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Abstract

High=T¢ superconductivity may be possible upon metallic-element doping into boron icosahedral :cluster
solids.- We attempted magnesium (Mg) doping into- a-rhombohedral - boron (0-By,) and- B-thombohedral
boron (B-B,os), and discussed the possibility of metal transition and superconductivity. Although the
pteparation of Mg=doped o-Bj, cannot be achieved; we achieved Mg doping into B-Bigs at a high Mg
concentration of up to MgB; 5 (8.6 Mg/cell), which is the highest metal concentration of $-B s up to now.
However, neither metal transition nor superconductivity was observed: We estimated the density- of states
(DOS) near Er and discussed the electronic states of B-Bygs.- From. the result, it is suggested that a localized
state exists above the intrinsic acceptor level probably originating from the Bog cluster with structural defects.
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"+ INFRODUCTION - -

Boron (B)zrich solids have a framework crystal -

structure built up from-B,, 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 large amount of other

elements: The high symmetry of the Byy cluster-gives™

rise to the high degeneracy of the electronic states,
which accordingly results in the high density:of states
(DOS). If we can dope metallic elements into B-ICSs
and adjust the Fermi energy (Eg) to a position of high

DOS, high-T¢ superconduetivity can be expected!. Table -

I'shows a comparison between the Iayered solids and the
cluster solids based on B and carbon (C). In the case of
" C-rich solids, K5Cg hias a much higher Tc? than- KCq'; a
layered solid. One of this reason is higher DOS at Fp

(N(Er)) of KsCe" than that of KCs® owing to the high.

syminetry-of Cg clusters. On the other hand, MgB, has a
much higher 7¢.° than the similafly layered KCy. One can

expect higher T¢, due to higheér N(Ey), for metal-doped
B-ICSs" than for layered MgB,’ as in the case of C-rich
solids. According to firsi=principles calculations, lithium
(Li)-doped a-rhombohedral B (see Table I) is predicted
to have higher N(FZz) than K;Cy and MgB,, and to show
superconductivity'. Moteover, B-ICSs have not .only
high N(%g) values but also high phonon frequencies® and

“a large electron-phonon eoupling constant’ comparable

to those of MgB,. B-ICSs have favorable features for
achieving high-T¢ superconductivity. :

B forms four allotropes: o~ and [B-rhombohedral B
(0-By, and B-Bygs), and o~ and P-tetragonal ‘B, -all of
which consist of By, clusters- Figure.1 shows the
structures of a-By, and B-Biys with major -doping-sites.
0By, has only a By, cluster, on-the other hand, B-Bygs
has four By, clusters, single B atom and two Byg clusters,
which are modified trios consisting of By, clusters in

TABLE I: Superconductivities of layered and cluster solids based on boron and carbon. The N(Ep) values were
calculated by referring to Refs. 5, 4, 7-and 1 for KCy, K5Cyp, MgB, and Li;By,, respectively. .

Layeréd'Solids ’ Cluster Selids -
| KCs: 7, ~ 0.1 [K] | KsCoo: To~2010K]

Carbon | V&) ~ 14 [states/eV nm’} N(Ez)~ 25 states/eV am’}

‘@~ 170 fem™} | @~500= 1400 fem™] -

KGy |

MgB,: T, ~40 [K] LisByo: MEg) ~ 39 [states/eV nm’] . =

N(Eg) ~ 24 [states/eV nm’] @~500-1200 fem™] -
Boron |, 600 fem™] { Mg B, Mg Bygs, Mg,Bsy, ! ;

A
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thombohedral unit cell. The ideal structural formula-of
B-Bigs is given as (B13)4(B2s),B; however, it has partially’
occupied sites, ie., the occupancy of B(B13) is
approximately 75% and those of B(B16) to-B(B20) are
3-25%. Thérefore, the actual structural formula of B-Bjs
becomes -Bige'’; however, .we call B-rhombohedral

boron B<Byys for convenience. a-By, cannot be easily -

prepared experimentally. a-By, can only be prepared at
temperatures below approximately 1470 K- whieh is
approximately 1000 K Jower than the melting point of B.

