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Magnetic-field-induced superconductormetal-insulator transitions in bismuth metal graphite
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Bismuth metal graphitdMG) has a unique layered structure where Bi nanoparticles are encapsulated
between adjacent sheets of nanographites. The superconductivity bglow2.48 K) is due to Bi nanopar-
ticles. The Curie-like susceptibility below 30 K is due to conduction electrons localized near zigzag edges of
nanographites. A magnetic-field-induced transition from metallic to semiconductorlike phase is observed in the
in-plane resistivityp, aroundH (=25 kOe) for bottH_L ¢ andH||c (c: c axis). A negative magnetoresistance
in p, for HLc (0<H=3.5 kOe) and a logarithmic divergence g with decreasing temperature fét{c
(H>40 kOe) suggest the occurrence of a two-dimensional weak-localization effect.
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I. INTRODUCTION tion may not drastically change in Bi-MG in spite of the fact
that the BiC}, layer is replaced by a metallic Bi layer. In fact,

A weak-localization theory predicts a logarithmic diver- the c-axis resistivity of Bi-MG (=0.1 Q. cm at 298 K is
gence of the resistivity in the two-dimensioridD) electron  almost the same as that of BiGBIC at the sam&, suggest-
systems as the temperatu® is lowered: In high-mobility  ing that Bi-MG behaves like a quasi-2D conductor.

Si metal-oxide-semiconductor field-effect transistttOS- In this paper we have undertaken an extensive study on
FET), the in-plane resistivity for a system with an electronthe transport and magnetic properties of Bi-MG. We show
densityn larger than a critical electron density, decreases that this compound undergoes a superconducting transition at
with decreasingT, indicating a metallic behavidr.* This  T,=2.48 K. A magnetic-field-induced transition from me-
metallic state is completely destroyed by the application otallic to a semiconductorlike phase is observeg jnaround

an external magnetic fieldH) applied in the basal plane H~25 kOe forHLc andH||c (c: c axis). These results of
whenH is higher than a threshold field.. Such coplanar Bj-MG are compared with those of the Si MOSFET, and
fields only polarize the spins of the electrons, indicating thaamorphous ultrathin metal films of IR’ MoGe®” and Bi®

the spin state is significant to the high conductivity of the  Structural studies of Bi-MG reveal that Bi layers are
metallic state. The scaling relation of the in-plane resistivityformed of Bi nanoparticles which are encapsulated between
collapses into two distinct branches above and belbw  adjacent sheets of nanographites. The size of nanographites
Such behaviors are very similar to those observed in amolin Bi-MG is much smaller than the in-plane coherence size
phous ultrathin metal films of INQ®> MoGe>’ and Bi?  of the graphite layers of pristine graphite. The superconduc-
which undergo magnetic-field-induced transitions from su+ivity is mainly due to Bi nanoparticles, while the magnetism
perconducting phase to insulating phase. is mainly due to nanographites. Nanographites are

