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The c-axis resistivityp.(H,T) of a stage-4 MoGl graphite intercalation compound between 1.9 and 50 K
has been measured with and without an external magnetic field alorgttie (O<H=<44 kOe). The interior
graphite(G) layers form a bottleneck to theaxis conduction. Thd andH dependences i, are mainly
determined from that of the bottleneck resistivity which is proportional to the in-plane resistivity of interior
graphite layers. An observed logarithmic behaviorpgfin the form of In(l) and In{) indicates that the
two-dimensional weak localization occurs in the intei@®itayers. TheT andH dependences of the in-plane
conductivity derived fronp. are well described by a scaling functiontdfr, at low T and lowH, wherer, is
the characteristic relaxation time for inelastic scattering and is dependéf(tror- T~ %9).

. INTRODUCTION aT-MR(HIlc) is positive, while the sign ofL-MR(HIlc) is
negative for the intermediate stagés-5 and positive for
In the past two decadesaxis electrical resistivity mea- |ow stages at lowl and weakH.
surements have been carried out for various kinds of graphite Sugiharaet all’ proposed a model to explain the above
intercalation compound$GIC's) with a staging structure experimental results by assuming that the in-plane relaxation
along thec axis*~* Models of thec-axis conduction mecha- rate of interiorG layers (;) is much larger than that of
nism ha\_/e been proposed to explain th_ese reﬁ%ﬂg._'l'he bounding G layers (). (i) The c-axis resistivity p, is
gﬁ:ﬂ??ﬁI?S?C(,‘)’fst?secvysgizlf?;rctt;]?21)3;Cczagglglz?:tci)gr?rng;f:gt formed ofseries connectionsf the c-axis resistivity contri-
ing on the degree of the overlap the following two modelsggit;on '.'}Ch(fbl:sez)i’sft)if/(itci;ebf')’(pé(?ée')”)""(Galgl)g th;zn((:j
are proposed: the two-dimensior{dD) band model and the '  Pelop'B0)s - PelBotily
three-dimensional3D) band model. The 2D band model pC(GiGi“)lare proportlopfll 0 10pA/Tp) = (M /T
+mA/T) "+, and (m#/T;) ™=, respectivelym, andm; are

may be appropriate for acceptor GIC’s where the intercalate ) o X
layers are insulating. There is no overlapping of the wave€ &ffective mass of carriers in the bounding graphg)(

function over nearest-neighb@ layers: carriers are local- and interior graphite®;) layers. Sincd’i>1',, pc(GiGi+ 1)
ized in eact layer. Thec-axis conduction can occur via the 18 much larger thampc(GylGy). This implies that theG;
hopp|ng of carriers betwee@ |ayers through a conduction- Iayel’s form a bottleneck to-axis conduction. Th& depen—
channel(conduction-pathHamiltonian. dence ofp. mainly comes from that of the bottleneck resis-
Suzukiet al® reported the temperatuf@) dependence of tivity. (i) The in-plane resistivity, is formed of parallel
the c-axis resistivity p.) and longitudinal magnetoresistance connectionsof the in-plane resistivity contributions,(Gy,)
[cL-MR(HIIc)] of stage 2—6 MoG| GIC’s, whereH is an  and p,(G;), which are proportional to nph/T'y) 1 and
external magnetic field. They fouri a metallic behaviorin  (mA/T;) %, respectively. So carriers are able to conduct
stage 2f{ii) a logarithmic behavior at low in stages 3 and 4, mainly in theG, layers, getting out of the bottleneck. Thus
as well as a negative magnetoresistandeMR) at low T the T dependence of, mainly comes from that of the in-
and weakH in stages 3-5, andiii) a semiconductorlike plane resistivity ofG, layers.
behavior in high stage¢5 and §. They have shown that When the 2D WLE occurs in thg; layers, not in thes,
these results can be qualitatively explained within the framelayers, both a logarithmic behavior ahdMR are predicted
work of a 2D band model with a hopping conduction mecha-to appear only inp.. So far the logarithmic behavior and
nism. The logarithmic behavior arfd-MR are due to a 2D N-MR have been found in CuglCoC), and SbhG] GIC'’s
weak-localization effectWLE). based on carbon fibet& 2 These behaviors have been dis-
Matsubaraet al!! also reported experimental results of cussed in terms of 2D WLE. As far as we know, however, it
the a-axis resistivity p,), a-axis transverse magnetoresis- has not been shown through these studies thaGthayers
tance[aT-MR(HIIc)], and thec-axis transverse magnetore- plays a significant role foc-axis conduction, partly because
sistance[ cT-MR(Hlla)] for stage 2—-6 MoG| GIC’s. For  of the lack of data forc-axis resistivity of acceptor GIC's
stages 2—5p, shows a metalliclikel dependence, and ex- with various stages.
hibits no logarithmic behavior. For all stages the sign of In this paper we have undertaken an extensive study on
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the T andH dependences @i, for a stage-4 MoG| GIC, If the spin-orbit scattering and scattering by magnetic im-
where the magnetic field is applied along tbeaxis. The purities are also taken into account, the conductivity in the
observed logarithmic behavior ., andN-MR in p.(T,H) presence of is of the fornf?

