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Li doping is a promising method for achieving metallization of a-rhombohedral boron («-boron for short),
which is a potential candidate for a high-7, superconducting material. Toward this end, a serious drawback has
been the difficulty of doping «-boron, even though there are theoretical predictions claiming that it should be easy.
This discrepancy has been systematically studied by the ab initio pseudopotential method through calculations of
various structural and phonon properties of the material. For this study, a comparison with S-boron is important
because experimental data are available in this case. The present results demonstrate that while Li doping
is difficult for @-boron under normal conditions, it is easy for S-boron, which is completely consistent with
experiments. The difference between these crystals originates from the contrasting characteristics of the bonding.
For «-boron, the bonding requirement of the host crystal is fulfilled so well that the only way for a Li atom to
enter the crystal is through the antibonding states. Electronically, this is favorable because it causes an almost
perfect rigid-band shift without modifying the bonding nature of the host crystal. In terms of structural effects,
Li doping causes a slight decrease in the cell angle o, as well as softening of the elastic properties. A striking
effect of Li doping is manifested in substantial phonon softening of the librational mode. These changes can be
regarded as reliable criteria for the experimental detection of Li inclusion. On the other hand, 8-boron can be
characterized as a frustrated system, and the crystal has a propensity to welcome guest atoms in order to eliminate
ill-connected bonds. As a result, even though Li is easily incorporated into 8-boron, the carriers are not activated
for electrical conduction. The remaining problem is how to overcome the difficulty of Li doping of a-boron. The
most important contribution of this study lies in demonstrating the usefulness of high-pressure synthesis as an

efficient doping method.
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I. INTRODUCTION

Since the beginning of the 21st century, there have been
considerable breakthroughs in the field of superconductivity
in semiconductors. The first breakthrough appeared in the
superconductivity of SB-boron at high pressure (7. ~5 K
at p = 160 GPa, increases together with pressure), which
was demonstrated by Eremets in 2001." Although the crystal
structure was not identified well at the time, this discovery
attracted the interest of many researchers in high-7, su-
perconducting materials. For example, there is a theoretical
calculation showing that 7. > 50 K at extreme pressure.’
The second breakthrough concerns heavy doping performed
in order to achieve metal-insulator transitions. Ekimov et al.
first showed the occurrence of superconducting transition in
heavily B-doped diamond.? Immediately, this technique was
applied to other semiconductors. As a result, we are currently
witnessing an expanding list of heavily doped semiconductors
exhibiting superconductivity, such as Si,*> SiC,% and InN.

Collaborating with Japanese experimentalists, we have
been studying the superconductivity of «-rhombohedral boron
(hereinafter abbreviated simply as a-boron) because of its
potential for use in high-7, materials.” The recent discovery
of superconductivity in «-boron is a notable result of our
collaboration: Superconductivity appears at ~160 GPa with
T. ~ 5 K. Although the critical temperature is almost the
same as that of B-boron, this discovery entailed a number of
scientific contributions. If we had conducted similar studies
on B-boron, we would have been unable to reach this level of
progress. In this regard, the mechanism of the metallization
under pressure has been clarified.®!° An anomaly reported
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in resistivity measurement at high pressure, that is, a kink
in the pressure dependence of resistivity, has been attributed
to electronic band bowing caused by structural change man-
ifested in an altered cell angle. This theoretical development
was possible only as a result of the simplicity of the crystal
structure of @-boron and its stability at high pressure. Another
(technologically more important) merit of considering o-boron
is its defect-free structure. Most boron-rich crystals other than
a-boron contain a considerable amount of defects yielding
electronic gap states,!' and it is believed that the electrical
conduction mechanism is based on the hopping between
defect sites.'>”'® This makes it difficult to control the valence
electrons by doping. Recent theoretical studies have proven
that this feature is intrinsic; in other words, it is not caused by
the entropic contribution at finite temperatures, but is rather
a property of the ground state.!”>! Only for a-boron is the
conduction in accordance with the standard mechanism of
band conduction.’

Although the discovery of superconductivity in boron has
entailed great contributions to science, extremely high pres-
sures, such as 160 GPa, are highly demanding for industrial
applications. This is one reason for applying carrier doping,
and the naturally defect-free structure of «-boron is fully
usable for this purpose. The idea of doping boron is not new. It
was proposed some 15 years ago by Gunji and Kamimura
in analogy to doped Cg.>> Among various candidates for
dopants, they pointed out that the most appropriate one would
be Li based on chemical trends related to ionic radius. At
present, by performing first-principles calculations, we are
able to find the most appropriate impurities in terms of forma-
tion energy. Over a wide range of impurities (a few of them are
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presented in our conference proceedings??), our calculations
show that the pioneering work of Gunji and Kamimura is
still correct in that Li is the most appropriate dopant in terms
of both formation energy and rigid-band shift.>* However,
we found inconsistencies in certain numerical values.”? Our
results regarding the sign of the formation energy implies that
Li doping is likely to be difficult, which contradicts previous
studies.’>>~%7 After deducing that Li doping is easy in terms
of formation energy, Hayami argued that the actual difficulties
related to doping arise in the diffusion process in solid boron.?®
By considering the increasing importance of doping in the
research of superconductivity, this discrepancy cannot be
overlooked. Although there have been extensive efforts to
develop an efficient method for doping Li to «-boron, there
has been no marked success.”® On the other hand, although
doping of B-boron has been successful, metallic properties
have, to the best of our knowledge, unfortunately never been
observed.?>** Therefore, it is necessary to investigate the
reasons why successful doping has been achieved for 8-boron
and not for e-boron even though their respective structures are
similar.

In this paper, we systematically investigated Li doping of -
boron, and we not only resolved the problem of the formation
energy, but also clarified many structural characteristics that
have not been carefully analyzed in previous studies.?>?°
In addition, the present calculations cover the issue of Li-
doped B-boron. A comparison with S-boron is particularly
important since experimental data are available for only this
polymorph.?®*° The various means of comparison can provide
confirmation of the present calculations, and more importantly,
the paper offers useful predictions for the structural changes in
Li-doped a-boron, which are good guidelines for experimental
detection of Li incorporation.