Bi-metal graphite(MG) constitutes a different class of nanometer-sized graphite fragments which represent a differ-
materials having unique layered structures. This system cagnt class of mesoscopic system intermediate between aro-
be prepared from the reduction by Li-diphenylide from anmatic molecules and extended graphene sheets. Fujita and
acceptor-type BiGl graphite intercalation compour@IC)  co-worker$®*~*® have theoretically suggested that the elec-
as a precursor material. Ideally, the staging structure ofronic structures of finite-size graphene sheets depend cru-
Bi-MG would be the same as that of BICGIC> ™ In Bi-  cially on the shape of their edges. The graphene edge of an
MG, Bi atoms would form intercalate layers sandwiched be-arbitrary shape consists of two types of edges, zigzag type
tween adjacent graphite layers. For the stage=1,2, - -) and armchair type. The former has a trans-polyacetylene-
structure, the packages ofgraphite layers and one Bi layer type structure and the latter has a cis-polyacetylene one. Fi-
would be periodically stacked along thexis perpendicular nite graphite systems having zigzag edges exhibit a special
to the graphite basal plane. In BiSEIC, the ratio ofc-axis  edge state. The corresponding energy bands are almost flat at
resistivity p. to the in-plane resistivityp, (A=p./p,) at  the Fermi energy, thereby giving a sharp peak in the density
room temperature is (7.4—-4.9)10°,'* suggesting that virtu-  of stateDOY) at the Fermi energy. This is in contrast to the
ally all 7 electrons are directionally localized; i.e., they cancase of 2D graphene sheet with infinite size, where the DOS
move freely along the graphite basal planes, but are unable ie zero at the Fermi energy. According to Wakabayashi
diffuse across the stack of layéfsSuch a large ratidA is et al,'® the magnetism of nanographites is characterized by
due to the insulating BiGllayer sandwiched between the Pauli paramagnetism and orbital diamagnetism from conduc-
adjacent graphite layers. There is no overlapping of the wavéon electrons. They have predicted that the Pauli paramag-
functions over nearest-neighbor graphite layers. The situanetic susceptibility for the nanographites with zigzag edges
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shows a Curie-like behavior at low temperatures, which is in TABLE I. Experimentally observed spacingk,, for Bi-MG
contrast to ar-independent Pauli paramagnetism in normalanddepr given by powder-diffraction filéPDF) 5-0519 for rhom-
metals. In this paper we show that the susceptibility ofbohedral Biispace groupR-3m (a;=4.546 A,c,=11.860 A for
Bi-MG has a Curie-like behavior at loW. This behavior is  the notation of the hexagonal close-packed strugjurdl reflec-
discussed in the light of the prediction by Wakabayashlﬁons can be indexed a$Kkl) reflections of Bi. Graphite reflections

et al1® are not included.

dexp(A) depr(A) (hki)
Il. EXPERIMENTAL PROCEDURE

3.24 3.28 102
BiCl; GIC samples as a precursor material were prepared 35 2.39 014
by heating a mixture of highly oriented pyrolytic graphite 1,92 1.970 113
(HOPGQ (grade ZYA from Advanced Ceramics, Ohiand an 1 71 1.868 022
excess amount of Biglat 200 °C in a ampoule filled with 1 51 1.515 025
chlorine gas at a pressure of 375 Totf.The reaction was 1 49 1.443 212

continued for three days. It was confirmed from I(Q&-ray
diffraction (Rigaku RINT 2000 x-ray powder diffractomejer

that the BiCt GIC sample consists of stage 2 as majority x| .5) with an ultralow field capability and an external de-
phase and stage 3 and stage 4 as minority phaseC @&  yjce control mode. In the present work we used a Bi-MG
repeat distance is 13.30.05 A for stage 2, 15.85 gample based on HOPG which is partially exfoliated. The
+0.25 A for stage 3, and 20.220.25 A for stage 4, re-  stoichiometry of C and Bi was not determined. The in-plane
spectively. No Bragg reflection from the pristine graphite ISresistivity p, and thec-axis resistivityp. were measured by
observed. . . _ a conventional four-probe method. The sample had a rectan-
~The synthesis of Bi-MG was made by the reduction bygular form with a base 6:01.6 mnf and a height 0.47 mm
Li-diphenylide from BiCk GIC. BiCl; GIC samples were o0 thec axis. For the measurement pf, four thin gold
kept for three days in a solution of lithium diphenylide in \yires (25 wm diametey that were used as as the current and
tetrahydrofuran (THF) at room temperature. Then the \qjage probes were attached to one side ofctbarfaces by
samples were filtered, rinsed by THF, and dried in air. Finallyg;,er paste(4922N, Dupont For the measurement @f,

the samples were annealed at 260 °C in a hydrogen gas &y, thin gold wires as the current and voltage probes were
mosphere for one day. The structure of Bi-MG thus obtained,ii»-hed to eacle surface of the sample. The currerit (

was examined by (A0 x-ray diffracti_on, and bright-_field =10 mA for p, and 3 mA forp,) was supplied through the
images and selected-area electron diffrac®AED) (Hita- ¢ rrent probes by a Keithley-type 224 programmable dc cur-
chi H-800 transmission electron mlcrosca)pperatgd at200  ont source. The voltag¥ generated across the voltage
kV. The same methods for the structural analysis were useﬂrobes was measured by a Keithley 182 nanovoltmeter. The

16-18 e
for Pd-MG: The (0Q) x-ray-diffraction pattern of |inearity of I-V characteristics was confirmed for the mea-
Bi-MG is much more complicated than that of BiGGIC, ¢ ;ements ob, andp. .