will be discussed in terms of a theory on 2D WEE.

Ac®(TH) 2 { (1+H1) 2 (1+H2)
g y = 5 = - | = = e
Il. THEORETICAL BACKGROUND 2wl \2 H) 272 H
We present a brief review on the theory of 2D WE#? N 1\1, 1 N Hs 5
taking into account the case of a stage-4 MOGIC. There 2 \2 HJI

are two different relaxation times of the carriers: the elastic hich i lid H=0. Here W'(x) is the di
lifetime 74 and the inelastic lifetimer,. The usual Boltz- which is valid even aH=0. Here ¥(x) is the digamma

mann theory neglects interference between the scattered pJP-”C“OQ which has limiting fi)rms asy (1/ 2tx)= In(x)
tial waves and assumes that the momentum of the electron 1/24” for x>1 and W(1/2)=—1.9635; H;=Ho+Hs,

wave disappears exponentially after a time This assump- +Hs, H2_: 4H$J3+2HS/3+ H,, andHy=2H.+ HS : The
tion yields the simple Drude formula for conductivity2° characteristic fieldH is related to the characteristic relax-
B

(=Nype?ry/m), with a 2D carrier densit\N,p. The weak- ation time 7 by Hy=c#/4eDry, where the index stands
localization effect in the 2D disordered systems is essentiall)];Or the following scattering process: 0 is elastic scattering,

caused by quantum interference of the conduction electrons inelastic scatterings is magnetic scattering, and so Is spin-

on system defects. The phase of the electron wave is mair‘i’-rblt scatttering. Since; is much larger thamy, Ho is much

tained over the distande, associated with inelastic scatter- I;lrlger LhanHH;HIeaglnth_cl)_ ;t:]e_|negual|BHl>H2 andH,
ing. WhenL, is the mean free path associated with elastic™ " '3 or 1. Ao™(T,H) is given by

scattering [,<<L,), the correction term in the 2D conduc- 2

L S v ) e 3 (1 H,\ 3 [H,
tivity due to localization can be described by Ao®®(T,H)=— 52|~ E\If sttt Eln m
e’ (L
So=— | W Ly(LsHe) Ly (Ha
=7\ L wsw| s+ -5l ®)

When the relaxation time for inelastic scatteringis de-  except for the H-independent term. When a function
scribed by 1#,~T? andL .= (D 7,)"2 the correction term f)[=In(LX)—W(1/2+1/x)] is newly introduced,
has a logarithmic behavior Ao?®(T,H) can be expressed by

e

3. [H| 1. (1H
271 |2 \Hy) 2\ éH,

whereD is the diffusion constanfl is a characteristic tem- where a parametef is defined byé=H3/H,. Equation(7)