Based on these considerations, we conclude that Li doping
is difficult to perform for «-boron when using solid Li and
B, which might discourage experimentalists from performing
doping. Another aim of the present theoretical paper is to
propose a way to overcome such difficulties through material
design. In attempting to overcome this difficulty by a trial-
and-error approach, we have devised an efficient method of
high-pressure synthesis. The discussion of this issue, which is
the most important contribution of this work, is presented in
the last section of this paper.

II. METHOD

A. Theoretical background

Note that the term “formation energy,” which is denoted as
AE ,is used differently in different areas, for example, in alloy
systems and impurity systems. Yet there is no interference as
long as it is discussed separately. However, in the literature
pertaining to heavily doped semiconductors, confusion arises
with regard to this term. Although for fullerides, intercalated
compounds, and clathrates, doped materials are often referred
to as impurity systems, some of them are compounds in the
strict sense. This is true also in the present study: Li-doped
a-boron and Li-doped S-boron are in fact compounds. Since
the present argument traverses a wide range of compositions of
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foreign atoms, some notes on the formation energy are needed
at the outset.

In impurity systems, A E ; is defined as the energy required
to incorporate an impurity atom B into the host crystal A.
In density-functional theory (DFT) calculations performed by
using an n-atom supercell, it is calculated as

AE; = E(A,B) — {nE(A) + E(B)}. (1)

In actual calculations, # is taken to be as large as practically
possible. By defining it in this way, AE; becomes positive,
and accordingly only a small fraction of impurity atoms can be
incorporated into the host crystal. A positive AE ; determines
the concentration ¢ of impurities at a finite temperature
T through ¢ ~ exp(—AE;/kT), where k is the Boltzmann
constant. On the other hand, in alloy systems, AE s is defined
as the energy gain necessary for forming an alloy A; B, from
its constituents:

AE; ={(1-x)EA)+xEB)} - E(A1By). (2

Note that the sign is opposite to that in Eq. (1). Also, the
energy is evaluated as a quantity which is averaged per atom (or
molar quantity). In this case, A E s for a particular composition
x alone does not guarantee the stability of an alloy A;_,B;.
By knowing A E for all possible candidates having different
compositions, we can determine the phase diagram of the alloy
system A;,B,.’' When a positive AE, is obtained for a
composition x, we can say only that there must be a stable
alloy somewhere between 0 < x < 1.

Here, we follow the sign convention of Eq. (1) throughout
the paper, regardless of whether it refers to an impurity or
an alloy. However, AE; is evaluated either as the energy
per impurity atom or per constitution atom, as most suitable
to the specific problem at hand. For solid-state reactions,
evaluation of the formation energy AEj is usually enough
for judging whether or not the reaction proceeds. However, for
high pressure, the effect of volume change must be taken into
account, which is done by evaluating the formation enthalpy
AHy.

Another related issue is the site occupancy. In impurity
systems, the site of an impurity is only partially occupied
owing to randomness. On the other hand, in stoichiometric
compounds, even guest atoms must have perfect occupancy
at specific sites. For «-boron, there is no experimental
information about the impurity sites, because of experimental
difficulty for sample preparation. We use a structure of perfect
occupancy LiBj; as a structural model for doped «-boron.
Although we have already performed supercell calculations for
lower Li concentrations, only the results of perfect occupancy
LiB,, are relevant in the present context. For §-boron, the
situation is more complicated. Even for nondoped g-boron,
there are sites with partial occupancy. Because of both the
computational load and of our ability of understanding, we
use a perfect structure LigB s as the structural model. Details
of impurity sites of B-boron is described in Sec. IIIC.

B. Calculation method

Density-functional calculations were performed to obtain
the total energy and to determine the crystal structure doped
with Li. In this paper, the plane-wave and norm-conserved
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pseudopotential methods were used with the aid of the
OSAKA2K (Ref. 32) and QUANTUM ESPRESSO (Ref. 33) soft-
ware packages. The parametrized form of the local-density
approximation (LDA), as proposed by Perdew and Zunger,**
and the PBE form of the generalized gradient approximation
(GGA) were used for the exchange-correlation term.>> The
Troullier-Martins pseudopotential®® was used with the aid
of a fully separable Kleinman-Bylander form.*’ Initially, a
nonlinear core correction was implemented for both B and
Li atoms. However, we found that it had no significant
change with respect to the energy, and therefore we do not
include this correction in the present study. Plane waves
were expanded with a kinetic cutoff energy of 70 Ry, and
6 x 6 x 6 and 10 x 10 x 10 Mohkhorst-Pack k grids were
applied for nondoped and Li-doped «-boron, respectively.
Structural optimization was performed with residual force of
less than 10~ Ry/Bohr and a residual stress of less than
0.01 GPa. The convergence of the above conditions was
thoroughly tested in previous studies.!'”®

The formation enthalpy A Hy was obtained by adding pV
termto AE ¢, where V is the volume of the crystal. The volume
V was determined as a function of p in the structural optimiza-
tion. Furthermore, density-functional perturbation technique
was applied for the calculation of phonon eigenvectors and
eigenfrequencies.” In this case, a k mesh of 10 x 10 x 10
was necessary in order to obtain a reasonable resolution. Here,
only zone center modes are discussed.

III. Li DOPING

A. Formation energy

Among the O, T, and I impurity sites as indicated in
Fig. 1, the most stable one is the O site. This has been first

FIG. 1. (Color online) The crystal structure of «-boron with O,
T, and I impurity sites. These impurity sites are located on the main
diagonal of the rhombohedral unit cell. Intericosahedral p-p* and e-e
bonds denoted as r, and r3, respectively, are shown in this figure.
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demonstrated by Gunji and Kamimura,?* and it represents the
point upon which all of the published studies,’>?¢ including
the present paper, agree. In the present calculations, relative
to the O site, the formation energy AE  rises by +0.11 eV
for the T site and by +0.40 eV for the I site. However, there
are inconsistencies in the values for AE in the literature:
It is reported as —2.38 in Gunji and Kamimura®? (hereafter
referred to as GK) and as —0.17 eV in Hayami’® (hereafter
referred to as HA), while we obtained +0.30 eV in the present
calculations, which amounts to a considerable discrepancy of
more than 2 eV.