Above this.temperature, an. irreversible transformation .

front o-B, to B-Bygs takes place.
Li or Mg was not doped wholly, but doped. only in

small-part of the samples into @-B,; by vapor diffusion -

processing (VDP). The possibility of superconductlvrcy
was observed at 36 K''. On the other hand, Li"™ or Mg
were doped-into B-Byys by VDP, however, the samples

remained semiconductor. Li doping into B-Bies, only .

causes the filling of the intrinsic aceeptor level (IAL)Y

which is 4 gap state and can accept at most 8~

electrons/cell™. The origin of the TAL is considered to be
the electron-deficiency of Byy; the Jahn-Teller effect'®!®
and structural defects'®!”.

and-superconductivity car 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 o-By5
and B-Bios, and discuss the possibility of metal transition
and supercenductivity of Mg doped B-ICSs. -

2. EXPERIMENT

o-Byy is prepared using crystaﬁlzatlon by annealing of -

amorphous boron (am-B). Thus, we tried fo synthésize

Mg-doped o-By, by annealing of am-B under Mg vapor. -
Because Mg reacts with quartz tube by annealing near -

1470K", the crystallization. temperature of a-Bi, we

used stainless-tube-instead of quartz tube. Am-B powder-

(4 N purity) were put in a heéxagonal boron nitride (BN)
crucible. The crucible and Mg granules (3. N purity)

were put in-a stainless tube, and then the tubewas sealed -

by arc welding under argon atmosphere. The tube was
heated at 1453-1573 K for 1-100 h. .
B-Bigs powder (2 N or 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 X for 1-100 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

Thus, if we can dope more .
than 8 electrons per unit cell into. B-Bgs, metal tfransition .

FIG: 1: Structures of (a) 0B, and (b) p-Byes with major

" doping ‘sites. o-By, has only a Bj, cluster; on the other

hand, P-Bygs has not only By, clusters but also By
clusters as building blocks.

program RIETAN-2000®. The magnetic-susceptibility
was measured using a SQUID magnetometer at 1 T-from
2 10 -300.X, and under.conditions. of zero-field cooling
(ZPCy and field cooling (FC) at 10-Oe 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
3.1 a-rhombohedral boron

Mg-doped.a-By, was not obtained by annealing of
am-B-under Mg vapor. Only MgO, MgB, and MgB,
were synthesized and even Mg-doped B-Bjos was not
crystallized. The crystallization-of o-By, is mﬂuenced a.
great deal by impurities and annealing temperature’.
The. crystallization .of Mg-doped «-By, may be the same
case and our condition of them may not-be suitable.

3.2 B-rhombohedral boron

For the Rietveld refinement, we assumed the .doping
sites for Mg to be the D, E, F and the recently suggested
the H site®’. Table U shows the VDP or SPS conditions, -
the composition of the unit cell, the occupancies-of the
partially occupied sites, and the reliability factor R, of
selected samples: Mg was successfully doped at a high
concentration into B-Bies without Si doping, up to
MgB, s (8.6 Mg/cell), by annealing at less than 1273 K.

1t is considered that we-achieved electron-doping over

the 1AL of up to approximately 17 electrons/cell. We
measured Mg-f3-B 2 using synchrotron radiation powder
diffraction (SR)*". The result-of Rietveld refinement (see
Table 1D is almost consistent with the result of
conventional XRD. The -sintered -samples prepared for

TABLE II: VDP or SPS conditions, compositions of unit cell, occupancies of partialty occupied sites and: rehablhty factor
R Mig-B-B 2 (SPS) was prepared by SPS fromMg-B-B 2. The result of our SR* data i is also-shown. -

VDP/SPS -

Oecypancy [%}

sampename VPR Composion VED) Mgl) MaF) Mgl) BEh)_BE
MgB-B 1 273K 10h  MegysBioy - 435(6) 91()- 5() 0 92(2) - 56(2) 122
Mg-B-B 2 1073K 10h MgroBos  62.0(5) 86.0(8) 23.8(7) 172(5) 712) 612y 125
MgB-B2(SR)  1073K10h . MgBi - 602 8.1 . 216 197 830 698 29
Mg-p-B 3 H73K10h - MgegBo  63.1(6) © 80:3(9) 28.0(9) 25.6(4)- 67(2)- 6802) . 7.8
Mg-B-B2(SPS) 1273K 10min Mg, /B, 63.9(4) 884(6) 242(7)  7.7(4) 7D 652) 9.7
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electrical conductivity measurements were crushed.and
analyzed by XRD. No defection-of Mg due to sintering
occurred (see Table II). Figures 2(a) and (b) show the
relationships between the occupancies of Mg(F) and
B(B4) and Mg(H) and Mg(E), respectively. It~ is
confirmed that Mg(F) is doped with substituting B(B4).
The occupancy of Mg(E) decreased with Mg doping-in
targe amounts. This is because Mg moved from the E
site to the H site whose multiplicity is three times higher
than that of the E site to accept more Mg:

Although we measured the magnetic susceptibility of"

Mg-doped B-B,os from 2 to 100 K under conditions of
ZFC and FC, no-indication of superconductivity was

observed. Figure 3 shows the temperature dependence-of -

the magnetic susceptibility x of undoped and Mg-doped
-Byos. ¥ was analyzed using