which makes it difficult to calculate the average particle
thickness from the identity period in Bi-MG. Note that
graphite reflections appear in Bi-MG, suggesting that a part [ll. RESULTS AND DISCUSSION
of Bi atoms leaves from the graphite galleries occupied by
BiCl; intercalate layers in BiGlGIC during the reduction
process. Such Bi atoms tend to form multilayered Bi nano- We measured the dc magnetization of Bi-MG. After the
particles in the graphite galleries in Bi-MG. The number of sample was cooled from 298 to 1.9 Kit=0, the measure-
Bi layers in possible multilayered structures could not bement of zero-field-cooledZFC) magnetizationM zrc was
exactly determined at present. The SAED pattern of Bi-MGmade with increasing from 1.9 to 15 K in the presence of
consists of polycrystalline diffraction rings, suggesting thatH. The sample was kept for 20 min at 50 K. Then the sample
there are at least four Bi layers in thickness. Reflections fromwas cooled from 50 to 15 K. The measurement of field-
Bi and graphite were observed. As listed in Table I, all the Bicooled(FC) magnetizatiorM ¢ was made with decreasifiy
reflections were labeled and attributed to the formation ofrom 15 to 1.9 K in the presence of the safeFor conve-
rhombohedral Bi, according to the standard ICDD PDFnience, hereafter, the direction Hfin the c plane is denoted
(Card No. 05-051p This result indicates that Bi nanopar- asH.L c (c: c axis). Figures 1 and 2 show typical examples
ticles are crystallized as rhombohedral Bi phase in Bi-MG.of the T dependence of the susceptibilityyzrc
The observed spacings of Bi-MG are 1-2% shorter tharf{=Mzrc/H) and xgc (=Mgc/H) atH=100 Oe forHLc
those of bulk Bi metal. The size of Bi nanoparticles distrib-and H||c, respectively. Bothygc and xzgc show a sharp
ute widely around the average size 110 A. More than 50%peak around 2.5 K aH=20 Oe, which results from the
of Bi nanoparticles have sizes ranging between 10 and 50 Acompetition between the diamagnetic susceptibility due to
The largest particle size is 750 A. the Meissner effect and the Curie-like susceptibilityhich

The measurements of dc magnetization and resistivitwill be described latgr The peak shifts to the low- side
were made using a superconducting quantum interferencogith increasingH. No peak is observed above 1.9 K far
device (SQUID) magnetometerfQuantum Design MPMS =250 Oe. For convenience, the peak temperature is defined

A. Meissner effect due to Bi nanoparticles
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FIG. 1. T dependence of ZFC and FC susceptibilities of Bi-MG

based on HOPGH=100 Oe.H.lc (c: c axis). The inset shows
the magnetic-phase diagram Hfvs T for HL ¢, where the peak
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FIG. 3. Hysteresis loop of dc magnetization for Bi-MB.L c.
T=1.9 K. The measurement was made with increasirfgom 0 to
500 Oe (denoted by @), with decreasingH from 500 to

temperatures of ZFC and FC susceptibilities are plotted as a func-500 Oe (O), and with increasingd from —500 to 500 Oe 4\).

tion of H. The solid line denotes the least-squares fit of the ZFC

data @) to Eq.(1).

as a critical temperaturg;(H). The peak temperatuiie,(H)
for xec is almost the same as that fggec. In the insets of
Figs. 1 and 2, we show theé-T magnetic phase diagram for
Bi-MG for H c andH|c, respectively. We find that the data
of H vs T (ZFC susceptibility for HLc and H|c are well
described by

T.-T\?
) ; 1)