The calculated formation energies are listed in Table I. Note
that the listed values for AE s are represented in units of per
Li atom and these values are given differently in the original
papers. Since the calculation methods and the parameters for
the computation are different from calculation to calculation, it
is not easy to trace the cause of this discrepancy. Even though
all the calculations are based on the density-functional theory
with pseudopotential scheme, the Gaussian basis functions
are used in GK, whereas a 96-atom supercell is used in HA.
For pseudopotentials of the Troullier-Matrins type, which are
used in both HA and in our calculations, a cutoff energy of
30 Ry for plane-wave expansion is sufficient for achieving
an energy resolution 10 meV per B atom.!” This criterion has
been already satisfied in both calculations. Needless to say, the
k-point sampling affects the calculated value for the energy to
a certain extent; however, the discrepancy is far greater than
this uncertainty. Furthermore, the GGA is used in HA, and
the difference in energy due to the GGA is less than 0.2 eV,
as shown in Table I. In GK, the structural optimization was
performed under restricted conditions, while full optimization
over all atom positions and cell parameters was performed in
our case. In addition, the criteria for the residual forces and
stresses for the present calculations were more stringent than
those used in other papers. In this sense, the present calcu-
lations can be considered to be more reliable. Nevertheless,
by performing similar restricted optimization, we confirmed
that the insufficiency in the structural optimization cannot be
a major cause for the large discrepancy in the values of AE .

After scrutinizing the possible causes for this discrepancy,
we eventually discovered that the most relevant cause was the
way in which the reference state of the Li atom was chosen:
The atomic state was chosen in GK and HA, while the solid
state was used in the present calculations. The difference in
AE ¢ between GK (or HA) and our calculations amounts to the
cohesive energy E.qn of Li, which has been obtained as 1.63 eV
in experiments.*’ Table I lists our results for A E r withregards
to both the solid state and the atomic state for Li. As shown
in the table, when the atom state is taken as the reference for
Li, the agreement between the calculations in GK and our own
calculations becomes closer. The cohesive energy Eon of Li
is calculated within both the LDA and the GGA. Furthermore,
the solid state Li has been used for metallic Li (bcc structure),
with 10 x 10 x 10 k-point sampling. There is a well-known
disposition of the LDA to overestimate the cohesive energy
of solids,*! and it has been widely known that the GGA can
correct this error in many cases. By considering the difference
between calculations made with the LDA and the GGA, the
error of the calculated formation energy is ~0.2 eV. If only a
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TABLE I. Pseudopotential calculations for the formation energy A E ; of Li for a-boron for various configurations: Li (O site), Li, (T x 2),
and Li; (O + T x 2). The present calculations performed by using OSAKA2K (denoted as O2K) and QUANTUM ESPRESSO (QE) are compared
to other calculations, namely, GK (Ref. 22) and HA (Ref. 26). The calculation conditions in the structural optimization are as follows: k-point
Ny, plane-wave cutoff energy E in Ry, tolerance of force Af in Ry/Bohr, and stress Ao in Ry /Bohr®. The cohesive energy AEq, of Liis

also listed in the last rows.

AE; eV/(Li atom)

Conditions Li Li, Lis
Code Tipt Eou Af Ao LDA GGA LDA LDA
Reference Li: Solid
02K 23 70 <1073 <10-¢ +0.52 +0.54
QE 10° 70 <1073 <107 +0.30 +0.49 +1.72 +0.68
Reference Li: Atom
02K —1.45 —1.28
QE —1.74 —1.42 —-0.33 —1.37
GK (Ref. 22) 107" -1073 —2.38 —1.15 —1.54
HA (Ref. 26) —0.41
AE., of Li (eV/atom) LDA GGA
02K 1.97 1.82
QE 2.07 1.91
Expt. (Ref. 40) 1.63

comparison of the formation energies in a systematic variation
is of interest, further accuracy is expected.

It is meaningless to discuss which way is correct to choose
the reference state, except in cases when the reaction under
consideration is explicitly specified. In experiments, various
states can be chosen as the starting condition (e.g., starting
materials and 7). Then, all the energies in Eq. (1) should
be replaced with the corresponding free energies or chemical
potentials ©(B). In handbooks containing thermodynamic
data, the enthalpy of formation A Hj is customarily defined
by referring to the most stable state of a material at standard
temperature and pressure. For Li, the natural reference state is
ametallic state with a bce structure. For solids, the temperature
dependence of the chemical potential is known to be not strong,
and the present result indicating a positive AE; would not
change unless extreme conditions are imposed. As long as the
metallic Li is used as the starting material, we can therefore
conclude that the doping into a-boron is difficult. On the other
hand, when gaseous Li is used, the temperature dependence
of the chemical potential cannot be ignored. This issue is
discussed below.

B. Structural changes

In this section, the effects of Li doping in a-boron are
investigated. Hereinafter, Li is assumed to be located at the
most stable site, i.e., the O site.

a. Structural changes. A comparison of the structural
parameters for nondoped and doped boron is summarized in
Table II. In the calculations presented in GK, the cell angle
oy 1s fixed, and hence the structural anisotropy should not be
changed. However, the change in anisotropy, although small,
has important significance, as seen later. As shown for the
case of nondoped «-boron, the GGA yields results that are in
closer agreement with the experiment than those obtained with

the LDA. For the structural changes, a trend showing that ag
increases (by +1.9% in our case) and o, decreases by —1.2%
on doping is clearly seen. This indicates that an elongation
of the unit cell along the ¢ axis occurs, accompanied with Li
insertion.

Considering the change in the bond lengths, we obtained
more detailed information about the structural deformation.
Inside the icosahedron, there are four independent intraicosa-
hedral B-B bonds shown in Fig. 1. Upon doping, p-p and
p-e bonds become elongated, whereas e-e* and p-e* bonds,
which are almost in the ab plane, become contracted. This
implies an elongation of the icosahedron along the ¢ axis. In
this regard, the intericosahedral bond r, shows considerable
elongation. All these changes in bond length are consistent
well with respect to the elongation of the cell along the ¢
axis. On average, the bond lengths are elongated by 0.78%,
which indicates that the bonding of «-boron is weakened by Li
doping. It should be noted that the intericosahedral three-center
bond 3 does not change. This suggests that the relative strength
of the three-center bond increases as compared to the other
bonds. This explains why the change in the angle Awy, is
negative.

