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Observation of Inverted-Molecular Compression in Boron Carbide

R.J. Nelmes, J. S. Loveday, R. M. Wilson, and W. G. Marshall
Department of Physics and Astronomy, The University of Edinburgh, Edinburgh, EH9 3JZ, United Kingdom

J.M. Besson,' S. Klotz,! and G. Hamel?
'Physique des Milieux Condensés, Centre National de la Recherche Scientifique URA 782,
Université Pierre et Marie Curie, 4 place Jussieu, 75252 Paris Cedex 05, France
2Departement des Hautes Pressions, Université Pierre et Marie Curie, Jussieu, Paris Cedex 05, France

T.L. Aselage
Sandia National Laboratories, Albuquerque, New Mexico 87185-0345

S. Hull

ISIS Facility, Rutherford Appleton Laboratory, Chilton, Oxon OX11 00X, United Kingdom
(Received 18 August 1994)

High-pressure neutron diffraction studies of boron carbide, B ,C, to 11 GPa show that the icosahedral
structural units are 23(4)% more compressible than the structure between them. This inverted-molecular
compression is in accordance with qualitative predictions based on models of the bonding, but had not
previously been observed directly. The results show the effect of the structural compression on the
electrical resistivity to be more complex than present, semiquantitative models suggest.

PACS numbers: 62.50.+p, 61.12.Gz, 64.30.+t, 71.38.+i

The boron-rich solids (BRS) have attracted consider-
able experimental and theoretical interest because of their
unusual bonding and transport properties [1-6]. The re-
fractory nature of these materials suggests that they may
also have important applications in high-temperature elec-
tronic devices [7]. Many BRS have a molecularlike struc-
ture, based on 12-atom icosahedra, but the nature of the
bonding within and between the icosahedra appears to
lead to a form of structural compression that is the inverse
of that found in normal molecular solids [6]. This is in-
teresting in itself as a manifestation of a distinctive form
of bonding, and is also believed to be important to the un-
derstanding of the electronic transport properties [8].

Boron has one of the most varied structural chemistries
of all the elements [9]. A common feature of its structures
and those of the related BRS is the icosahedral structural
units [9,10]. The hardness and refractory nature of
these materials [6] shows they are strongly bonded, and
the ability to form strongly bonded networks of linked
icosahedra is unique to the BRS [6,11]. An example is
the group of solids whose structures are based on that of
a-boron [10], shown on the right in Fig. 1. This structure
is composed of icosahedra formed by two sites (labeled
1 and 2) with coordinates (x, —x,z) and (x’, —x’,z’) in
space group R3m. The icosahedra are covalently linked
together to form a rhombohedral array. The principal
variation in structure among the group is the chain that is
sometimes found cross-linking this rhombohedral array.
In «a-boron the chain is absent; B¢P, BsAs and B¢O
have a two-atom chain; and boron carbide (shown on the
left in Fig. 1) has a three-atom C-B-C chain with atoms
located at 0,0,1/2 and 0,0,*z (labeled 3 and 4) [10].
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The icosahedra are enclosed units, and have come to be
regarded as molecularlike structural components [6].

An icosahedral boron atom in these structures has
five neighboring boron atoms within the icosahedron
and one additional nearest neighbor outside the icosa-
hedron (Fig. 1). Boron is trivalent and so has insuf-
ficient electrons to form six conventional “two-center”
covalent bonds to its neighbors [6]. Electron-density stud-
ies [10] have provided evidence to support the view that,
instead, intraicosahedral bonds are formed by an accumu-
lation of charge at the center of a triangle of adjacent
atoms [6]. This bonding model is also supported by cal-
culations [2]. Such bonding is referred to as ‘“electron
deficient” (Ref. [6]) and has been likened to that found

Boron carbide

= N\
A %
-4 /;\\/!9\"\]‘*,. ( \W;
PNed R/
Woe \'\’/\4 '/

A\

FIG. 1. The structures of a-boron (right) and boron carbide,
B,4C (left).
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in metals [2,6,12]. In contrast, the bonds between icosa-
hedra— which are shorter than the intraicosahedral bonds
[13]—are believed to be more like conventional cova-
lent bonds [6,11]. Based on the expectation that any
electron deficiency of the intraicosahedral bonding rela-
tive to the intericosahedral bonding will make the icosa-
hedra more compressible than the structure surrounding
them, the BRS have been termed as “inverted-molecular”
solids [6]. Inverted-molecular (IM) compression is be-
lieved to be a distinctive characteristic of BRS, and is be-
lieved to play an important role in determining their bulk
properties.

