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Abstract 

Higk-Tc superconductivity may be possible upon metallic-element doping into< boron icosahedral cluster 
solids.- We attempted magnesium (Mg) doping into- cHhombohedral boron (a-Bn) and·-~-rnombohedral 
boron (~-B 10s), and discussed the possibilitY. -of metal transition and superconductivity. Although the 
preparation of Mg-doped a-B12 cannot be achieved; we- achieved Mg doping into ~-B105 at a high Mg 
concentration of up to MgB115 (8.6 Mg/cell), which. is the highest metal concentration of ~-B 105 up to now. 
However,· neither· metal transition nor superconductivity was observed; We· estimated the . density of states 
(DOS) near Ep and discussed the electronic states of j3.-B105.From the result, it is sug.gested that a localized 
state exists above the intrinsic acceptor level probably originating from the B28 cluster with structural defects. 
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1~ IN-TRODUCTION 
IToron (B)-rich solids have a frainework crystal 

structure. built up from B12 icosahedral clusters< These 
solids are called boron•icosahedral cluster ·solids< 
(B~ICSs). B-ICSs have relatively large interstitial doping 
sites; thus, they can accept a clarge amount of other 
elements: The high symmetry of the B12 cluster·gi:ves 
rise to the high degeneracy of the electronic states, 
which accordingly results ih the high density of states 
(DOS). If we can dope metallic elements into B"ICSs 
and adjust the Fermi energy (EF) to a position of high 
DOS, high-Tc superconductivity can be expected1

. Table . 
I shows a comparison between the tayered solids and the 
cluster solids based on B and carbon (C). In the case of 
C-rich solids,K3C60 has a much higher Tc2 than KC8

3
, a 

layered solid. One of this reason is higher DOS at EF 
(N(EF)) of K3C60

4 than that of KC8
5 owing to the high 

symmetry of C60 clusters. On the other hand, MgB2 has a 
much hlglier Tc 6 than the similarly layered KC8• One can 

expect higher Tc, due to higher N(EF), for metal-doped 
B"ICSs1 than for layered MgB2

7 asjn the case of C-rich 
solids. According to firstcprinciples calculations, lithium 
(Li)-doped a-rhombohedral B (see Table I) is predicted 
to have higher N(EF) thanK3G60 and MgB2, and to show 
superconductivity1

• Moreover, B-ICSs have not only 
high N(EF) values but also high phonon frequencies8 and 
a large electron-phonon eoupiing constant> comparable 
to those of MgB2• B-ICSs have favorable features for 
achieving high-Tc superconductivity. 

B forms four allotropes: a- and ~-rhombohedral B 
(a-B12 and ~-B105), and a- and t3~tetragonal B, all of 
which consist of B 12 clusters.- Figure 1 shows the 
structures of a-B12 and ~-B105 with major doping sites. 
a-B12 has only a B12 cluster, on the other hand, ~-B 105 
has four B12 clusters, single B atom and two B28 clusters, 
which are modified trios consisting of B 12 clusters in 

TABLE I: Superconductivities of layered and cluster solids based on boron and carbon. The N(EF) values were 
calculated by referring to Refs< 5, 4, 7 and 1 for KC8, K3C60, MgB2 and LhB12, respectively. 

Carbon 

Layered So-lids 

KCs: To~ 0. I [K] 
N(EF) ~ 14 [states/eV nm3

] 

w ~ 170 fcm'1l 

MgBz:Tc~40 [K] 
N(EF) ~ 24 [states/eV nm3

] · 

w ~ 600 [cm-rl 

303 

Clust~F Solids -

K3C6o: T;, ~ 20[K] 
N(Ep)·~ 251states/eV nm3

} 

w~ 500-140(Jfcm-11 

Li3B.12:<N(EF) ~ 39 [states/eV nm3 

w~ 500- 1200 [cm-1
] · 

Mg~B12, MgxB1os' MgxBso,. 

Tc>40 K? 
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rhombohedral unit cell. The ideal structural formula of 
~-Bios-is given as (BI2MB2s)2B; however, it has partially 
occupied sites, i.e., the occupancy of B(Bl3) is 
approximately 75% and those ofB(B16) to-B(B20} are 
3-L5%. Therefore, the actual structural formula of P-B105 

becomes B1066
10

; however, we call ~-rhombohedral 
boron ~"B105 fof convenience. a-B12 cannot be £asily 
prepared experimentally. a-B 12 can only be prepared at 
temperatures below approximately 1470 K, which is 
approximately I 000 K lower than the melting pointofB. 
Above this .. temperature, an. irreversible transformation 
from a-B 12 to (J-B105 takes place. 