The above implication that the bonds are weakened upon
doping is supported by the change in bulk modulus B (a
decrease of 4.4% in our calculations), as well as by the
phonon softening, which is discussed below. Indeed, softening
is what is expected in ordinary semiconductors. For heavily
doped diamond, softening is reported.*%*” For semiconductors
the valence and conduction bands are most clearly separated
by bonding and antibonding characters, respectively. The
introduction of any types of carriers, whether electrons or
holes, causes weakening of the bonds either through occupying
the conduction band or through the depleting valence band.*®
Therefore, it is indeed unusual to find a significant increase of
about 80% for B in GK. One reason for this difference might be
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TABLE II. Structural parameters of nondoped and Li-doped (at the O-site) a-boron. Lattice parameters ay, o, volume of unit cell V, bulk
modulus B, and bond lengths. The listed bonds are shown in Fig. 1. For each quantity, the relative change with respect to the case of non-doped

boron is shown in %.

Cell parameters Bond length (A)
ay O %4 B Intra- Inter-
(A) (deg) (A% (GPa) p-p p-e* p-e e-e* mean ) 73
Nondoped
Calculated
Present 4.994 58.08  84.19 248 1.727 1.773 1.781 1.763 1.764 1.657 1.979
GK (Ref. 22) 5.063 233 1.74 1.80 1.79 1.78 1.781 1.67 2.02
HA (Ref. 26) 5.04 58.10  86.58
VA (Ref. 38) 4.98 58.2 83.7 1.72 1.77 1.78 1.76 1.76 1.65 1.98
Experiment
Ref. 42 5.057 58.06  87.40 200 (Ref. 43) 1.751 1.801 1.782 1.806 1.786 1.670 2.03
Ref. 44 5.0561 58.14  87.75 1.753 1.800 1.807 1.784 1.790 1.671 2.014
Ref. 45 5.091 57.84  88.68 1.765 1.816 1.820 1.786 1.801 1.641 2.017
Li doped

Present 5.089 57.34 237 87.48 1.739 1.755 1.847 1.747 1.787 1.692 1.979
(%) +1.9 —-1.2 +3.9 —4.4 +0.73 —1.02 +3.6 —-0.91 +0.78 +2.1 0.0
GK (Ref. 22) 5.077 417
(%) +0.28 +79
HA (Ref. 26) 5.20 57.7 94.17
(%) +3.2 —-0.69 4838

the insufficiency of their optimizing conditions. Nevertheless,
the discrepancy is beyond what is expected to occur as a result
of this insufficiency.

The present calculations suggest a useful approach to
identifying Li incorporation in experiments: The characteristic
changes are +1.9% in Aap and —1.2% in Aoy, per Li atom in
an «-boron cell. These changes are easily determined by x-ray
diffraction. For sparsely dissolved systems, this can provide a
satisfactory estimate for the concentration of Li by assuming
the Vegard law.

b. Charge density. All of the above changes in the bond
lengths should be confirmed by examining the electronic
charge density. Figure 2 shows the differences in charge
density Ap(r) before and after doping.

For all the bonds which show expansion, the charge density
has decreased as seen in the intericosahedral two-center bond
r, and the intraicosahedral p-e bond. On the other hand, the
charge density has increased in the intericosahedral three-
center bond r3. This is consistent with the near absence of
changes in the bond length r3.

This figure also indicates how the orbital of the added
electron provided from Li is distributed over the crystal.
Around the Li atom, the charge density has increased in
comparison with the case of nondoped «-boron. However,
a more important increase is found at the intericosahedral
three-center bond. The bonding nature of the bottom of
the conduction band has been studied in a previous paper,’
where it was found that the band has a bonding character
in the intericosahedral three-center bond and an antibonding
character in the intraicosahedral p-e bond. The increase in
charge density at the three-center bond is a direct consequence
of the fact that the extra electron added by doping fills the
bottom of the conduction band. This induces shrinking of the

unit cell in the ab-plane. This response of the three-center bond
can be clearly seen when a H atom is inserted at the T site.*’
Therefore, the changes in the structure must provide reliable
criteria about whether Li is incorporated into the desired O site.

¢. Phonon properties. The changes in the phonon frequen-
cies associated with the doping are presented in Table III. All
of the phonon frequencies decrease on doping. At this point,
the occurrence of softening due to doping is indisputable. Such
softening is expected for typical semiconductors, as mentioned

(a) (b)

| Co—

2) 1 \ (J. Np [evsoﬁrf*]
)
D) v
)
0] 4

O
U

@) O@

) -

2
o

FIG. 2. (Coloronline) Differences in charge density Ap(r) before
and after doping. Red (blue) regions indicate an increase (decrease)
in Ap(r) (a) in the vertical plane, (b) in the ab plane including three
e sites forming the three-center bond.
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TABLE III. Calculated Raman frequencies (cm~') in nondoped and Li-doped a-boron. The relative change is shown in %.

Sym Eg Eg A|g Eg Eg A]g Eg Alg Eg Alg
Nondoped

Present 523 610 711 733 792 820 895 952 1141 1196
VA (Ref. 38) 529 608 708 729 790 815 890 947 1138 1192
Expt. (Ref. 50) 524 587 693 710 776 796 872 931 1125 1185
Li doped

Present 284 505 590 643 651 778 848 884 1044 1114
(%) —45.7 —-17.2 —-17.0 —-12.3 —17.8 =51 -53 -7.1 -85 —6.9

above. Decrease in frequency of this order of magnitude can
be easily observed by Raman spectroscopy.

A strong softening is found for the lowest £, mode, where
the frequency shift reaches almost half of the original one.
This mode is known as the so-called ghost peak due to
its exceptionally narrow Raman linewidth and other unusual
properties.’®>! Now, it has been discovered that the nature
of this ghost peak is due to a librational mode, that is,
rigid rotation of an icosahedron.’® This mode is special in
a sense that the frequency is primarily determined by angle
forces.”” The relevant angle forces are those associated with
the intericosahedral bonds r,. Accordingly, the softening of
the librational mode suggests weakening of the angle forces
of the intericosahedral bonding. This is in accordance with a
widely accepted understanding that the intericosahedral bond
r, is well described as a usual covalent bond. The covalent
bond has a highly oriented character, a part of which is lost by
spreading extra electrons.