C_, AT+EB
T-6, H ’

X=Xt ch‘ + ZF(T) =Xt (})

where 25 is a temperature-independent term. The second
term-ycw is a term that obeys the Curie-Weiss law. The
third term: 4(7) is a ferromagnetism term represented by

saturation -magnetization M. over H, because the .

measurements were performed under a magnetic field
that was stronger than the saturation magnetic field. ycw
and- ye(T) originate from impurities. Because the Mg has
a linéar temperature dependence in this temperature
range, we assumed that Mg=AT+B= y(T)xH,
where 4 and B are proportionality constants. The data in
Fig. 3 were fitted using Eq. (1), and #, was obfained as a
fitting parameter. ,
Ayo, the change in y, due to the doping, is given as

1{mY
AZ() =AZP+A;L/L :ﬂ;AN(EF){l_g(mx) }3; (2)

where ¥, is the Pauli paramagnetism, z; is the Landau
diamagnetism, AN(Ey) is the difference in M(Ey) caused
by the doping and m" is the effective mass; we assumed
that m" = m. The relationship between the number of
doped electrons and AN(Eg) was investigated™. Our
previous results of Li doping and the codoping of Mg
and Si into B-Byos was also considered'™'. To determine
the number of doped electrons per atom, it was.assumed
that Li and Mg donate T and 2 clectrons, respectively,
and Si replacing a B atom donates 1 electron. This

dependence of AN(Ex) on the number of doped electrons-

is discussed later with the results of the electrical
conductivity.

Figure 4 shows the temperature dependence-of the
electrical conductivity o of undoped and ‘Mg-doped
B-Bygs- o increased by several orders of magnitude with
Mg doping, but it still showed variable-range hopping
(VRH) behavior as in the case of -Bygs and Li-doped

B-Bios. Therefore, the Fp was in the localized state and -

even the metal fransition was not observed for the

sample. doped with mare than 4 Mgjcell, for which it is.

considered that-F; reaches the conduction band over the
IAL. According to Mott’s law for three-dimensional
VRH conduction, o is given as
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FIG 2: Relationships between occupancies of (a)
Mg(F) and B(B4) and (b) Mg(H) and Mg(E).
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FIG 3: Temperature - dependence of magnetic
susceptibility 'y of undeped and Mg-doped B-Bios
prepared from 2 N and 5 N materials. ’
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FIG 4: Temperature dependence of electrical
conductivity o-of undoped and Mg-doped B-Bjps.
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where oy-is & constant and o is-the localization length
of the wave function of the carrfer. The relationship
between the number of -doped. electrons and N(Ep),
which was obtained front the slope of the curve in Fig. 4
was investigated””. We also examined our previous
results of Li doping and the codoping of Mg and Si into
B'Blosu’m-

AN(Ey) can be approximated to be N(Fy), because
undoped B<Byos is a semiconductor: N(Fg)y and AN(Ez)
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showed almost the same behaviors™. The difference
between the absolute values of N(Eg) and AN(Ey) 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(Eg) increased and reached its
maximum when the number of doped electrons is
approximately 5 (half-filled). With supplying more
electrons, N(Fy) turned to decrease and became almost
the same value as (3-Byyps 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'.

On the other hand, the increasing and decreasing
behavior of N(£g) 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(Ep) showed the increasing and
decreasing behavior once more. Therefore, the existence
of another localized state above the IAL was indicated.
It is because Ey was in this localized state that neither
metal transition nor superconductivity was observed, in
spite of the electron doping over the JAL.

B-Bygs also has six electron trapping levels'*!¢ 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 of B(B4) caused by Mg doping, which belongs
to the B,y cluster. Mg starts to occupy the F site when
the number of doped electrons is approximately 8, i.e.,
B(BA4) 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
energy 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 of B(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 B-Bes, which are the
origin of the IAL according to Refs. 16 and 17. It-was
found that it is difficult for B-Bygs to achieve metal
transition and superconductivity because of the localized
states originating from the electron deficiency and
structural defects in the By cluster™.

4. CONCLUSION

Although the crystallization of Mg-doped a-By, can’t.

be achieved, we achieved large amount of Mg doping
mto B-Bigs, up to MgByis (8.6 Mg/cell). The electron
doping over the IAL was achieved. Nevertheless, Er was
in the localized state. This newfound localized state
probably originates from the defection of B(B4) which

belongs to the By cluster. It is difficult for 3-Bygs to
achieve metal-transition and -superconductivity because
of the localized states originating from the structural
defects in thé B,g cluster, which is unique to -Byps. We
should aim at high-T¢ superconductivity using not
B-Byos, but other B-ICS without By cluster that includes
structural defects, such as a-B;, or a-tetragonal B*2%,
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