Li or Mg was not doped wholly, but dop<;d only in 
small-part of the samples into a-B 12 by vapor diffusion 
processing (VDP). The possibili1y of superconductivity 
was observed at 36 K 11

• On the other hand, Lin or Mg11 

were doped into ~-B105 by VBP, however, the samples 
remained semiconductor. Li doping into B-B105, only _ 
causes the filling of the intrinsic acceptor level (IAL )13 

which is .a gap state and can accept at most 8 · 
electrons/cele2

• The origin of the IAL is considered to be 
the electron deficiency of Bm the Jahn-Teller effect14) 5 

and structural defects16
•
17

• Thus, if we can dope more 
than 8 electrons per unit cell into. ~-B 105, metaLtransition 
and superconductivity can be expected. 

We·· attempted Mg doping aiming at metal transition 
and superconductivity by large .amount of electron 
doping.- In this study, we report Mg doping into· a-B12 
and BcB 10, and discuss the possibility of metal transition 
and superconductivity ofMg doped B-ICSs. 

2. EXPERIMENT 
et>-Br2 is prepared using crystallization by annealing of 

amorphous boron (am-B). Thus, we tried to synthesize 
Mg-doped a-B12 by annealing of am-B under Mg vapor. 
Because Mgreacts with quartz tube by annealing near 
1470Kn, the crystallization. temperature of a-B 12, we 
used stainless-tube instead of quartz tube. Am-B powder 
( 4 N purity) were put in a hexagonaf boron nitride (BN) 
crucible_ The crucible and Mg .. granules (3. N purity) 
were put in a stainless tube, and then the tube was sealed -
by arc welding under argon atmosphere. The tube was 
heated at 1453-1573 Kfor 1-100 h. 

P-B]o5powder (2 Nor 5 N purity) and Mg granules (3 
N purity} were placed at both ends of a BN crucible, and 
a BN · spacer was placed to separate B and Mg. The 
crucible was sealed in an evacuated quartz tube and 
heated at 973-1473 K for l-100 h. To measure the 
electrical conductivity, some samples were sintered by 
spark plasma sintering (SPS) at 1273 K for 10 min. 

The samples were investigated by XRD with CuKa 
radiation and analyzed by the Rietveld method using the 

FIG 1: Structures of(a) a-Bn and (b) B-B105 with major 
doping· sites. a-B12 has only a Bi2 cluster; on the other 
hand, p,B105 has not only B 12 clusters but also B28 

clusters as building blocks. 

program RIETAN-200018• The magnetic susceptibility 
was measured using a SQUIDmagnetometer at 1 T from 
2 to 300 K, and under .conditions. of zero-field cooling 
(ZFC) and field cooling (FC) at 10-0e from 2 to 100 K 
to examine superconductivitY. The electrical 
conductivity was measured from 50 to 300 K using the 
van der Pauw method. 

3. RESULTS AND DISCUSSION 
J.l a-rhombohedral boron 

Mg-doped a-B12 was not obtained by annealing of 
am-B under Mg vapor. Only ·MgO, MgB2 and MgB4 

were syl).thesized and even Mg~cloped P-B 105 was not 
crystallized. The crystallization·of a-B12 is influenced a 
great deal by impurities and .annealing temperature 19. 
The crystallization ofMg-doped a-B12 may be the same 
case and our condition ofthem maynotbe suitable. 

3.2 ~-rhombohedral boron 
For the Rietveld refinement, we assumed the cdoping 

sites for Mg to be the D, E, F arid the recently suggested 
the H site20

• Table Il shows: the VDP or SPS conditions, 
the composition of the unit cell, the occupancies .of the 
partially -occupied sites, and the reliability factor Rwp of 
selected samples. Mg was successfully doped at a high 
concentration into B-Bi05 without Si doping, up to 
MgB115 (8.6 Mg/cell), by annealing at less than 1273 K. 
It is considered that we achieved electron doping. over 
the IAL of up to approximately 17 :electrons/cell. We 
measured Mg-P-B 2 using synchmtron radiatio.n powder 
diffraction (SRi1

• The resultuf Rietveld refinement (see 
Table II) is almost consistent with the result of 
conventional XRD. The -sintered-samples prepared for 

TABLE Il~ VDP or SPS conditions, compositions of unit cell, occupancies of partially occupied sites and reliability factor 
R,;;p. Mg·P-B 1 (SPS) was prepared by SPS from·Mg-~-B 2. The result of our SR21 data is also shown. 