H:Ho( T
Cc

whereH, is the critical field atT=0K (Hy=H, for HLc
and H, = H; for H|c), B is an exponent, and, is a
critical temperature aH=0. The fieldH.3 is a field to
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nucleate a small superconducting region near the sample sur-
face. The least-squares fits of the dataHof's T (ZFC sus-
ceptibility) yield the values ofH ,=489.4-0.5 Oe, B
=0.48t0.02, T,=2.48+0.06 K for HLc, and H.3=838
+1 Oe, 8=0.69+0.02, T,=2.48+0.02 K for H|c. Here
we note that the superconductivity is observed in ultrathin
films of amorphous Bi grown in the top layer of amorphous
Ge (thickness 6-10 A). Havilandt al® have reported that
the superconductivity occurs for the thickness of Bi films,
d=6.73-74.27 A. The critical temperaturg, decreases
with decreasingd: T.=5.6 K for d=74.27 A and T,
~0.8 K for d~6.73 A. Markovicet al® have shown that
T. decreases with decreasimgfor d>d, (d.=12.2 A):
T.=0.5 K for d=15 A. Weitzel and Micklit?’ have re-
ported surface superconductivity in granular films built from
well-defined rhombohedral Bi clustefsnean size=38 A)
embedded in difference matricéér, Xe, Ge or with H, or
O, gas adsorbed on the cluster surface. The critical tempera-
ture T, which is dependent on matrices and gases used, is
between 2 and 6 K. This value @f, is on the same order as
that of Bi-MG. The exponeng for HLL c is very close to that
(B=0.5) predicted for homogeneous system of isolated su-
perconducting grain$: The ratio Hs/H, is calculated as
1.71, which is very close to the predicted value 1.695.
Similar behavior is observed in the critical fields fdrl c
andH||c in stag 1 K GIC (KG,).?® The coherence length
is estimated ag=820 A from the value oH, using the
relation Hg,=®,/(27&%), where &, (=2.0678
X107 G cn?) is a fluxoid. The coherence lengghs much
larger than the size of islands (110 A on avepage

Figure 3 shows the hysteresis loop of the magnetization
M4(H) for HLc atT=1.9 K. The sample was cooled from
298 to 1.9 K atH=0. The magnetizatioM ,(H) was mea-

FIG. 2. T dependence of ZFC and FC susceptibilities of Bi-MG. sured with increasingl from 0 to 500 Oe, with decreasirt
H=100 Oe.H||c (c: c axis). The inset shows the magnetic-phase from 500 to—500 Oe, and with increasird from —500 to
diagram ofH vs T for H||c. The solid line denotes the least-squares500 Oe. The magnetization consists of superconductivity

fitting curve for the ZFC data®) to Eq. (1).

contribution and diamagnetic background. In Figa)dwe
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T =1 kOe.Hlc andHl|c. The inset shows the reciprocal suscepti-
= bility ( x— xo) ~* as a function off. The solid lines are described by
Eq. (2) with parameters given in the text.
N P RN R R teresis loop ofAM, at 1.9 K exhibits some hysteretic behav-

-400  -200 0 200 400 ior. Note that similar magnetization curves are observed in a
H(Oe) superconductor TaC nanoparticles which are synthesized us-
ing a vapor-solid reaction path starting with carbon nanotube

FIG. 4. Hysteresis loop of dc magnetization minus a diamag
netic background € y4H) for Bi-MG. Hlc. (8 T=1.9 K. xy4=
—5.143x10°7 emu/gOe; () T=33 K; x4=-7.317
X107 emu/gOe.

‘precursof?

B. Curie-like susceptibility due to nanographites

. . ) Figure 5 shows typical data ofrc for H=1 kOe for
:/le(vl\_/i)tgetz 1hgsff:$1isr:isloaogi:§12ﬂ arE|e_|ti)c tgaaéklsro%if:jne?\/e?]yb H_L c andH||c. The susceptibility is negative at highand
a ’ 9 9 9 ydrastically increases with decreasiigThe least-squares fit

: - - s
xaH with xq=—5.143<10"" emufgQOe. A hysteresis 100p 0 o frc vsT) for 1.9<T=<30 K to the Curie-Weiss
characteristic to a type-Il superconductor is observed with

lower critical fieldH;; (=80 Oe). In contrast, the magneti- ’

zation hysteresis looM 4(H) at T=3.3 K is very different C

from that at 1.9 K. It seems that there is neither local mini- X=Xot =3, (3]
. . T-0

mum nor local maximum. In Fig.(#®) we show the hyster-

esis loop ofAM 4(H) which is defined by am ,(H) at 3.3 K  vyields 0=-0.86:0.05 K, C=(1.999+0.029)

minus a diamagnetic background given pyH with yg= X 10 ® emu K/g, xo=(—1.307+0.001)x 10 ® emu/g for