Weakening of the angle force can be checked by in-
vestigating the charge distribution about the bond angle.
Figure 3 shows a change in the charge distribution of the
intericosahedral bond r,. An angle restoring force is exerted
when angle 1-2-6' is changed. The strength of the exerted force
is determined by the dependence of the adiabatic potential on
the angle 1-2-6’. This dependence is reflected in the way of
the charge distribution over the azimuthial angle ¢, which is
shown in the figure. The dependence of the charge density on
the angle reflects the dependence of the adiabatic potential on
the angle. As shown in Fig. 3(c), the dependence of the charge
density on the angle is weakened by the doping. Hence, a
softening of the librational mode is reasonably expected.

Considering the narrow linewidth of this librational mode,
we can say more about the effect of doping on this mode. Shirai
et al. disclosed that the most important factor in determining
the linewidth Aw is the two-phonon density of states o, (w) and,
more specifically to a-boron, the difference part of p»(w).>? For
a-boron, the librational mode lies at the minimum in p;(w).
The large softening of the frequency means a movement of
the decay channels to lower a frequency region, where p,(w)
significantly increases. Consequently, the extremely narrow
linewidth is broadened considerably, which indicates that the
“ghost” peak is changed to an ordinary peak.

The above-mentioned prominent changes in the librational
mode can be regarded as more stringent criteria than the x-ray
diffraction method for determining whether a Li atom occupies
a desired position. The changes in the lattice parameter are not

as sensitive to the specific site since they depend primarily on
the average concentration.

C. B-boron
Let us move on to the case of Li doped B-boron. In this case
there are experimental data for comparison.”” On this basis,

(@) (b)

A
8/

0.164
(c) 0.2
£ _ non-dope
o] o
S, E
£ Li dope
0.1F
QU E
O,OE.l....|....|....|....|....|....|.
-T2 0 w2

¢ [rad]

FIG. 3. (Color online) Distribution of the charge density around
a p site in o-boron. (a) Around a p site (atom 2), a sphere is cut
as indicated by the semitransparent sphere. The radius is 1/3 of the
bond length of an intericosahedral bond 2-6'. (b) Charge distribution
mapped onto the sphere around atom 2. A spherical coordinate system
(6,¢)1s used. The neighboring atoms are projected onto the sphere and
indicated by numbers. Underlined numbers indicate the maximum
and the minimum of the charge density in e/ /Bohr®. The unit step of
the contours is 8 mel /Bohr>. Along the red (gray) line, a line profile of
the charge density is plotted in (c) for doped and nondoped «-boron.
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FIG. 4. (Color online) Interstitial D (red/light gray) and E
(green/dark gray) sites of B-boron which are occupied by Li atoms.
For clarity, these interstitial sites are shown as being attached to a
Bgs unit. It should be noted that these interstitial sites have other
neighboring atoms which are not shown here. (a) Side view. The E
site is on the main diagonal of the rhombohedral unit cell. Both the
E and the D site are located above a hexagonal face of a Bg, unit.
(b) Top view. The faces of a Bg, unit connected to a neighboring Bg,
units are indicated with blue triangles. Also shown with blue (gray)
spheres are the interstitial site B(16) and the partially occupied cite
B(13).

we are able to answer why Li incorporation is successful for
B-boron and why it does not lead to the expected effects of
carrier doping.

The crystal structure of B-boron is highly complex. Con-
ventionally, the structure is denoted as Bgs, where formally
there are 15 irreducible sites labeled from B(1) to B(15).
However, there are additional cites, labeled from B(16) to
B(20), which are only partially occupied.”>> A structural
refinement shows that the unit cell contains 106.7 atoms.>> It
is well known that there are numerous interstitial sites which
accommodate a variety of guest atoms.’® Some exhibit only
partial occupancy, while others exhibit perfect occupancy.
According to Kobayashi et al.,” the Li case corresponds
to a case of perfect occupancy. There are two E sites and
six D sites, resulting in a total of eight sites. The atomic
arrangement around those sites are illustrated in Fig. 4. Both
types are located above a hexagonal face of a Bg4 unit, with
the additional feature that E sites are located on the principal
axis. Note that D sites are slightly deflected from the center
of the respective hexagon. A later refinement shows a more
complicated configuration.’

Recent theoretical studies have clarified that the existence
of defects is an intrinsic property of B-boron in a sense that
these defects are properties of the ground state and are not
caused by entropic contribution at high temperatures.'’~2°
Ogitsu et al. have set forth the idea that the electronic structure
of B-boron can be characterized as a frustrated system.”” This
is a common feature of boron-rich solids. In this way, the
occupancy problem of S-boron is too complicated to manage
in electronic calculations. Currently, the best we can do is use
of perfect Bjos as the matrix. Then, we fill all the E and D sites
with eight Li atoms, and guess the effect of disorder.

The structural parameters as obtained through calculation
and experiment are compared in Table IV. Close agreement
with experiment is obtained for Li-doped B-boron (hereinafter
denoted as LigBjps), as well as for nondoped S-boron. Upon
doping, the cell of B-boron is expanded. In this case, the
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cell angle oy, increases. This contrasts with the case of
a-boron. As discussed in Sec. III B, the decrease in oy, implies
the strengthening of the intericosahedral three-center bond.
However, for S-boron, there is no clear distinction between
inter- and intraicosahedral bonds.

Once quantitative comparison is needed on the effects
of Li doping on the structural parameters between different
structures such as «- and B-boron, care must be taken as
to evaluate the change of properties on the same ground.
The changes of the lattice parameters must be evaluated by
normalizing with respect to the concentration n of Li. The
normalized changes are compared in Table IV. Although
A(Ilnay)/n is similar for «- and g-boron, A(Incy,)/n is larger
for a-boron than for B-boron. This reflects the fact that the
three-center bond for «-boron is strengthened by doping.
These calculated changes can provide a conventional measure
for the concentration of Li since the lattice parameters can be
routinely obtained with sufficient accuracy.