Sampienamte VDP/SPS 
Composition 

Occupancy [-%} -
condition M:S(D1 Mg(E) Mg(F) Mg(H) B(B4) B(Bl3) 

Rwp 

Mg-~-B 1 1273K10h M~_T8101 43.5(6) 91(1) 5(7) 0 92(2) 56(2) 12.2 
Mg:.p-B2 107JK !Oh Mg79B99 62.0(5} 86.0(8~- 23:8(7) 17.2(5} 71(2) 61(2} 12.5 

Mg-j3-B 2 (SR) 1073K lOh Mg7_sB1e1 - 60.2 86.1 21:6 19.7 83.6 69:8 2.9 
Mg-P-B-3 1073K lOh Mgs6B99 63.1(6) 80:3(9) 28.0(9) 25.6(4) 67(2) .. 68(2) 7.8 

Mg•BcB 2 (SPS) 1273K lOmin Mg7.7B1oo 63.9(4) 88.4(6) 24.2(7) 7.7(4) 71(1) 65(2) 9.7 
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electrical conductivity measurements were crushed.and 
analyzed by XRD. No defection·ofMg due to- sintering 
occurred (see Table II). Figures 2(a) and (b) show the 
relationships between the .occupancies of Mg(E) and 
B(B4) and Mg(H) and Mg(E), respectively.· It is 
confirmed that Mg(F) is doJ3ed with substituting B(B4). 
The occupancy of Mg(E) decreased with Mg dop.ing.in 
large amounts. This is because Mg moved fro-m the E 
site to the H site whose multiplicity is three times higl!:er 
than that of theE site to accept more Mg, 

Although we measured the magnetic susceptibility of 
Mg-doped ~-B105 from 2 to 100 K under conditions of 
ZFC and FC, no indication of superconductivity was 
observed. Figur-e 3 shows the temperature dependence-.Qf 
the magnetic susceptibility x of undoped and Mg-doped 
~-B 10s. ;rwas analyzed using 

C AT+B 
X =-Xo + Xcw + XF(T)"" Xo +--+--, (1) 

T-8P H 

where Xo is a temperature-independent term. The second 
term·xcw is a term that obeys the Cmie-Weiss law. The 
third t.erm %F(1) is a ferromagnetism term represented by 
saturation .magnetization -Ms over H, because the 
measurements were performed under a magnetic field 
that was stronger than the saturation magnetic field. %cw 
and %F(1) originate from impurities. Because the Ms has 
a linear temperature dependence in this temperatur-e 
range,. we assumed that Ms=AT+B=xp~T)xH, 
where A and B are proportionality constants. The data in 
Fig. 3 were fitted using Eq. (1 ), and %o was obtained as a 
fitting parameter. 

L1x0, the change in Xo due to the doping, is given as 

L1zo=L1xi>+L1xb=Jl~M(Ep){l-H: )l (2) 

where Xp is the Pauli paramagnetism, %L is the· Landau 
diamagnetism, &l(EF) is the difference in N(EF) caused 
by the -doping and m • is the effective mass; we assumed 
that m* "" m. The relationship between the number of 
doped electrons and &l(Ep) was investigated22

• Dur 
previous results of Li doping and the codoping of Mg 
and Si into ~-B10s was also considered11

'
12

• To determine 
the number of doped electrons per atom, it was assumed 
that Li and Mg donate l and 2 electrons, respectively, 
and Si replacing a B atom donates 1 electron. This 
dependence of /JN(Ep) on the number of doped electrons 
is discussed later with the results of the electrical 
conductivity. 

Figure· 4 shows the temperatl:lfe dependence of the 
electrical conductivity a of und.Qped and Mg-doped 
J3-B.1w a increased by several orders of magnitude with 
Mg doping, but it still showed variable-range hopping 
(VRH) behavior as in the case of ~-B105 and Li-doped 
l3-B10s. Therefore, the Ep was in the localized state and 
even the metal transitiDn was not observed f.Qr the 
sample doped with more than. 4 Mgfcell, for which it is 
considered that EF reaches the conduction band over the 
IAL: Accerding to Mott's Iaw for three-diniensi.Qnai 
VRH conduction, a is given as 

~lOO 
~ 
(3, 90 
t:Q 
"-< 
0 .80 

~ 
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(.) 
(.) 

0 

,.. 
i 

Ea) {b) 

• ~i!i~ i!ii!i 

J!!i!i~ 
.11 i!i 
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Occupancy ofMg (F)[%} Occupancy ofMg (H) [%] 

FIG 2: Relationships between {)Ccupancies of (a) 
Mg(F) ami B(B4-) and {b) Mg(H) and Mg(E). 

