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Structural and electronic properties of Li- and Cu-doped P-rhombohedral boron
constructed from icosahedral and truncated icosahedral clusters
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This study performs dc conductivity and static magnetic-susceptibility measurements on Li-
and Cu-doped P-rhombohedral boron (P-rhombohedral B), which is a unique polymorphic semicon-
ducting (group III) material composed of Bq2 icosahedral clusters. dc conductivity results show a
variable-range-hopping (VRH)-type temperature dependence with a typical localization length of
about 1 A. In addition, the density of states (DOS) at the Fermi energy, which is calculated from
6tted parameters of VRH conduction, was found to have a peak with respect to metal concentration,
such that at the highest concentration (Li7.gByps and Cu4. 2Byos), metal-doped P-rhombohedral B
appears to revert back to an insulator, instead of showing insulator-to-metal transition. Correspond-
ing static magnetic-susceptibility results, however, show a contribution from Pauli paramagnetism
in the temperature-independent component yo, where a similar concentration dependence is shown
to that in the DOS of VRH conduction. Based on these properties, we discuss the possibility of
filling the intrinsic acceptor band, which originates from the uppermost molecular bonding orbital
of the Bzz icosahedral cluster that is split by the Dahn-Teller effect. P-rhombohedral B's crystalline
structure can also be viewed as a slightly distorted face-centered cubic (fcc) packing of Bs4 soccer-
ball-shaped clusters covalently bound to each other and containing a relatively large number of
large-size interstitial doping sites. This structure is considered to be topologically similar to that
of fcc C60, although the bonding mechanisms of their clusters are different, and therefore we also
describe the similarities and differences between them.

I. INTRODUCTION

Crystalline boron-rich solids are unique elemental
(group III) semiconductors possessing several complex
structures refIecting their unique bonding nature, i.e. ,
a three-center covalent bond between three mutually-
adjacent Bq2 icosahedral clusters [Fig. 1(a)] and a pack-
ing comprised of these clusters. Such crystalline struc-
tures produce the outstanding electronic properties of
boron-rich solids. Each Bq~ cluster has 12 intericosa-
hedral bonding orbitals along its fivefold axes, accom-
modating 12 electrons when it forms conventional pair
bonds with 12 neighboring Bq2 clusters. They also con-
tain 13 intraicosahedral bonding orbitals that accommo-
date 26 electrons. Thus, 38 electrons are necessary to fill
all these bonding orbitals, though only 36 (= 3 x 12) va-
lence electrons are available. Consequently, due to the
deficiency of valence electrons and the Jahn-Teller ef-
fect, a Bq2 cluster may be distorted such that the up-
permost, normally fourfold degenerated intraicosahedral
bonding orbitals of an ideal icosahedron may have its
unoccupied states separated from the occupied ones. It
is thought that this unoccupied orbital leads to an in-
trinsic acceptor band above the valence-band edge in P-

rhombohedral boron solids (P-rhombohedral B or Bqos,
the most popular structure among the four known poly-
morphic icosahedral pure-boron semiconductors). This
acceptor band is partially occupied. by the electrons from
other forms of boron clusters, and has been detected by
optical absorption measurements. The crystalline struc-
ture of P-rhombohedral B is a distorted face-centered cu-
bic (fcc) lattice of Bs4 soccer-ball-shaped clusters con-
structed with Bq2 icosahedral clusters [Fig. 1(b)], being
topologically similar to that of another elemental semi-
conductor, fcc C6p, which is a recently discovered, su-
perconducting host material that has attracted much re-
search attention. fcc C6p has a crystalline framework
comprised of an fcc lattice of C6p truncated icosahedral
molecules (soccer-ball-shaped clusters), and it shows a
transition to the superconducting state up to 33 K. fcc
C6p has also shown metallic properties of conduction elec-
trons at the normal state upon charge transfer from al-
kaline and alkaline-earth metals to C6p molecules. In
related work, Kawaji et al. recently reported on the su-
perconductivity of Ba- and Na-doped Na~Ba6Si46, while
Saito and Oshiyama calculated electronic structures of
pristine solid Si46 and Na2Ba6Si46, both of which have a
crystalline structure that is essentially a body-centered
cubic lattice (bcc) of Si20 or NaSi2o (NaOSi2o denotes
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an endohedral cluster) dodecahedra connected to each
other by covalent bonds. According to their calculation,
pristine solid Si46 is also an elemental semiconductor hav-
ing a wider energy gap than that of diamond-structured
solid Si, though in both solids, the Si atoms are tetra-
hedrally coordinated. In the calculation for NaqBa6Si46,
charge transfer occurs from the Na atoms to Si20 cages,
as does hybridization between Ba states and Si46 con-
duction states, which lead to forming a metallic elec-
tronic structure similar to that in metal-doped C60 solids.
Thus, we postulate that these solids are similar because
(i) they are all packed with clusters possessing icosahe-
dral symmetry (nearly spherical clusters), and (ii) they
contain a relatively large number of large-size intersti-
tial doping sites. After considering the similarities and
relationships among these semiconductors, we decided it