2

e? T
Aam:mpln(T—o , 2) Ag?®®(T,H)=~— . (7

perature, an@?/2m?hA=1.2331410°Q "1, can be approximated as

In a uniform magnetic fieldH applied along the axis, the 5 5
localization effect is weakened. The magnetic field acts Ao (TH = — [3- 1\ H
against the cancellation of two electron waves with opposite o= (T.H) 967°f EAGE

wave vectork and —k. The correction term to the 2D con-
ductivity due to the 2D WLE depends on three characteristi
lengths: a magnetic lengthg=(ch/eH)*? Ly, andL,. 2

dor H<H;, and

The magnetic length is the radius of the lowest cyclotron Ac?(TH)= e_2 |n(i + }In E— 1.963%
orbit. Under the condition that 2w \Hy) 2
for Hy<H<H,.
Lo<Lg<L,, &) 2 °
the change in the correction term of the 2D conductivity due lll. EXPERIMENTAL PROCEDURE

to H is described by
The c-axis resistivity was measured using a superconduct-
e? Lg e’ ing quantum interference device magnetomef@uantum
mln( ) T 2% InH, (4) Design, MPMS XL-5 with an external device control and an
ultra-low-field capability option. Before inserting a sample at
which increases witliH, representindN-MR. 298 K, the remanent magnetic field in a superconducting
In the intermediate stages, the density of states ofdhe magnet was reduced to less than 3 mOe using the ultra-low-
layer is small compared to that of tii, layers, because the field capability option. For convenience, hereafter this rem-
Fermi level is found near the bottom of the energy band. Theanent field is referred to ad=0. The sample was cooled
diffusion lengthL, becomes long enough, and conditi®  down to 1.9 K i 8 h for an annealed system and 0.5 h for a
can be satisfied. In the transition between @glayers, on  quenched system. Then tleeaxis resistivity was measured
the other hand, the density of states of (g layers is too  with increasingT from 1.9 to 50 K, with and without an
large for condition(3) to be satisfied. Hence it does not con- external magnetic field along theaxis.
tribute to the logarithmic behavior ard-MR. The c-axis resistivity was measured using a conventional

Lo
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FIG. 1. T dependence op. for a stage-4 MoGJ GIC in the _ ‘S“a‘ge‘ _ 5 -
annealed®, A) and quenched stat¢®, A). H=0(®,0) and 500 . 2§00 Oe . 5100 ‘ )
(A, A). Hic. o 3200 < 5600 3
[ .+ 3600 v
four-probe method. The sample has a rectangular form with 0.805 - 2288 .
typically a base %5 mn? and a height 0.5 mm along tle [ o s
axis. Two thin gold wireq25-um diametey as the current
and voltage probes were attached to theurfaces of the =
sample by silver pasté4922N, du Pont The current(10 8
mA) was supplied to the current probes by a programmable =
current sourcéKeithley, Model 224. The voltage across the <
voltage probes was measured by a digital nanovoltmeter ;
(Keithley, Model 18). 0.795 |-
IV. RESULT
Figure 1 shows th& dependence gé. at H=0 and 500 0.79 L ‘
Oe for a stage-4 MoGIGIC for both the annealed and 0o 10 20 30 40 50
guenched systems, whektkis along thec axis. The value of
p. for the quenched system is larger than the valup.dir T(K)

the annealed system at the samand H. This feature re- . . ,
flects the degree of disorder in the graphite layers generate agﬁi i/'lo(% g?g (IE? ;:Zﬂiggfendcitg’félmth variousH's for a
during the cooling process. Figure@Rand 2b) show theT '

dependence g for the annealed system in the presence o
H along thec axis. A similar behavior is observed for the
guenched system. The resistivity decreases with increas-
ing T at low T, showing a local minimum at a temperature
Tmin, and increases with further increasifigFigure 3 shows o 2 _
the H dependence ofT,,, for both the annealed and Trin=(NP28p1p3—p2)ldps. ©
guenched systems. The temperatlfg, decreases with in- We find that p. vs T with 1.9<T=<25K for both the
creasingH at low H, exhibiting a local minimum arountl annealed and quenched systems can be also well described
=2kOe, and increases with further increasihg T, by EQ. (8) for eachH below 5.6 kOe. The parameteps

fand the third and fourth terms are due to the scattering of
carriers by phonon% The value ofT,,, can be calculated
from dp./dT=0 as