The IM model is supported by measurements of the
sound velocity in boron-carbide as a function of carbon
composition [14,15]. The longitudinal acoustic velocity is
observed to decrease from 14 to 12 mm/ us on going from
13 to 10 at. % (a/o) of carbon [15]. In this composition
range, x-ray [13] and Raman [16] measurements suggest
that carbon is principally lost from the icosahedra [13,16],
and the decrease in ultrasonic velocities is taken to re-
flect the replacement of relatively stiff B,;C icosahedra
by more compliant B, units [15]. However, this inter-
pretation essentially assumes the model: The assumptions
are made, first, that the icosahedra are the softest structural
elements (IM compression) and hence determine the mag-
nitude of the sound velocities, and, second, that removal
of carbon makes the icosahedral bonding more electron
deficient and hence less stiff [15]. Other support is de-
rived from the fact that the electrical resistivity p of boron
carbide (B4C)—a polaronic conductor—shows the un-
usual behavior of increasing with pressure [8], which is
taken to reflect the IM character of this material. Here,
the argument is based on comparison with the behavior
of p(p) in normal molecular polaronic conductors like
sulphur [17]. In B4C the increase in p with pressure is
caused by the increase in the hopping activation energy
E,, and models of the conduction suggest that this re-
sults from compression of the hopping sites—thought to
be all or part of the icosahedra [8]. In normal molecu-
lar solids, p decreases strongly with pressure as a result
of the increasing electronic overlap as the space between
the molecular sites is compressed [17]. However, while
the markedly different behavior of p clearly reflects the
very different compression of the two types of conductor,
the present understanding of the conductivity mechanism
in B4,C (Refs. [8] and [18]) is not sufficiently precise to
establish that the behavior of p(p) necessarily entails sig-
nificant IM compression rather than simply requiring the
icosahedra and the space between them to have approxi-
mately the same compressibility [8].

Thus, although IM compression is of considerable in-
terest and significance both as a signature of an unusual
bonding type and also for understanding of the physical
properties of boron-rich solids, there is as yet no direct
evidence for it. There is a clear need for direct mea-
surements of the structural pressure dependence, but this
has not hitherto been possible. Boron carbide is a very

weak scatterer of x rays and even the pressure depen-
dence of the lattice parameters has so far not been mea-
sured. Neutron diffraction is the obvious technique to use
as boron and carbon are both relatively strong scatter-
ers of neutrons. However, because of the relatively large
sample volumes required, the maximum pressure for neu-
tron diffraction was until recently limited to 3 GPa—too
small a range to induce measurable structural changes in
a material as incompressible as boron carbide, whose bulk
modulus is around 200 GPa [15]. But the recent devel-
opment of high-pressure neutron diffraction to reach pres-
sures in excess of 10 GPa [19,20] now makes it possible
to examine the structural pressure dependence of boron
carbide. In this Letter we present the results of such a
study using the Paris-Edinburgh high-pressure cell.

The Paris-Edinburgh cell is a novel opposed-anvil
design able to achieve pressures in excess of 10 GPa
with a sample volume sufficiently large for accurate
powder diffraction studies [20]. The sample (volume
~100 mm?) is contained between the opposed anvils by a
null-scattering TiZr alloy gasket. Pressure is achieved by
the in situ application of load to the anvils by a compact
200 ton hydraulic ram. The cell is designed for time-of-
flight powder diffraction techniques using the POLARIS
diffractometer of the United Kingdom pulsed neutron
source, ISIS, at the Rutherford Appleton Laboratory. The
incident beam of neutrons passes through one of the anvils
along the axis of the cell and the diffracted beam emerges
through the gasket at a scattering angle (26) close to
90°. Neutron-absorbing collimation enables patterns to be
collected that are almost completely free from diffraction
peaks due to cell materials, with a good level of signal to
background [21].