would be of value to investigate the physical properties
of electron- and hole-doped P-rhombohedral B and com-
pare them with those of fcc C6o and solid Si46. It is
realized, of course, that their electronic structures and
physical properties may be quite difFerent, since the clus-
ters share covalent bonds in P-rhombohedral B and Si4s,
whereas in fcc C60 they share van der Waals bonds, and
also since the characteristic clusters among these solids
are difFerent.

We selected Li metal as a donor, because in most
conventional group IV and III-V semiconductors, the
interstitial Li atoms form shallow donor levels on the
same order as substitutional impurities. In addition, af-
ter Li doping, it is possible to theoretically predict the
metallic properties and superconducting transition of the
other form of crystalline pure boron (n-rhombohedral
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FIG. 1. (a) Bq2 icosahedral cluster. (b) Bs4 soccer-ball-shaped cluster in P-rhombohedral B, where two Bq2 icosahedra are
concentrically inserted into a Bso soccer-ball-shaped cage. (c) Crystalline structure of P-rhombohedral B, where Bqq icosahedra
occupy the vertices and edge centers of a rhombohedral unit cell, and a B&8 cluster, which is a modified trio comprised of
Bqq icosahedra, a single boron atom B, and another Bqs cluster are situated in series (Bss-B-Bqs chain) along the main body
diagonal. Distributions of the major doping sites are also shown (Ref. 13). (d) Another view of P-rhombohedral B, where a Bs4
soccer-ball-shaped cluster occupies each vertex of the rhombohedral unit cell and a Bqo-B-Bqo chain occupies the main body
diagonal.
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B),s which in comparison, possesses a slightly distorted
fcc packing of B~2 icosahedra. Regarding hole doping
with Cu, we did so because calculations to determine
the impurity level positions of interstitial 3d transition
metals in Si suggest that these level positions approach
closer to the valence band of Si with increasing atomic
number, and. therefore, Cu atoms may form their accep-
tor level, and in fact, the sign of the Seebeck coeKcient
for Cu-doped P-rhombohedral B is positive for any Cu
concentration. The present study reports on the struc-
tural and electronic properties of this Li electron- and
Cu-hole-doped P-rhombohedral B material.

II. EXPERIMENT

To interstitially dope Li atoms into P-rhombohedral
B, polycrystalline P-rhombohedral B (99% pure powder,
though some bits were at 99.9%) and Li metal (99.9%
pure) were placed at both ends of a tantalum cell that
was then sealed. This was done to prevent Li from react-
ing with the glass reaction tube. After evacuating and
sealing the cell in the tube, it was heated at 900-1000 C
for 24 to 140 h until the vapor reaction occurred. To
obtain Cu-doped P-rhombohedral B, Cu powder (99.9%
pure) and B powder (99.9% pure) were inixed together
and melted in an arc discharge furnace under an Ar at-
mosphere. To homogenize the resultant alloy, it was
annealed at 900 C for 48 h under an Ar atmosphere.
Since Al metal was added to vary the Cu concentra-
tion of single-crystalline specimens, we also investigated
the properties of Cu- and Al-doped single crystals pre-
cipitated from B, Cu, and Al melts. As previously de-
scribed, structural refinements were performed on single-
crystalline Cu-doped P-rhombohedral B and polycrys-
talline Li-doped P-rhombohedral B.i4