• t • (3-B ws .(2N} 

f 0 (3-B!os (5N) · .. Mg79B99 (fr-om2N) 
V Mgs.5Bw.1i:from 5N) 

~ -
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FIG 3:· Temperature dependence of magnetic 
susceptibility x of undep!;ld and Mg-dt~ped 13-Bws 
prepared from 2 N and 5 N materials. 

Temperature [K] 
300 200 150 . 10() 50 

1.6 1.8 2 2.2 
(l(Prrj!'4 [Kli4] 

FIG 4: Temperature dependence of electrical 
conductivity a of undoped and Mg-doped ~~BIOs· 

where a0 ·is a constant anu a-J is the localization length 
of the wave function ofthe carrie.f. The relationship 
between the. number of -doped electrons and N(Ep), 
which was obtained from the slope of the· curve in Fig. 4 
was investigated22

• We also examined our previous 
result-s of Li doping and the codoping of Mg and Si into 
~-B105 n,12_ 

LlN(EF) can be approximated to be N(Ep), because 
undoped ~-B10s is a semiconductor. N(EF'r and &l(EF) 
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showed almost the same behaviors22
• The difference 

between the absolute values of N(Ep} and &(Ep} may 
originate from the hypothesis on localization length and 
effective mass. In the region where the number of doped 
electrons was less than 8, with increasing number of 
doped electrons, N(EF) increased and reached its 
maximum when the number of doped electrons is 
approximately 5 (half-filled). With supplying more 
electrons, N(Ep) turned to decrease and became almost 
the same value as P-B105 when the number of doped 
electrons is approximately 8 (completely filled). This 
increasing and decreasing behavior of N(Ep) indicates 
the filling of the IAL 11

. 

On the other hand, the increasing and decreasing 
behavior of N(Ep) in the region where the number of 
doped electrons is more than 8 indicates the DOS figure 
at an energy higher than that of the IAL, which is 
clarified due to Mg doping. With increasing number of 
doped electrons, N(EF) showed the increasing and 
decreasing behavior once more. Therefore, the existence 
of another localized state above the IAL was indicated. 
It is because Ep was in this localized state that neither 
metal transition nor superconductivity was observed, in 
spite of the electron doping over the IAL. 

P-B1os also has six electron trapping levels14
•
16 as 

intrinsic gap states. However, the contribution of them to 
electrical conduction should not be dominant in this 
system because its hypothesis cannot interpret the 
experimental results. It is possible that this newfound 
localized state is the gap state originating from the 
defection ofB(B4) caused by Mg doping, which belongs 
to the B28 cluster. Mg starts to occupy the F site when 
the number of doped electrons is approximately 8, i.e., 
B(B4) starts to defect after the IAL has been occupied. It 
seems that the localized state arises in order for Fermi 
energy not to reach the conduction band and to keep the 
eneFgy of the system lower. The complete occupation of 
this newfound localized state in spite of the parallel 
increase of the capacity of it and the number of doped 
electrons from Mg(F), which are proportional to the 
amount of the defection ofB(B4) in this hypothesis, may 
originate from the occupation of Mg(H), which can 
donate three times electrons than Mg(E) and accelerate · 
the occupation of this newfound localized state. Mg 
starts to occupy the H site when the number of doped 
electrons was approximately 12 where N(EF) turned to 
decrease. 

However, this possibility is too. difficult to discuss in 
detail at present and now in progress, because it has 
been shown that Mg doping influences the structural 
defects that originally exist in P-B10l 0

•
2

\ which are the 
origin of the IAL according to Refs. 16 and 17. It· was 
found that it is difficult for P-B105 to achieve metal 
transition and superconductivity because of the localized 
states originating from the electron <;!eficiency and 
structural defects in the B28 cluster2

• 

4. CONCLUSION 
Although the crystallization of Mg-doped a-B12 can't 

be achieved, we achieved large amount of Mg doping 
into- P-Blos, up to MgB 1u (8.6 Mg/cell). The electron 
doping over the IAL was achieved. Nevertheless, EF was 
in the locatized state. This newfound localized state 
probably originates from the defection of B(B4) which 

belongs to the B28 cluster. It is difficult for 13-B105 to 
achieve metal transition and superconductivity because 
of the localized states originating from the structural 
defects in the B28 cluster, which is unique to 13-Bros· We 
should aim at high-Tc superconductivity using not 
I3-B105, but other B-ICS without B28 cluster that includes 
structural defects, such as a-B 12 or a-tetragonal B

23
•
24

. 
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