—7.317x10 7 emul/gOe. AsH decreases, a trapped mag-Hlc, and ©=-1.13+0.02 K, C=(1.460+0.008)
netic flux, corresponding to a paramagnetic momkht X108 emu K/g, xo=(—1.146+0.001)x 10 ¢ emu/g for
(=2.7x10 % emu/g), remains in the sample. With further H||c. The value of® is very close to zero, showing a Curie-
cycling of H from — 500 to 500 Oe a characteristic hysteresislike law. In the inset of Fig. 5 we show the reciprocal sus-
loop is observed. ceptibility (x— xo) " as a function ofl. The negative value
We also measured the hysteresis loop of the magnetizay, is from the orbital diamagnetic susceptibility. There is a
tion M.(H) for H|lc at T=1.9 K. The differenceAM. is  crossover from the high-temperature diamagnetic suscepti-
defined byM (H) at 1.9 K minus a diamagnetic background bility to the low-temperature Curie-like susceptibility around
given by xqH with y4=—2.980<10 ¢ emu/gOe. The hys- 50 K. We assume that the susceptibility of Bi-MG at 100 K
teresis loop ofAM, for H|c is very similar to the corre- corresponds to the diamagnetic susceptibility since the Pauli
sponding dataAM, for HL c. The value ofH.; (=75 Oe)  susceptibility is positive and is nearly equal to zero at 100 K.
for H| c is a little lower than that foH_L c. The peak value of From Fig. 5 the diamagnetic susceptibility fdfic andH_L c
AM, is almost the same as thatdM . The hysteresis loop is estimated asy.~—1.1x10"° emu/g and y,~—1.3
of AM, at 1.9 K exhibits a nearly reversible behavior. In X10™° emu/g, which are almost isotropic. These values are
bulk samples this could be explained in terms of a lack ofin contrast with the susceptibility of HOPG, which is very
structural defects to provide pinning sites in the vortex stat@nisotropic: x.= —25.86X 10 ¢ emu/g and y,=—1.06
(He,<H<H,,). In Bi-MG, however, the size of islands is X 10’ emu/g atH=1 kOe. The absolute value ¢f. in
much shorter than the coherence lengtfiThus the pinning Bi-MG is much smaller than that in HOPG, while the values
effect is not relevant for these islands. In contrast, the hysef x, are on the same order for both systems.
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Here it is interesting to compare our data of susceptibility
with that of nanographites prepared by heat treating diamond
nanoparticle® and a disorder network of nanographites in
activated carbon fibgiACF).2® The T dependence of the sus- -
ceptibility for these compounds is similar to that of Bi-MG. 0128 [
In particular, the values d®, C, andx, for the ACF are on [

Bi-MG
0.182

0.13 |

the same order as those for Bi-MG, whéde~—2 K, C § o126
=1.21x10° % emuK/g, andy,=—1.36x10 ® emu/g for = I
ACF prepared at the heat treatment temperature (HTT) 0.124 |
=1500 °C?® Here we assume that the spiiis 1/2 and the :
Landeg factor is 2 since the spins are associated with carbon 0.122 [~

materials. The number of spin densityrdeg of Bi-MG is
estimated as (4.7-6.4)10'%g, which is comparable with
3.9x 10%¥g for the ACF with HTT=1500°C?®
It has been theoretically predicted by Wakabayastil 1°
that the Pauli susceptibility exhibits a Curie-like behavior in
the nanographites with zigzag edges, because of the DOS FIG. 6. T depedence of-axis resistivityp.(T,H) for Bi-MG at
which is sharply peaked at the Fermi energy. However, qualivariousH. Hllc, 1|H.
tatively we think that the Curie-like behavior at low in
Bi-MG is due to the conduction electrons localized around=298 K andH=0 is 0.11 Q cm, which is on the same
the zigzag edges of nanographites,, which have local magyrder as that of HOPGp(=0.096 Q cm)'? and BiCk GIC
netic momentgspinS=1/2 and a Lande factorg=2). The  (, =0.2 O cm) ™ leading to a mean free path less than
origin of spin polarization in nanographites with zigzag 1 A according to the Drude formula. This result suggests
edges has been discussed by Fuital* using the Hamil-  that there is no overlapping over nearest-neighbor layers
tonian that consists of the on-site Coulomb repulsive intergjong thec axis. Thec-axis conduction can occur via the
action (U) when the site is occupied by two electrons, andhopping of carriers between layers.
the electron transfer integral between the nearest stles ( The in-plane resistivityp, of Bi-MG was also measured
They have shown that a ferrimagnetic spin polarizationysing the four-probe method. After the sample was cooled
emerges on the edge carbons even for wdék=0.1. from 298 to 1.9 K atH=0, the in-plane resistivity, was
The orbital diamagnetic susceptibility is very sensitive tomeasured with increasing from 1.9 to 50 K without and
the size and edge shapes of nanographites. The orbital digith H (HL c), where the field direction is perpendicular to
magnetic susceptibility is almost isotropic in Bi-MG, while it the current direction in the plane. This resistivity is denoted
is very anisotropic in pristine graphite with infinite size. In a5 the transverse magnetoresistance. The resistivity Aatio
Bi-MG the orbital cyclotron motion of electrons in the pres- (— , /, y is estimated as 30 at 298 K using the measured
ence ofH (H|c) is greatly suppressed. This resuilt is in good ,_ " However, the actual value f is considered to be much
agreement with the prediction by Wakabayashial-® N |arger than 30 because of possible contributiopgto the