To determine the final concentrations of Li (x; Li Bios)
and Cu (y; Cu„Bios) using changes in the unit-cell vol-
ume, we employed x-ray powder diffraction (XRD) anal-
ysis. Composition and lattice parameter measurements
taken during the structural refinements were used as the
standard values. Inductively coupled plasma (ICP) anal-
yses were also performed to obtain metal concentrations.
dc conductivity was measured from 30 to 300 K per the
van der Pauw method, while the magnetic susceptibility
was measured from 2 to 300 K under a magnetic field of 1
T using a superconducting quantum interference device
magnetometer (Quantum Design). The magnetization
process was also measured at 5 and 300 K under various
magnetic fields (maximum of 5 T).

centers, being covalently connected to each other along
one of their fivefold axes, and (ii) a B2s cluster, which
is a modified trio comprised of B~2 icosahedra, a single
boron atom B, and another B28 cluster situated in series
(B2s-B-Bzs chain) along the main body diagonal of the
rhombohedron. The structure of the unit cell can also
be viewed as follows: (i) a Bs4 soccer-ball-shaped clus-
ter [Fig. 1(b)] occupies each vertex of the rhombohedron
such that it is covalently connected to 12 B84 clusters
[Fig. 1(d)], and (ii) a Bip-B-Bio chain occupies the main
body diagonal, which is formed if three half fragments of
Bq2 are clipped off each end of a B28-B-828 chain. The
B84 soccer-ball-shaped structure is formed by a Bi2 situ-
ated at a vertex of the rhombohedron and 12 neighboring
half fragments of B~2 situated at the edge centers, i.e. ,
two boron icosahedra are concentrically inserted into a
B60 soccer-ball-shaped cage. Note that the main frame-
work of this crystalline structure is a distorted fcc lattice
comprised of a B84 soccer-ball-shaped cluster, and there-
fore, the structure is topologically similar to that of fcc
C6o

Table I summarizes the structural parameters of the
rhombohedral unit cell for P-rhombohedral B and fcc
C60, where the distance between the centers of the B84
soccer-ball-shaped clusters in P-rhombohedral B is al-
most the same as the corresponding distance in fcc C6o
( 10 A.), though the radius of the former cluster is
comparatively larger due to the two inner icosahedra
(Bso+2xBi2). This structural difference results in the
surfaces of the P-rhombohedral B clusters being closer
together, which may be the reason that P-rhombohedral
B clusters share covalent bonds, whereas those in fcc C6o
share weaker van der Waals bonds.

The distribution and dimensions of the doping sites
in the rhombohedral unit cell of P-rhombohedral B are
shown in Figs. 1 and 2, respectively. For comparison,
Fig. 2 also shows the site diameters in fcc C60, which
has one octahedral and two tetrahedral doping sites in
its rhombohedral primitive cell. Note that the E hole of
P-rhombohedral B [Figs. 1(c) and 1(d)), which is related
to the tetrahedral site in an fcc lattice, has a similar size
as fcc Cso's. Although P-rhombohedral B's octahedral
site is occupied by the Bqo-B-Bio chain, the D holes nev-
ertheless encircle the center B atom as shown in Figs.
l(c) and 1(d). Furthermore, two additional sites of P-
rhombohedral B, being Ai holes, are on the main body
diagonal of the rhombohedron such that each of them
can be considered to be situated either at the center of
a tetrahedron of Bi2 icosahedra or inside the B84 soccer-
ball-shaped cluster.

After making the structure refinements to single-
crystalline Cu- and Al-doped P-rhombohedral B, Ai

III. RESULTS AND DISCUSSION TABLE I. Structural parameters of the rhombohedral unit
cell in P-rhombohedral B and fcc C60.

A. Structure and duping sites

The rhombohedral unit cell of P-rhombohedral B [Fig.
l(c)] contains 105 boron atoms dispersed among the
following structural components: (i) two kinds of Bi2
icosahedra respectively situated at the vertices and edge

Lattice angle n (deg)
Lattice constant a (A)
Soccer-ball-shaped
cluster radius R (A.)