The samples were taken from material of nominal com-
position B4C prepared from 98.6% !'B-enriched boron
[22] (obtained from Centronic Ltd.) and graphite pow-
der (obtained from Ultra-Carbon Corp.). The reactants
were mixed and pressed into pellets which were heated to
2000 °C for 4 h, and then cooled and ground to a pow-
der. The sample composition was found from Raman
spectra and x-ray diffraction measurements of the lat-
tice parameters to be within 0.5 a/o of the stoichiometric
composition.

Because no equation of state has been published for
boron carbide, two types of sample were used. In the
first, a 1:1 by volume mixture of boron carbide and a
NaCl pressure calibrant [23] was used to determine the
equation of state. In the second type of sample, only
boron carbide was used—the pressure for this type of
sample being derived from the measured equation of state.
Use of pure boron carbide samples allowed diffraction
patterns to be collected which contained essentially sig-
nals from boron carbide only, and this enabled the struc-
tural pressure dependence to be determined accurately.
Boron carbide is a hard material, and so, to alleviate
the effects of pressure-induced peak broadening, all sam-
ples were mixed with fluorinert liquid which has been
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found to reduce peak broadening in earlier experiments on
B-boron [24].

For the study of pure B,C, three separate sets of mea-
surements were made of the structural pressure depen-
dence (referred to as runs A, B, and C) with a new
portion of the sample in each case. This procedure was
adopted to provide a check on the reproducibility of the
structural changes. Time-of-flight spectra were first col-
lected from the NaCl/B,C mixture with nine different
loads applied to the anvils, ranging from 25 to 110 tons.
Spectra were then collected at a total of 13 loads be-
tween 10 and 120 tons in runs A, B, and C using pure
B,C. Data acquisition times ranged from ~2 h for the
mixed (NaCl/B,C) sample to ~6 h for the pure sam-
ples. The spectra were corrected for the effects of the
wavelength-dependent attenuation of the pressure cell ma-
terials, using a procedure based on the measured attenua-
tion coefficient of the relevant materials and calculations
of the relevant path lengths [21,25]. The corrected spec-
tra were then analyzed by Rietveld profile refinement us-
ing the GSAs package [26]. The five independent atomic
coordinates not fixed by symmetry, an overall thermal pa-
rameter, an absorption parameter (to model the sample ab-
sorption), a background polynomial, and two peak-width
parameters (which model the effects of the instrument
resolution and pressure-induced broadening) were refined.
Before the pressures could be determined, the refined val-
ues of the lattice parameters were corrected for the effects
of sample displacement along the beam direction as the
cell deformed under load, using a procedure described in
Ref. [24].

The inset in Fig. 2 shows a plot of the values of V/V,
versus pressure obtained from the NaCl/B,C sample.
Also shown are the results of a fit of a Murnaghan
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FIG. 2. The pressure dependence of the relative volumes
(V/Vy) of the unit cell (open symbols) and the icosahedral
volume (solid symbols). The measurements made on three
different samples of pure B,C are represented by triangles,
squares, and circles. The solid, dashed, and dotted lines
represent linear fits to the behavior of, respectively, the
icosahedra, the unit cell, and the intericosahedral space. The
inset shows the behavior of V /V, for the unit cell as determined
from the mixed B,C/NaCl sample. The solid line in the inset
represents the best fitting Murnaghan equation of state.
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equation of state to these data, which gives values of
199(7) GPa for the bulk modulus By, and 1(2) for its
derivative with respect to pressure B’. The value of By is
smaller by ~15% than that found by Gieske, Aselage, and
Emin from ultrasonic measurements [15]. This difference
probably reflects the fact that ultrasonic measurements
are susceptible to microstructural effects and, in this case
[15], to an assumption of elastic isotropy which cannot
be justified for a rhombohedral lattice. The value of By
is comparable with those found in our earlier work for a-
and B-boron [24], but is significantly smaller than those of
conventional covalently bonded hard materials like boron
nitride [27] and diamond [28]. A general picture is thus
emerging that relative compliance is a feature of the BRS
and their bonding. Ab initio calculations, which find By
in the range 180—240 GPa for a variety of BRS [1,3], are
also in accord with this conclusion.