ribbon-shaped nanographites with zigzag edges, the magiieasuredp, . Figure 7 shows th@ dependence op, of
tude of the diamagnetic susceptibility decreases as the ribbon

width decreases. The flow of the orbital diamagnetic ring
current significantly depends on the lattice topology near the 4.36
graphite edge. :

012}

Bi-MG

435}
C. c-axis and in-plane resistivities 4.34¢ E

The c-axis resistivityp. of Bi-MG was measured using § 433} v
the four-probe method. After the sample was cooled from 9 4325
298 to 1.9 K atH =0, thec-axis resistivityp. was measured = Z o
with increasingT from 1.9 to 50 K without and wittd [H||c " 4.31F 5§
(c: caxig], where the current direction is parallel to the field : 13
direction. This resistivity is denoted as the longitudinal mag- 4.3f 2§
netoresistance. Figure 6 shows fhelependence op. for 4.29f . (‘)3
Bi-MG at H=0-10 kOe. The resistivityp, for Bi-MG g 2 371.() 4
shows a very broad peak around 14 K0, in contrast to A T 30 0 50
pc for HOPG exhibiting a peak around 40 This peak )

shifts to the lowT side with increasingH. For H
=20 kOe, p; shows a semiconductorlike behavior: it de-  FiG. 7. T dependence of in-plane resistiviiy(T,H) for Bi-MG
creases wnh |ncrea§|ng. Note that_pC §hows a positive  atH=0, 100, 200, and 400 OélLc, | LH. The inset shows th€
magnetoresistance: it increases with increadicat any  dependence gi,(T,H=0) (®) anddp,(T,H=0)/dT (O) at low
fixed T between 1.9 and 50 K. The value @f. at T T
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Bi-MG at H=0-400 Oe. The zero-fieldH=0) in-plane 436 Bi-MG
resistivity increases with increasingat low T, showing a i '(a) o :
metallic behavior. It has a maximum around 15 K, and it : e« 2K = 8 g°
decreases with further increasifig showing a semiconduc- _ 23 s 19 g
torlike behavior. Note that the value gf, for Bi-MG g 434 T o 16 g A
(=4.2 mQcm) is much larger than that of BiCIGIC 3 4 8 i . ]
(=27 pQcm at 298 K. We find that theT dependence of 2 SN gigds 1. :
pa for Bi-MG is very similar to that of grafoil: they even o 4821 o faaaal 7 .
have similar magnitudes. The grafoil is a pyrolytic graphite ® e eee .f e
with a polycrystalline structures formed of many domains. :
According to Koikeet al.?’ p, of grafoil (grade GTA, Union 43 Lu ul i
Carbide shows a semiconductorlike behavior, whjlg of M - 18K = ap | e
HOPG (Union Carbide shows a metallic behavior. This re- i ° gg o ﬁg . $am,
sult suggests that the semiconductorlike behavior in Bi-MG 4349 & 30 o 50 4 48%n 3
may arise from nanographites where the degree of disorder is g LA 2 2ospe . 2 2.,
greatly enhanced. Such a semiconductorlike behavior is ob- S 430 . naasag : LR
served at least below 25 kOe. S e T R
In the inset of Fig. 7 we show the detail pf, at H=0 " I R
near T.=2.48 K. No drastic decrease in, below T is 43T, Treece ]
observed with decreasing while theT derivativedp,/dT i R T 1
gradually decreases with increasin@roundT.. The causes 428 - : - ———
for the finite value ofp, below T, in spite of the supercon- 100 H:gg)o 10