=46 K atH=20kOe. to p; for eachH are determined by a least squares fit of the
In order to analyze th& dependence gf. in the presence data to Eq.(8): for example,po=0.7986%- 0.00001 cm,
of H, we assume that the resistivity is described by p1=(1.038+0.024)x 10 3Q cm, p>=(1.863+0.534)
X107 °Q cmKL, and p3=(2.2690.120)

pe=po—p1IN(T)+p, T+ psT?, (8) x10 °QcmK ?atH=0 for the annealed system. The cor-

responding fitting curve is denoted by the solid line in Fig. 4.
wherepg, p1, p2, andp; are positive constants dependentIn Fig. 3 we also show the calculated valuesTgf, for both
on H, the second logarithmic term is due to the 2D WLE, the annealed and quenched systems. These values are ob-
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FIG. 5. H dependence of ratip, /p, for a stage-4 MoG|GIC in

FIG. 3. H dependence of ;,. Values of Ty, experimentally 4 o annealed®) and quenched staté®).

observed in the annealed std®) and the quenched stat®).
Calculated values ofT,;, in the annealed stat¢A) and the

quenched staté) previous papérwe showed that the following relation is

valid in a stage-4 MoGIGIC:

tained using parameteps to p; for eachH. The experimen- p1 e C
tal dataT,;, vs H are in good agreement with the calculated -
results.

Figure 5 shows thél dependence of the _ratiml/po for  \whereC is a constant,agD(=l.O77®< 1020°Y) corre-
annealed ?ng Iquenﬁhed systems. Th(/e "Alitpo tends to sponds to the in-plane conductivity defined by/pS
increase slightly with increasingl: p;/py=0.0013 atH 0, 11 . . N ’
=0 to 0.001 38 aH =5.6 kOe for the a;neoaled system. This pa (~18 plicm at 4'.2 K™ is the in-plane .re3|st|V|ty, and
o : . 1.,(19.396+ 0.014 A) is thec-axis repeat distance for the
is in contrast with the case of a CyGkIC based on pitch- stage-4 MoG) GIC. Using the ratigp; /po=1.30<103, the

- ' 17PO— +- '

derived carbon fiber: the ratip,/py shows a drastic de- . o
crease at lowH (<2 kO® and saturates at high2° In a cc_mstantC. can be gstlmated as 1.14, which is comparable
with 0.90 in a previous papér.

Figures 6a) and 6b) show theH dependence gb. with
1.9<T=<50K for the annealed system. For eathp. de-

(10

Po T 27 ED’

Stage-4 MoCls GIC

[ T T ] creases with increasinig at low H, exhibits a local mini-
0.798 - mum arouncH = 2.5 kOe, and increases with further increas-
) ing H. The sign of the differenca p [ =p(T,H) —p(T,H
0.7978 |- =0)] is negative for &H=<6-7 kOe due to the 2D WLE.
i Because of the Boltzmann tern‘ﬁD, which may drastically
0.7976 - decrease with increasirtg above 6—7 kOe, the sign dfp,
£ I becomes positive. We find that thé dependence o for
go-roma high H(10<H<=44kOe) is given by
Torer2 | pe=ao+aH, (11)
0.797 - with an exponenta=1.007+0.002, which is almost inde-
I pendent ofT for 1.9<T<50K [see Fig. @)]. In contrast,
0.7968 |- for low H (0.6=sH=2.0kOe) theH dependence op, is
I given by a logarithmic term
07966 Ll e o i L
0 5 10 15 20 25 pe=bo—Db;In(H), (12)

due to the 2D WLE. The ratib, /by is dependent of. It

FIG. 4. T dependence op, for a stage-4 MoGl GIC in the ~ decreases with increasing b;/by=(3.93+0.05)X 1073_
annealed statéd =0. The solid line denotes a least-squares fittingat 1.9 K and (2.140.05)x 103 at 50 K. Note that the ratio

curve described by Ed8). b, /by is roughly 2—4 times as large as the raip/pg.
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FIG. 6. (a) and(b) H dependence gi. for a stage-4 MoGIGIC
in the annealed state at varioliss Hllc.