P-rhombohedral B
65.18
10.14

4.64

fcc C60
60.00
9.93

3.55
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FIG. 2. The diameters of doping sites along the body diag-
onal of the P-rhombohedral B or fcc Cpp rhombohedral unit
cell. These correspond to twice the smallest distance between
the lattice points and body diagonals of the rhombohedra af-
ter subtracting the diameters of atoms as determined using
the covalent bond lengths (indexed with respect to the rhom-
bohedral basis).

and E holes are not simultaneously occupied. In addi-
tion, when Al atoms are introduced, the occupancy of E
holes drops to zero, whereas when Al atoms are absent,
Cu atoms occupy E holes even though the Aq hole is
smaller than the E hole. In other words, Aq holes are
preferentially occupied with Al atoms. D holes, on the
other hand, are occupied with both Cu and Al atoms.
At the maximum Cu solubility that occurs in Cu4 2Bq05,
E, D, and A~ holes are, respectively, occupied with 1.2,
2.8, and 0.2 Cu atoms. Following structural refinement
to Lis pBtps, Li atoms occupy every E (2) and D hole (6),
but leave the A~ holes vacant. tA'e postulate that the Li
concentration in P-rhombohedral B may be saturated at

this composition. In contrast to most other metal impu-
rities in P-rhombohedral B, which retain partial occupa-
tion of the doping sites at their maximum solubilities,
alkaline-metal Li atoms completely occupy all the doping
sites: a fact that indicates the stoichiometric compound
Li88~05 exists as in K3C60, Li2CsC6o, and Na2Ba6Si46.

Table II shows resultant XRD-determined lattice di-
mensions of the P-rhombohedral B rhombohedral unit
cell as the metal concentrations are varied. The observed
XRD patterns for I i- and Cu-doped samples indicate the
P-rhombohedral B structure is slightly shifted due to lat-
tice expansions caused by interstitially introducing the
metal atoms. Consequently, the final concentrations of
doped Li (x) and Cu (y) were determined by interpo-
lating between the unit-cell volume for polycrystalline
Ii80B&05 and single-crystalline Cu4 2By05, respectively,
as well as for polycrystalline P-rhombohedral B of 31V pu-
rity. Note that the indicated ICP results are quite similar
to those obtained by XRD, though slightly higher. This
may occur because the Li metal, which was not inter-
stitially doped into P-rhombohedral B, was detected by
ICP analysis.

B. Electrical conductivity

Figure 3 shows the temperature dependence of dc
conductivity [o(T)] for (a) polycrystalline Li-doped P-
rhombohedral B and (b) Cu-doped P-rhombohedral B,
where, after Li or Cu doping of several at. %, o (T) in-
creases by several orders of magnitude, though still be-
ing similar to that of a semiconductor. In contrast, af-
ter metal doping with several at. 'Pp, the conductivity of
alkali-metal —doped fcc C60 loses the semiconducting be-
havior of pristine fcc C6o, and subsequently shows metal-
lic behavior. ' Note that fcc C60's orientational dis-
order in molecular alignments has been suggested to
be responsible for the fact that correction of localiza-
tion reduces the density of states (DOS) of the conduc-
tion band. 22 Also, as shown in Fig. 3, o (T) for pris-
tine and metal-doped P-rhombohedral B reveals three-
dimensional variable-range-hopping (VRH)-type behav-
ior (Mott's law) at somewhat high temperatures (30—

TABLE II. Lattice dimensions and metal concentrations of Li- and Cu-doped P-rhombohedral
B. Concentrations were determined by ICP analyses and XRD.

a (A)
10.128
10.153
10.183
10.207
10.166
10.131
10.138
10.139
10.151
10.158
10.164
10.189

o. (deg)
65.695
65.336
65.297
65.011
65.806
65.231
65.225
65.199
65.107
65.251
65.309
65.226

Vn (A')
825.4
826.1
832.7
834.2
836.5
819.1
820.7
823.2
825.0
827.3
834.3
833.1

x, y (ICP)