ducting phase are as follows$i) The sample used in the
present work is an exfoliated Bi-MG based on HOPG. The FIG. 8. H dependence op,(T,H) for Bi-MG at fixed T (2
sample surface is not flat partly because of cracks generatedT<50 K). HLc.
in the basal plane. Since the current path is not always lo-
cated on the same layer, the contribution of laggeto the  <3.5 kOe due to the possible 2D weak-localization effect
observed, is not negligibly small. Another possibility is the (WLE).*° It changes from negative to positive &t
local superconductivity in isolated islands. In such a system=3.5 kOe. The resistivity, drastically increases with fur-
there is competition between the Josephson couplig ( ther increasindd, as is observed in compensated metals such
and the charging energyE(;) between superconducting as bulk Bi*! The H dependence op, for 3<H=45 kOe
islands®® For E;>E,, the Cooper pairs are delocalized can be well described by,=po+ piH+ p,H2, where py,
leading to a superconducting state with vanishing resistivityp,, and p, are constantspo=4.290 nf) cm, p;=(9.85
For E;<Ey, the pairs will be localized and the transport is +0.11)x 102 € cm/Oe, and po=(4.56+0.23)
possible only by thermal activation leading to insulating be-x 1078 40 cm/O€ at 1.9 K. The linear term d;H) is
havior at T=0 K. The resistivity varies withT as p dominant compared to the squared-power tep\j—(z) for
~exp(Ta/T), whereT, is related to the activation energy. In H<H,, whereH; = p;/p,=216 kOe at 1.9 K. For com-
this model, the resistivity should increase with decrea3ing parison' we also measured tH&jependence qja in Bi-MG
which contradicts our result. Liet al?® have reported an for 1.9<T<30 K, whereH|c. At eachT, p, increases with
unusual T dependence of rESiStiVity at low in ultrathin increasingH_ Thus the Sign Oﬂpa is a|WayS positive for O
superconducting films of Pb, Al, and Bi. The resistivity var- < <475 kOe and 1.8 T<50 K, indicating an antilocal-
ies with T as p~exp(T/Tg) at low T, whereTj is a charac-  jzation effect which is similar to that observed in Bi thin
teristic temperature. In Bi-MGdp/dT decreases with in-  fjims®? with strong spin-orbit interactions.
creasingTl aroundT,. In superconducting thin filmglp/dT The T dependence of, at H=45 kOe forHLc is de-
[~exp(T/Tg)/To] increases with increasing Therefore thél  scribed by
dependence gb, in Bi-MG is not the case op~exp(T/Ty).

pa=ao—ayIn(T), ()]

D. 2D weak-localization effect for 1.9<T=<4.3 K, where ap=(4.8261-0.0002) nf)cm

As shown in Fig. 7, the in-plane resistivify, slighty — anda;=(3.79+0.19)x10"* m( cm. As shown in previous
decreases with increasirtg at the sameT (at least for 1.9  papers;>**the theory of the 2D WLE predicts that the fol-
<T<50 K), indicating a negative magentoresistancelowing relation is valid for the rati@,/a;:
(NMR). Figures 8a) and (b) show theH dependence ob,
for Bi-MG with 2<T=<50 K, whereH_L c and the field di- a; e A
rection is perpendicular to the current direction. For each ag 272 0'_(2)0’
pa decreases with increasitfjat lowH (H=100 Oe), ex-
hibits a local minimum arounti=2.5 kOe, and increases with A=ap+ vy, where e?/(27°h)=1.2331410°Q !
with further increasingH. The sign of the differencép, and ogD is the in-plane conductivity defined by/pg(pg is
[=pa(T,H)—pa(T,H=0)] is negative for 0 =<H the in-plane resistivity anb is thec-axis repeat distangeln
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shows a metallic behaviod{,/dT>0) below 15-20 kOe,
while it shows a semiconductorlike behaviaty(,/dT<0)
aboveH =25 kOe. In Fig. %) we show theT dependence
of u, for H|lc. The T dependence oft, belov 7 K is de-
pendent orH. The differencew, shows a metallic behavior
(du,/dT>0) below 10 kOe, while it shows a semiconduc-
torlike behavior above 20 kOe. Note thgi, at H
=47.5 kOe drastically increases with decreasihdeading
to the insulating state. The magnitudewof for H||c is on the
same order as that fad L c. The T dependence op, at H
=47.5 kOe forH|/c is well described by Eq(3) for 1.9
<T=<4.3 K, whereay,=(5.8385-0.0002) nf) cm anda;
=(5.33+0.23)x10 2 mQ cm. The corresponding fitting
curve is denoted by the solid line in the inset of Figh)9
The ratioa;/ag=9.13x10 * is almost the same as that
(=7.85x10 %) for p, at H=45 kOe forHLc (see Sec.
IIl C), indicating the occurrence of 2D WLE.