The formation energy of Li for pB-boron is obtained
as —2.05 eV/Li atom. The negative sign of AE; shows
that forming a compound is easy. In this case, LigBgs is
a stable compound with respect to the constituents, and
this is consistent with experiment. In the spirit of Eq. (2),
+0.145 eV /atom might be a more appropriate expression for
the formation energy in the context of alloy physics. The above
energetics shows the different status of Li doped in boron
depending on the matrix, namely, an impurity for «-boron and
a constituent of a compound for S-boron. Now, we discuss
the reason why they are different. In Table V, the neighboring
atoms around a Li atom are compared for «- and B-boron.
By inspecting in this way, the local environments of the Li
atoms do not appear to be strikingly different between these
two crystals. The bond lengths are similar (~2.2 A), and
the numbers of coordination are also similar. However, the
difference will be clarified by examining the electronic charge
distribution. Figures 5 and 6 show the charge distribution over
all the angles around the doped Li atom in «- and B-boron.
The mapped sphere is taken with a radius of half of the bond
to the nearest neighbor.

For «-boron, the charge is distributed relatively homoge-
neously in all directions, in contrast to S-boron. The charge
density fluctuates in a relatively narrow range between 0.012
and 0.040 mel/Bohr®. On the other hand, in both E and
D sites of B-boron, the charge distribution shows stronger
dependence on the angle. For an E site, it is concentrated at
a specific latitude, and for a D site, it is more concentrated
in the directions of atoms 28 and 31, the width of the charge
density between the maximum and the minimum being larger
as compared with the case of «-boron. In fact, the bond 28-31
is contracted by 0.5% on doping, indicating strengthening
of the bond. These observations show that the Li atoms in
B-boron exhibit more covalent character, which lowers the
local energy around the defect. This is why Li atoms can
be easily accommodated into B-boron and strengthen the
neighboring B-B bonds.

Readers might notice the large errors in the bond lengths
in Table V. We believe that these errors are due to the
inappropriate way of treating defects in our cell size, namely,
there is no randomness in our calculations on the primitive
cell. Interstitial site B(16) is close to one of the D or E sites
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TABLE IV. Calculated structural parameters of Li@ 8-B (LigBs). an (A), Ch (A), and V are lattice constants and the volume of hexagonal

cell, respectively. % ,

represents the formation energy per Li atom in eV /(Li atom).

%, and % are the relative change of lattice constants with respect to the concentration n of Li in atom %. AE

ag (oY ay Ch 1% %Aafih %% %AT/V AE/
&) (deg) &) A) (A% [x1072 %/(atom %)] [eV/(Li atom)]
Li@B-B —2.05
Nondoped
Present 10.041 65.30 10.835 23.562 239.6
Expt. (Ref. 53) 10.139 65.2 10.9252 23.8142 246.2
Error (%) —0.96 +0.15 —0.83 —1.1 -2.7
Li-doped
Present 10.084 65.49 10.908 23.625 243.4
Expt. (Ref. 29) 10.2149 64.92 10.9654 24.0495 250.4 5.2 14.0 24.1
Error (%) —1.2 +0.9 —-0.5 —2.0 —2.8
Change (%) +0.43 +0.29 +0.67 +0.27 +1.6 9.5 3.8 22.6
Li@a-B +0.30
Change (%) +1.9 -1.2 +0.72 +2.4 +3.9 9.4 31.8 50.4

(see Fig. 4). In addition, some B(13) sites display vacancies.
Our experience on studying B-boron is that variations of this
order of magnitude are found in the bond lengths around
defects.!” It is reasonable to assume that the presence of such
defects modifies the bond length and alters its perfect structure.
However, it is not as obvious whether vacancies (or interstitial
defects) cause contraction (or expansion) of the neighboring
bonds, as indicated in studies on vacancies in silicon.”®

D. Electronic characters

The prominent contrast between «- and B-boron under
the effect of Li doping must be reflected in their electronic
structures. In this section, we describe the differences in the
electronic structures, which are of crucial importance for the
valence control.

Figure 7 shows the changes in the band structure of a-boron
induced by Li doping. As seen in the figure, the effect of Li
doping produces just an almost rigid-band shift of the original
band structure. This point was first mentioned by GK,?* and it
has been confirmed in the present paper. Although rigid-band
shifts are often referred to in the literature, it is indeed rare to

be observed in actual materials with heavy doping (as high as
7 atom %). Only few are known to exhibit a rigid-band shift,
such as K3Cg (Ref. 60) and Li-doped carbon clathrate.%!

In Fig. 8, the effects of Li doping on the electronic structure
are compared for «- and B-boron. The density of states (DOS)
spectra were obtained by using a 6 x 6 x 6 k grid, where
E .« = 70 Ry for «-boron and 45 Ry for S-boron. For a-boron,
as shown in the figure, Li doping does not affect the main
features of the electronic structure of the host crystal, resulting
in a rigid-band shift. More precisely, however, there is an
important effect manifested in a shrinking of the energy gap
by 0.35 eV. This is caused by the lowering of the bottom of the
conduction band due to electrons occupying the three-center
bonds. As described in Sec. III B, additional electrons enter
the three-center bond, which is a part of the bottom of the
conduction band.” Due to the bonding nature of this part, the
energy is lowered. Aside from this shrinking of the energy gap,
the effect of Li doping is simply manifested in a rigid-band
shift. In partial DOS, Li components diminish toward the top
of the valence band. From a slightly different point of view,
we can interpret this as a result of a bonding requirement that
is satisfied to such an extent in «-boron,2!' as in tetrahedrally

TABLE V. The neighboring atoms around a Li atom in a-boron (denoted as LiB;,) and B-boron (LigBos). The bond lengths are shown in
A. The experimental data are taken from Ref. 29. For LiB,, the bond length is indicated by multiplying the relevant value by the number of
bonds. For LigB s, in entry “bond,” the numbers should be read as the atom index of the bond (the index of irreducible sites) x the number of
bonds. The atom indices are the same as those in Fig. 6. The indices of irreducible sites are in accordance with Ref. 29.