Li9.3B1os

Cu4. 8B105

x, y (Vn)
Lii.6B105
Lip. oBios
Lis.yBios
Lie.3Bios
Lip. pBtpa (standard) (Ref. 14)
Cuo. 1B105
Cuo. 2 Bios
Cuo. 3Bios
Cui. oB1os
Cu1.9B105
Cu4. 7Bios
Cu4. 2BQQ5 (standard) (Ref. 13)
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metal transition occurs after further Na doping.
Since interstitially doped Li atoms form shallow donor

levels in crystalline Si, we assumed that Li atoms in
P-rhombohedral B are donors of monovalence. On the
other hand, since the Seebeck coeKcient for Cu-doped.
P-rhombohedral B retains a positive value, ~2 it seems
reasonable to hypothesize that doped Cu atoms may
be acceptors of monovalence. If the intrinsic acceptor
band is already almost fully occupied for pristine P-
rhombohedral B, as observed in conventional semicon-
ductors, VRH conduction may occur due to the electrons
occupying Li's donor band or by the holes occupying Cu's
acceptor band. Alternatively, the nearly empty intrinsic
acceptor band in pristine P-rhombohedral B may create
a special situation, i.e. , (i) doped electrons from Li atoms
may occupy the intrinsic acceptor band and show VRH
conduction between localized states of the band, or (ii)
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FIG. 3. Temperature dependence of dc conductivity for (a)
Li-doped P-rhombohedral B polycrystals and (b) arc-melted
Cu-doped P-rhombohedral B polycrystals (except for sin-
gle-crystalline Cu4. 2BI Qg).

300 K). In fact, Cu- and Al-doped P-rhombohedral B
single crystals still show similar temperature-dependent
VRH conduction to that shown in arc-melted Cu-d. oped
P-rhombohedral B polycrystals. Therefore, such tem-
perature depend. ence may not arise due to some kind of
granularity eKect, but instead reBect the electronic struc-
ture of P-rhombohedral B. Since o (T) is only slightly de-
pendent on the Al concentration, while being more so
on the Cu concentration, this may indicate that the Al
atoms form other covalent bonds such that they barely
contribute to aR'ecting electronic conduction. It should
be noted that this type of VRH conduction has been
commonly observed in baron-rich solids: metal-d. oped
P-rhombohedral B,24 boron carbide, and YBss. An-
other interesting fact is that Na-doped solid Siqss (iso-
morphic to solid Si4s) shows VRH conduction in a similar
temperature range (80—400 K),2~ though an insulator-to-

10—

z

y; CuyBI()s

FIG. 4. Calculated DOS at the Fermi energy N(E'p )
derived from VRH-type dc conductivity for (a) Li-doped
P-rhombohedral B polycrystals and (b) arc-melted Cu-doped
P-rhombohedral B polycrystals. Inset shows the dependence
of the exponential factor To on the indicated concentration.
The solid lines assist viewing.
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Cu's acceptor band may be located between the valence
band edge and intrinsic acceptor band, and therefore,
VRH conduction of holes may subsequently occur in Cu's
acceptor band.

According to Mott's law of VRH conduction, o is
expressed as

a = rro exp —(To/T)

60o,

7r&(E~)k~ '

where o. is the localization length of the wave function
of the carrier and K(Ep) is the density of states at the
Fermi energy. Figure 4 shows the dependence of N(E~)
on the Li (x) or Cu (y) concentration, while the indi-
cated insets show the corresponding dependence of To.
Note that To for pristine P-rhombohedral B is 4 x 10
K, though its minimum value at y = 2 is still high at

10 K. This anomalously high To may indicate that Li-
and Cu-doped P-rhombohedral B has a low probability of
reaching insulator-to-metal transition. If we assume that
several at. % of metal doping results in accommodating
carriers at a density much greater than 10 cm, then
the critical density for an insulator-to-metal transition n,
could surpass 10 cm . The relationship between o.
and n, can be expressed by the Mott criterion, i.e. ,