Bi-MG undergoes a transition from the metallic phase to
the semiconductorlike phase at a critical field. Similar
crossover behavior is observed in the Si MOSF&Ref. 3
and amorphous metal films of IpQ¥ MoGe, and Bi® The
value of H.(=25 kOe) for Bi-MG is almost the same as
that for Si MOSFET(Ref. 3 and amorphous MoGe filfh.
Note that the Zeemann energ@SugH at 25 kOe corre-
sponds to a thermal enerdgs Ty with Ty=1.7 K, where
g=2 andS=1/2. The temperaturé, is slightly lower than
T.(=2.48 K) for the superconductivity. The suppression of
the metallic phase bl is independent of the directions Bif
(H|lc andH_Lc) for Bi-MG. These results suggest that the
spin related effect is significant compared to the orbital ef-
fect. This is consistent with the result derived from the sus-
ceptibility measurement that the Curie-like susceptibility is

FIG. 9. T dependence of the differenge, betweenp,(T,H)  dominant at lowT.

and p,(T=20K,H)[ xa=pa(T,H) —pa(T=20K,H)] for Bi-MG
with various H(1sH=45 kOe).|LH. (a8 HLc, (b) H|c. The
inset of (b) shows theT dependence gf,(T,H) atH=47.5 kOe.
The solid line denotes the fitting curve of the data to ).

IV. CONCLUSION

Bi-MG shows superconductivity af,=2.48 K, where
) o the coherence length is much larger than the size of nanopar-
the parameteA, « is nearly equal to unityp is the exponent  icjes. The spin related effect characterized by a Curie-like
of the inelastic life timer, of the conduction electronsr{  gysceptibility is enhanced, while the orbital effect is greatly
~T"P), andy is a numerical factor giving a measure of the g phressed. The transition from the metallic phase to the
screening by other carriers. For convenience, here we use th@ miconductorlike phase is induced by the applicatioh of
value of o9p(=1.89<10720°") for kish graphite (.  above 25 kOe. A negative magnetoresistancejnand a
=335 A andpJ=1.77 uQ cm atT=4.2 K) obtained by |ogarithmic divergence gb, with decreasing are indicative
Koike et al,?” instead of the corresponding data for Bi-MG. of the 2D WLE.
A kish graphite is a high quality single crystal of graphite
which is deposited on walls of blast furnaces for steel pro-
duction. Usinga, /a,=7.853x 10~ “ the parameteA is esti-
mated asA= 1.20, which is comparable with 1.14 for stage 4 we would like to thank Kikuo Harigaya for valuable com-
MoCls GIC*® These results suggest that the logarithmic bemnents on the magnetism of nanographites with zigzag edges.
havior of p, can be explained in terms of the 2D WLE. The work at SUNY-Binghamton was supported by SUNY-
Research FoundatiofGrant No. 240-9522A The work at
Osaka University was supported by the Ministry of Cultural
Affairs, Education and Sport, Japan under the grant for
In Fig. Ya) we show theT dependence of the difference young scientistyNo. 70314375 and by Kansai Invention
(mna) betweenp, at T and that at 20 K for variou#d Center, Kyoto, Japan. We are grateful to Advanced Ceramics
(HLC): wa=pa(T,H)—p(T=20K,H). The T dependence Corporation, Ohio for providing us with HOPGgrade
of u, below 10 K is dependent ohl. The differenceun, ZYA).
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