LiB, LigBios

O site E site D site
Neighbor Calculated Bond Calc. Exp. Error Bond Calc. Exp. Error
First 2.172 x 6 36(1) x 6 2.253 2.11 6.7 28(1) x 2 2.129 2.28 —6.6
Second 2.587 x 12 73(9) x 3 2428 2.44 -0.5 38(2) x 2 2274 2.27 0.1
Further 75(10) x 3 2.578 2.80 -7.9 101(13) x 1 2.349 2.25 4.4
Distant 85(11) x 3 2.575 2.84 -93 40(2) x 1 2.355 2.51 —6.2
91(12) x 1 2419 2.10 152
49(3) x 2 2.425 2.29 5.9
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FIG. 5. (Color online) Spherical map of the charge density around
Li at the O cite in a-boron. The sphere is taken with a radius of half
of the bond to the nearest neighbor. The notations are the same as
in Fig. 3. The atom labels are shown there, and the unit step of the
contours is 2 mel /Bohr?.

coordinated semiconductors, that there is no choice for extra
electrons other than to enter the conduction band. In early
studies of the electronic structure of boron crystals, it was
argued, in analogy with molecular orbitals of B, molecules,
that weak three-center bonds participate in the top of the
valence band, and therefore the replacement of these bonds
with strong covalent bonds is the driving force of the formation
of complex structures such as S-boron. However, this analogy
is not pertinent®! since in reality the valence band of a-boron
is not sufficiently similar to that of a single B, molecule. The
intericosahedral bonding is so strong that the valence bands
have been reconstructed, leaving the three-center bond out
of the valence band. This completes the valence bands with
a fully bonding character. However, the three-center bonds
play a role when they become shortened, as demonstrated in
high-pressure experiments.’

On the other hand, the effect of Li doping on S-boron
is completely different. For B-boron, it induces not only a
shrinking of the energy gap, but also alterations in the structure
of the valence band. It should first be noted that even for
nondoped crystals the calculations do show that the Fermi level
lies 0.5 eV below the top of the valence band, which results
from our assumption of a perfect B;os structure. Standard band
theory tells us that an odd number of electrons necessarily
lead to metallic properties. However, in experiments, 8-boron
behaves as a semiconductor. This disparity is a long-debated
issue in boron physics, and as yet it is not satisfactorily
resolved.'®?021 At present, we can only say that the defects
observed experimentally are essential for the gap problem.
Calculations show that the energy gap is sensitive to the
presence of defects,” even though only B(16) are taken into
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account in the calculation. Since this issue is too broad to
discuss here, we simply assume that the valence band is fully
occupied for some unknown reason, and we concentrate on
the relative changes in the electronic structure instead.

As seen in Fig. 8, the top of the valence band of S-boron is
significantly altered on doping. At approximately 8 eV, we can
see an almost isolated peak which resembles a gap state. It is
clear that the top of the valence band has been reconstructed by
Li doping. We can consider that similar band alterations would
occur for nondoped B-boron, namely, that partially occupied
sites interact with the top of the valence band in order to
fulfill the bonding requirements of that band, which renders
the crystal an insulator. In effect, localized states will be singled
out from the valence band. By the nature of band calculation
in periodic systems, we cannot claim unambiguously whether
the present state is indeed a localized state, unless extremely
large supercells are used. However, it is highly likely that this
is the case. A recent proposal for characterization of 8-boron
as a frustrated system is highly convincing in this respect®
since the frustration of the valence band welcomes partially
occupied defects.

The idea that the invincibility of defect states is inherent in
icosahedron-based boron-rich solids has also been proposed
for boron carbides.> Accordingly, even though extensive
efforts have been made to dope B-boron,'#!>3 as yet met-
allization has not been achieved, to the best of our knowledge.
In this respect, metallization of «-boron is desirable, in spite
of the difficulties associated with the preparation of the host
crystal.

IV. EFFICIENT DOPING METHOD

Up to this point, it has been revealed that, under normal
conditions, Li-doped «-boron is classified as an impurity
system, similarly to typical doped semiconductors. However,
the formation energy is small (~0.5 eV). For Si, AEy is of
the order of several eV for typical dopants.®*** For heavily
B-doped diamond or B-doped silicon, for which metallization
has been achieved, AE is less than 1 eV.% Hence, it is
not at all impossible to achieve heavy doping for «-boron
by some means. In the last section, an efficient method for
doping «-boron is discussed on the basis of thermodynamic
considerations.

Let us first evaluate the concentration of Li in «-boron.
In the following discussion, the formation energy defined in
Eq. (1) will be replaced by the enthalpy of formation AH
by adding the pV term, if appropriate. As mentioned above,
the enthalpy of formation A H is not a material constant but
varies depending on the starting state of the reaction. The
present results of +0.5 eV for the solid state and —1.3 eV
for the gaseous state give the limiting values for AHy. In
this regard, the gaseous state is desirable for the starting
state of Li. Soga et al. achieved Li-doped «-boron by using
vapor diffusion processing.>” However, only a small fraction of
sample contains Li impurity, and the Li concentration has not
been well characterized. At finite temperatures, the chemical
potential of gaseous Li n®(Li) decreases and A H increases
toward positive values. An example of dependence of AH
on temperature is seen for hydrogen doping of a-boron.*’ In
studying impurities in semiconductors, it is a common practice
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FIG. 6. (Color online) Spherical map of the charge density around Li in S-boron: (Left-hand side) Li atom in an E site at 106, (right-hand
side) a D site at 112. The configuration of the neighboring atoms is shown below, where the notations are the same as in Fig. 3. The unit step

of the contours is the same as in Fig. 5.

to calculate the concentration of impurities as a function of the
chemical potential of the source materials.

ILi doped —— !

o-B —

Energy (eV)

FIG. 7. (Color online) Changes in the electronic energy band of
a-boron with Li doping. The red (gray) curves indicate the band
of Li-doped a-boron, while the black curves correspond to that of
nondoped a-boron. For the notation of symmetry points and lines,
please see Ref. 9.

Figure 9 shows an example where the concentration of
Li is calculated as Noexp(—AH;/kT), where Ny is the
density of the available sites. The temperature 7' is chosen
as 1300 K, which is almost the upper bound for the stability of
a-boron.®%7 The worst case occurs when solid Li is chosen
for the reference. In this case, the dependence of p*)(Li) on
the temperature can be ignored, and hence the value 0.5 eV
at T =0 K can be used over the entire range of 7. Then,
the concentration of Li is only 0.01 atom %. Although this
is a substantial amount according to semiconductor standards,
it may be too small for the purpose of metallization. In our
experience with B-doped diamond, concentrations as high as
1 atom % are desirable.