n/ o, 025C

which yields n 1 A. However, as such it is much less
than that possible for metal-doped crystalline semicon-
ductors. Therefore, this may indicate that conduction
does not occur in the shallow impurity levels as in con-
ventional crystalline semiconductors, instead occurring
in the deep impurity levels as in metal-doped amorphous
semiconductors. If n = 1 A is assumed to apply to all
samples, then the dependence of N(E~) on x and y can
be estimated as shown in Figs. 4(a) and 4(b), where up
to x 5 and y 2, K(E~) increases. At these concen-
trations, doped metal atoms may donate charge carriers;
i.e. , Li donates electrons and Cu donates holes. Then,
with an increase in either concentration, o (T) and thus
1V(E~) decrease, which is also in contrast to the behav-
ior of conventional crystalline semiconductors, namely,
with increasing impurity concentration, o. keeps increas-
ing, and at n, these originally semiconducting materials
are transformed to metals having a value of To ——0 K. If
the band width where hopping conduction occurs is as-
sumed to be 0.2 eV, and at y = 2 there exist two extra
carriers in P-rhombohedral B, then K(E~) = 2/0. 2 = 10
[states/eV Bros], which is in good agreement with the
K(Ey ) value obtained from To after Cu doping. On the
other hand, the corresponding estimated K(E~) value
for Li doping is 1/10 less than K(EJ;) = 10. Since
LisBqo5 may have a stoichiometric phase (Sec. III A),
and at x ) 5 the measured conductivity (Fig. 3) starts
to decrease, then the LisByo5 phase can possibly be an
insulator. In other words, each B~05 unit cell may have
eight electronic states in its intrinsic acceptor band, since
each B~2 cluster may have one uppermost unoccupied

C. Magnetic susceptibility

Figure 5 shows the temperature dependence of
magnetic susceptibility y for Li- and Cu-doped P-
rhombohedral B, where it should be noted that these
results are essentially similar to corresponding ones
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FIG. 5. Temperature dependence of magnetic suscep-
tibility y for Li-doped P-rhombohedral B polycrystals,
arc-melted Cu-doped P-rhombohedral B polycrystals, and
single-crystalline Cu4. 2Byp5, being described by the tem-
perature-independent component yp and Curie-gneiss —type
paramagnetic component yg~. Note that y for a pristine
P-rhombohedral B polycrystal (raw material for Li doping)
and arc-melted pristine P-rhombohedral B polycrystal (raw
material for Cu doping) are also shown. The solid lines indi-
cate fitted ~ = ye + C/(T —0).

level that has split ofF and four clusters comprise a unit
cell. If this band is in pristine P-rhombohedral B and
it is initially empty, then at x = 8 the band is com-
pletely occupied with valence electrons from the Li atoms
such that this phase is an insulator. Accordingly, at
x = 4 (intermediate doping), the material may decom-
pose into the insulator phase (LisBqo5) and Li-doped P-
rhombohedral B, which would then make the observed
decrease in conductivity possible. Thus, K(E~) would
be less than that estimated using the Li concentration.
After Cu doping of P-rhombohedral B, since the observed
conductivity still decreases at y ) 2, this may suggest
that Cu atoms are transformed from acceptors to donors
as the Cu concentration is increased, i.e. , the Cu atoms
are ionized and start compensating for themselves in
the form of Cu+ and/or Cu +. Such phenomena may
take place because hole-donating (Cu ) and electron-
donating (Cu+/Cu +) Cu ions may exist, i.e. , among the
three kinds of impurity sites in P-rhombohedral B (Sec.
III A), cation and anion favorable sites can exist for Cu-
doped P-rhombohedral B. This hypothesis is discussed
further based on our magnetic-susceptibility results.



52H MATSUDA6108

-do ed P-rhombohedral
1 th

-cr stalline u-
rves revea

for single-c y
B.

e-indepen en
= C/

t e
a netic corn

Curie cons

—t e paramaW —yp

C, an d Weiss temperature
pressed as

C = NP, rr/3k~,

s in magn moment, p g

to all samp es,
indicated. ega1 1 tan yd can also be ca c

—0.2

—0.4—

0
t
bQ

0
CQ

E —0.6—
0
O

OQ

—0.5

X~ Lix~lO5

—0.2

0
C4)

I

CO

0
E —0.6—
0

OQ

Q 0g
s I

20

Y; Cu„al05

of tempera-arametersg p
p

5 rhom o e
b are-me e

ton per Bios

li
poy y

P-rhombohedral B po y
assist viewing.

