ap.(G1G;1) and Ap.(G,G1) may be negative and p.(G,IG,) is positive. Then the N-
MR in Ap. may appear under the condition that the sumAs.(G1G1)| and|Ap.(G,Gy)|

is larger thamAp.(G,1G,). Here it should be noted thatp.(G,1G;)/ 0o is roughly equal to
Apq/po because these quantities depend mainly on the in-plane relaxation rate of carriers in
the bounding G layers. It is concluded from figures 4 and 5 that (i) the sigyofG,1G;)

is positive for all stages, and that (ii) the value®b.(G,1G,)/po for stage 3 and 4 is much
smaller than that for other stages at |&w

4.3. Condition for 2D weak localization effect

Logarithmic behaviour and N-MR have been found in GUCloChk and Sbd GICs based
on carbon fibres [20—23] and have been also discussed in terms of the 2D WLE. As far as we
know, however, it has not been realized through these studies that the interior G layers plays a
significant role for the-axis conduction, partly because of the lack in data-faxis resistivity
of acceptor GICs with various stages. In the present work we have shown that the logarithmic
behaviour ofp, (stage 3 and 4) and N-MR (stage 3 to 5) in MgGIICs can be qualitatively
explained in terms of the 2D WLE occurring in the interior G layers.
Here we consider why the 2D WLE occurs only in the interior G layers, not in the bounding
G layers. A magnetoresistanég,./po can be expressed by
Apc — _AUB _ AGlnc (6)
£0 OB OB
where —Aog/op and —Aogy,./op represent the semiclassical Boltzmann-Bloch term
contributing to P-MR and a correction in terms of the 2D WLE contributing to N-MR,
respectively. The quantity{Ao;,./op] depends on three characteristic lengths [24, 25], i.e.
a Landau lengtiL. ; (= /h./4eH), a mean free pathg associated with elastic scattering and
diffusion lengthL;, associated with inelastic scattering.
To obtain N-MR, the condition

Lo« Ly <Ly (7)

should be satisfied. In the intermediate stages, the density of states of the interior G layer is
small compared to that of the bounding G layers, because the Fermi level exists in the vicinity
of bottom of its energy band. The diffusion length, associated with inelastic scattering
becomes long enough and the condition (7) can be satisfied. In the transition between bounding
G layers, on the other hand, the density of states of the bounding G layer is too large for the
relation (7) to be satisfied. Hence it does not contribute to the logarithmic behaviour and
N-MR.

The interior G layers play arole as a bottleneck tattaeis conduction, since the observed
resistivity is given by a series connection of contributions from each G layer. The logarithmic
behaviour and N-MR op, arise from the 2D WLE occurring in the interior G layers. For the
a-axis conduction, on the other hand, the observed resistivity is given by parallel connection
and carrier conduction mainly occurs in the bounding G layers with a large density of states.
The contribution of the interior G layers to theaxis conduction is small.

The appearance of 2D WLE is more effective in thaxis conduction. The 2D WLE
is observed only in the intermediate stages. For stage-2 GICs every G layer is next to the
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I layer and there is no interior ,Gayer, and for high-stagé: > 6) GICs the graphite layers
sandwiched by | layers may have a character of 3D band-like conduction.

5. Summary

For stage-2 to 5 MoGIGICs p, shows a metallic-likel' dependence all over thg range,

and exhibits no logarithmic behaviour. The sign of aT-MH || ¢) is positive even at low

T and at weakH for all stages. On the other hand, thedependence af-axis resistivityp,

of stage-2 to 6 MoGIGICs changes from metallic-like to semiconductor-like with increasing
stage numbet, and a logarithmic behaviour and negative magnetoresistance are observed at
low T for intermediate stages. Although our basic conceptaxis conduction is a hopping
process reflected by the in-plane relaxation time, an essential difference betveglr-axis
conduction processes is observed. These results can be explained as follows-axitie
resistivity is expressed as a series connection of contributions from each G layer. For high
stages a hopping process associated with an out-of-plane mode phonon leads to the cghange of
dependence from metallic-like to semiconductor-like. For the intermediate stages, transitions
between interior G layers satisfy the condition of the 2D WLE at [Bvand H, forming

a bottleneck to the-axis conduction. This is the reason why a logarithmic behaviour and
negative magnetoresistance are observed. On the otherdrarid, resistivity is expressed as

a parallel connection of contributions from G layers, so carriers are able to conduct, escaping
the bottleneck. Thus, the contribution of the 2D WLE is not dominant even al'lewd H .
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