Our proposal for solving this difficulty involves the use of
high pressure. We have devised this idea by considering the
large difference between the respective bulk modules for Li
and B. Under pressure, the enthalpy of formation is strongly
dependent on the volume.

Figure 10 shows the dependence of AH, of Li on the
pressure for a-boron when solid Li is taken as the reference.
The effects of temperature are not included. We can see a
decrease in AH as the pressure increases. The sign of AH
becomes negative at 3 GPa. This shows the possibility for
forming the compound LiB; at high pressure. This decrease
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FIG. 8. (Color online) DOS spectra of Li-doped «- and B-boron (black solid lines) compared with those of the respective nondoped host
crystals (blue dashed lines). The origin for the energy has been aligned with the top of the valence band between nondoped and doped crystals.
Contributions of the atomic orbitals of Li (green/gray: s; red/dark gray: p orbital) are superimposed with a magnification level of 10.

in AHy is easily understood by considering the following
argument. The dependence of the enthalpy A H(p) on pressure
can be expanded to the second order in p as

AH(p)= AH® + bp + Lap?, (3)

where the coefficients are given as b= AVy and a =
—A(Vy/Byp). The subscript 0 denotes those quantities that are
evaluated at p = 0. On the assumption that the linear term
is dominant, when b is negative, AH(p) decreases as p is
increased, and vice versa. The coefficient b of the linear term
is given as the difference of the free volume AV, before and
after the reaction. As seen in Table VI, the free volume has
decreased after the reaction (Li incorporation), and therefore a
decrease in A H is expected. In this regard, the approximation
Eq. (3) is plotted in Fig. 10. The linear relationship is valid
only when p is smaller than the smallest value among the By
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FIG. 9. The concentration of Li in a-boron as calculated from the
formation energy AE ;. The inset shows an expanded form in order
to resolve the Li concentration at approximately AE; = 0.3-0.6 eV.

of all components. In other words, we can state that the softest
material controls the dependence on pressure.

The decrease in free volume is reasonable. It is easier for
the denser (and thereby stiffer) material to incorporate the less
dense (and thereby softer) material inside its structure at high
pressure than vice versa. From this observation, we can deduce
the simple rule that softer materials can be easily doped to
stiffer materials under high pressure.’

Regardless of the simplicity of this rule its applicability is
rather wide. The rule is based upon a well-known principle
of thermodynamics, namely, Le Chatelier’s principle, which
states that, for a system at equilibrium, a perturbation induces
a process that attenuates the initial perturbation. In the present
case, the perturbation is a change in volume. In fact, the
inclusion of atoms of gases, such as He, into a specimen at high
pressure is a daily experience for researchers experimenting
with high pressures. An affirmative example can be given with

0.5
0.4 F
0.3
02 F
01 F
0.0
0.1 F

A H; (eV/Liatom)

02 L

0.3 f
04 F o

-0.5 b 1 1 1 1 1 1 1 1 1 ?

p (GPa)

FIG. 10. Pressure dependence of the enthalpy of formation AH
of Li in a-boron. The sign of AH; becomes negative when the
external pressure reaches nearly 3 GPa in LiBj,. The solid line
corresponds to an approximate form of Eq. (3).
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TABLE VI. Pressure dependence of the enthalpy of formation.

—Vo/Bo
Vo By (eV/GPa?)

(eV/GPa) (GPa) %1073
Li@x-B 0.5412 221.2 —2.447
o-B 0.5216 225.5 —2.313
Li 0.1133 14.0 —8.091
A —0.0937 7.958

doped clathrates. Yamanaka et al. have used high-pressure pro-
cessing to synthesize BagSiss.5® The reaction that they used is

8BaSi, + 30Si — BasSiss. @)

They pointed out that the free volume of BagSiys is 15%
smaller than that of the reactant mixture, from which
they found it efficient to use high-pressure synthesis. In
this regard, high-pressure doping methods are becoming
increasingly popular. For example, heavily B-doped diamond
has been synthesized at high pressure.®® The reaction of
this method has been studied theoretically, and higher
concentrations of B are suggested for high pressure levels.%
In zeolites, higher concentrations of K atoms have been
obtained through high-pressure doping as compared with
conventional methods.”’ Iron-based layered compounds,
in which superconductivity has recently been discovered,
are also synthesized by adopting high-pressure techniques,
although the merits of the method are not fully understood.”!

V. CONCLUSION

We have disclosed the striking differences in the effect of
Li doping for apparently similar host crystals, namely, «- and
B-boron. Li-doped «-boron can be characterized essentially
as an impurity system, even for the stoichiometric compound
LiB|,, because a-boron finds the perfect form in its own
structure in a sense that the bonding requirement is most
satisfactorily fulfilled in nondoped form. In effect, the doping
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causes weakening of the bonding characters, softening in the
elastic properties, and a positive formation energy in «-boron.
In contrast, Li-doped 8-boron can be characterized as a stable
compound, as indicated by experiment. This results from the
idea that the electronic nature of §-boron is a frustrated system,
and thus the inclusion of guest atoms is in accordance with its
own bonding requirements. This leads to negative formation
energy.

The present results for the structural and phonon properties
provide useful criteria for detection of Li inclusion, which
can be easily determined by conventional methods, such as
x-ray diffraction or Raman spectroscopy. In particular, for «-
boron, the present results predict prominent changes, that is, a
decrease in the rhombohedral angle o1, as well as considerable
softening (and broadening) in the librational mode wy.

The difficulties associated with doping also have another
side, namely, rigid-band shift, which is desirable for the
electrical activity of doping. For 8-boron, the ease of doping
results in difficulties in electrical activity. The present value
of AE; =+0.5 eV for a-boron is not as large for the
formation energy of impurities in semiconductors, and it
would be possible to achieve high concentration of Li by
changing the initial conditions of the reaction. In this regard,
we devised a rather efficient high-pressure doping method,
in which the application of pressure higher than 3 GPa turns
Li-doped «-boron into a stable compound. Such pressures
are not difficult to achieve with the present capabilities of
high-pressure synthesizing technology.
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