V. DISCUSSION
A. Derivation of conductivity tensor

As described in Sec. |, we assume that ¢kexis resistiv-
ity of a stage-4 MoG] GIC is proportional to the in-plane
resistivity tensor of thé&; layers (oy,), wherep,,=Ap. and
A is constant. Then the conductivity tensey, in the G;
layers can be expressed as

1 1
Oxx= rpc ( Ry H) 7, (13
1+ A
Pc

where the Hall coefficienRy is defined by
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FIG. 7. H dependence oK[=Ao(T,H)/o(T,H=0)] with A
=5.3x 108 for variousT's.

1  6.25¢ 10%°

Ry= nec o (Q2 cm/Oe, (14
and n is the carrier density per c¢inin the frame of the
Blinowski-Rigaux 2D electronic band modelthe effective
massm* and the 2D carrier densityf, are independent of
the kind of acceptor GIC’s for a given Fermi energy: typi-
cally m*=0.25m, andN,p= 10" cn? (Pirauxet al?%). The
carrier densityn for a stage-4 MoG| GIC is related toN,
by n=N,p/l.. Sincel.=19.396-0.014 A, n is estimated
as 5.16< 10?%cm?. Here we introduce a parametedefined
by A=Ry/A. Using the value of A(A=p,/p.
=18u cm/0.8Q) cm=2.25x10 °), we have \=6.25
X 10%YAn=5.39x107%. Then the correction term in the

conductivity (X) can be rewritten as

_ Ao(T,H)  p(T,H=0) 1
X= a(T,H=0)  p(T,H) N2H? L
[p(T,H)]?
(15

Experimentally we determine the value mffor a stage-4
MoCls GIC as follows. First we calculate thé dependence
of X for 1.9<T=<50K when the parametex is changed
between\=2x10"% and 2<10°° around the expected
valuer =5.39x 10" . For each\ we find that theH depen-
dence ofX at T=2.0K in the limited field range between 0.5
and 2 kOe can be well fitted to a logarithmic form defined by
¢, +c,In(H). Then we make a plot af, as a function of\.
The value ofc, linearly decreases with for 3x 10 6<\
<7x10°% ¢,=0.00413-37.65.. An appropriate value of
N (=5.30x 10 %) is chosen under the condition that co-
incides with the valud®, /by (=3.93+0.05)x 10 ® at 1.9 K.
This value of\ is very close to the expected value $.39
x10°9).

Figure 7 shows thed dependence oK with A=5.30
X 10" % at variousT’s. The value ofX is positive at least
below 7-8 kOe, and has a peak aroufde-2.6—2.7 kOe.
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FIG. 8. Scaling plot ofX with A=5.3x10 ® as a function of
H/TP (p=0.2) for variousT’s. The solid line is described by Eq.

(18).

These two features are independenfldr 1.9<T<50K.
For any fixedH the value ofX decreases with increasirig
Figure 8 shows the log-log plot of with A =5.30x 10 ® as
a function ofH/TP with p=0.2, wherep is the exponent of
7. 7.~ T P. This value ofp is much smaller than thatp(
=1 or 2 derived from theT dependence g at highT for
a stage-4 MoGJIGIC. It is well described by the thirdoT)

H/H,

FIG. 9. Plot ofg(H/H,,¢) given by Eq.(16) as a function of
H/H,, where the parametéris changed between 0.1 and 10.