whic4 and y-~ k occurs at —
t in pristin

p rhombohe
ristine fcc 60 . r the cancellat o

contrast, p
onsible for

th Van Vleck
to be respo

s and t e

's suggeste . f ~ e].ectrons,
t een the

1S

a netism ocurrent diam g
d by the di

st unoccu-
etism cause

t 1 and cowes u
paramagn

o].ecular or
1 3i Since go re-

highes o
b ta]. of the C60

from conduc-

t occupie
molecu e.ecular or j a

ma netis
pied mole . f pau]j. param g .

agnet»m
tributions o

e orbital
fleets con»

h les) and core
d ate the exved Paramagn

hase.
the observe

onducting p
um value

of a meta lc co
e maxim

jstence
be the case sin

d {).5 x 10
his may not ehand, t ~~

p
—s emu/gOe or

l t ly small m
O.2X 1

~

are 1e a ive
—6

1 both of which
O 8 x 1O

Oe for y =
having &

om

emu g
'

h that for CsC6o
ntribution fro

arison wit
32 p, is know

Vl ck paramagnere-in epe
netic e em'bly sma

etic shifts are
often n g 1

th pa amagnetic
d agnetismy

t is assumed
m a

t the Fe mi
. A«ord' g

O ] X

lculated u g
t. Shi ft of Xont aramagne 1 '

. ates ev B105.
the apparen p

) 2 6 sta
from &Xo

emu/gOe g
l t d values o

alcula«d

ives N(EI" ~
f N EF)m~ge calcu a e

values ca
from 0 values of .

nd show
1S

the sam order o
etal concentr

t showed char-
atiOn.with resp

f being meta
'

s Un

ect to me a
]j.ic since 1esentative o

ocalized carrcs of having
's canno e

acteristic . .
l ty in N(@+

d ce of See-
this simi ari y

e dePen enc
tunately, '

he temperatur
d Cu-doped

explaine .
S as measure

s found tha

Wh
d for Li- ancient S wa

]t was
beck coe

data not show
~

dependence
p rhombo e

l l e linear «mpa meta-1 e
K at room tempera-

both show
1 f 0 p

d
mal] va ue o

res o»ng
and have a

ss than the co
0 yt should

is much les
bohedral. B.for PriS in

e dePen end nce and S
]p mV/ .

l r temperate,
h' h showed

be noted tha
~a-doped 3

d nce of
1 6) W 1C S

0 th th
u observeme a e-t e spec ru

ction spec ra o

The resuca

B Ho-rhombohedrar ristine -r om
trastingly s owe0 polycry stalline u

ion
etic interacferromagne

' ' t
o have a minim

k, an i mwed a par
ering is

'.2. Wh nside
'

g
ofo T) ony zgdd nd

toms accepothesis that at y

w e observe e
(2Cuao

h that ions olectrons suc
d then it seems rforme



STRUCTURAL AND ELECTRONIC PROPERTIES OF Li- AND. . . 6109

served magnetic moment may have originated from the
Cu + ions.

IV. CONCLUSIONS

We have demonstrated that the main framework of P-
rhombohedral 8's crystalline structure is topologically
similar to that of fcc C60, and that their doping sites
have similar dimensions. However, since P-rhombohedral
8 is comprised of covalently bound Bq2 icosahedral or
884 soccer-ball-shaped clusters, whereas fcc C6o is not,
the electronic properties of metal-doped P-rhombohedral
B are comparatively quite different. After doping P-
rhombohedral 8 with Li and Cu atoms, the doped car-
riers showed metallic Pauli paramagnetism, whereas cor-
responding dc conductivity measurements contrastingly
showed they possess VRH conduction between severely
localized sites. On the other hand, the DOS at the Fermi
energy, which was calculated using To of VRH conduc-
tion, was found to have a similar dependence on con-
centration as that calculated from yo, with the value of
DOS for Cu-doped P-rhombohedral B being consistent
with the number of states originating frorp the intrin-

sic acceptor bands. Our most interesting finding is the
existence of intrinsic acceptor bands and several kinds
of doping sites, which when considered together, suggest
that the sign of carriers and conduction mechanism of Li-
and Cu-doped P-rhombohedral B are affected by some
unknown, complex phenomenon.
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