Here we consider the special casésEH,=0), which
may be the case for a stage-4 Mg@IC. The spin-orbit
interaction may be neglected because no negafive ob-
served for lowH. The magnetic interaction may be negligi-
bly weak in spite of the possible existence of Mospins
(S=1%) in the MoCk layers because the 2D WLE occurs
mainly in theG; layers. Then the normalized conductivity is
predictably expressed by a functidGH/H_), whereH/H,
is proportional toH/TP since H,=%/(4eD7,), and 7, is

and fourth terms g5T2) in Eq. (8). This may suggest that proportional toT~P. We find that such a scaling relation is
7., the dephasing time due to inelastic scattering is rathegonfirmed from theT andH dependence oK with A=5.3

different from the transport relaxation time.

B. Scaling relation of conductivity

Here we discuss thid and T dependences of the conduc-
tivity X in terms of Eq.(7) predicted from the theory of 2D
WLE. In Fig. 9 we show a log-log plot of the normalized

conductivity defined by

H Ao?P(T,H) 3 /H) 1 /1H
mé) =~ 2'\m) 2 e,
2 2 2
2m°h
(16)
as a function oH/H,, when¢, given by
H 2H,+H
3 S e (17)

S H, ” 2H.J3+2HH, "

is changed as a parameter. Whéns smaller than 13

X 10 8. As shown in Fig. 8 it seems that almost all the data
of X with T<34K fall on the solid line described by a scal-

ing function

H

X=— Xof(H—E) (18
for H/T%2<800, whereX,~0.0074 andH,=BTP with p
=0.20+0.02 and 8~90. For H/T%®%>800 the data ofX
greatly deviate from this scaling function partly because of
the 2D Boltzmann termr3. The characteristic fielt, is

on the order of 100 Oe &t=2 K. Here we note that the data
of X with 34<T<50K seem to agree with a function given
by Eq.(16), with ¢ slightly smaller than 1. As shown in Fig.
9 the normalized conductivity exhibits a parallel shift to the
higher side ofH/H, when ¢ is slightly smaller than 1. This
may suggest that our assumptiof(=H;=0 and H,

= BTP) is not always valid at high temperatures.

As pointed out in a previous pape€rthe possibility of the

Kondo effect as a cause for the logarithmic behavior and

(=0.577), the normalized conductivity becomes negative aN-MR of p. can be ruled out for the following reasons. Since
small H/H,, showing a local minimum. It increases with the Kondo effect is an isotropic effect, theMR should be
further increasingH/H, and becomes saturated at high independent of the direction ¢f. In fact theN-MR can be
H/H,. Note that this negative part of normalized conductiv-observed only foH parallel to thec axis. TheN-MR should

appear in a stage-2 MoLIGIC because of the relatively

ity is not shown in Fig. 9. In contrast, f&&>1/#3 the nor-
malized conductivity is positive for all the values dffH,.
It increases with increasing/H,.

strong exchange interactions between spins of carriers in the
Gy, layers and the MY spins in the nearest neighblolayer.
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In fact, p.(H) for stage 2 shows a positive MR over the ciated with inelastic scattering satisfies the conditiog
whole T andH ranges examined. <Lg<L,. The observed behaviors are strongly dependent
on the direction ofH: the orbital motion of carriers in the

interior G layers is influenced by the application dfalong

The T andH dependences gf, for a stage-4 MoGIGIC
show a logarithmic temperature dependence oft low T
and a negative magnetoresistance at kbwIhese behaviors The authors thank A. W. Moore for providing HOPG
can be well described by the existing theories of weak localsamples to them, and C. Lee and R. Niver for their help in
ization in 2D disordered systems, under the assumption thalample preparation of the stage-4 Mp@IC. The work at
T.<Tso, Ts- The 2D weak localization effect occurs mainly Binghamton was partially supported by the Research Foun-
in the interiorG layers, where the diffusion length, asso- dation of SUNY-BinghamtoriContract No. 240-9807A
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