To examine the refined structural parameters for evi-
dence of IM compression, the volume of the icosahedron
was approximated by that of an ellipsoid which passes
through each atomic site in the icosahedron. This gives
a good estimate of the relative volume changes provided
the compression is not strongly anisotropic, and there
is no evidence of significant anisotropy. The main plot
in Fig. 2 shows the pressure dependence of the relative
volume of the icosahedra, calculated by this procedure,
and the relative volume of the unit cell, up to 11 GPa.
[Pressures above 8 GPa were obtained by extrapolation of
the best-fitting equation of state. Any errors in this will
be very small (<0.3 GPa) over such a small range.] Also
shown are lines representing linear least-squares fits to
the relative volumes of the icosahedra, the unit cell, and the
space between the icosahedra (obtained simply from the
difference of the icosahedral and unit cell volumes).
The relative volumes of the icosahedra as a function of
pressure are self-consistent for the three separate measure-
ments (runs A, B, and C) within the estimated standard
deviations, and hence the observed changes appear to be
reproducible. The linear least-squares fits yield values
of 169(6) and 220(6) GPa, respectively, for the average
bulk moduli of the icosahedra and the intericosahedral
structure, over the range up to 11 GPa. Any errors in the
estimated pressures above 8 GPa (see above) would alter
the absolute values of these average bulk moduli by up
to 3% but would not have any effect on the principal re-
sult—namely, that the icosahedra are found to be 23(4)%
more compressible than the intericosahedral space. This
is a direct confirmation of inverted-molecular compression
in B,C.

Our results show that the icosahedra do have the
compressibility required by present models of the conduc-
tivity mechanism [8,18], and our structural data can now
be used to place the modeling of the resistivity under
pressure on a more precisely quantified basis. When
applied to the simple square-well model used by Samara,
Emin, and Wood [8] to estimate the relationship between
the structural compression and p, our measurements
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yield a rate of change for the hopping activation energy
with pressure d(InE,)/dp of 1 X 107* GPa™!, in
reasonable agreement with the observed initial
d(InE,)/dp of 1.6 X 107% GPa~' (Ref. [8]). How-
ever, Samara, Emin, and Wood [8] found that d(InE,)/dp
increases by a factor of ~10 between ambient pressure
and only 2 GPa. Within their model [8], this would imply
that the icosahedral compressibility increases tenfold—a
behavior that is very improbable and is certainly excluded
by our measurements. However, the square-well model
was adopted as only an approximate, but tractable, means
to make semiquantitative comparisons [8] and hence it
is not surprising that it does not describe the complex
behavior of the energy levels of the icosahedron over an
extended range of compression. Since our results show
the icosahedral compression to be almost linear up to
11 GPa, the strong variation of E, with pressure [8] sug-
gests that this activation energy depends very nonlinearly
on the intraicosahedral bond lengths. This clearly needs
to be understood and incorporated into the model, and our
measurements of the deformation of the icosahedra under
pressure provide a secure structural basis for the more
sophisticated calculations that are now required for the
pressure dependence of the icosahedral energy levels.

This study of B,C illustrates the effectiveness of
neutron-diffraction techniques in providing accurate struc-
tural information for low-Z systems. First and foremost,
our measurements provide a direct observation of inverted
molecular compression and show it to be a significant
effect. The results are in accord with qualitative ex-
pectations based on models of the unusual bonding of
boron-rich solids (BRS) and hence provide support for
these models. One manifestation of the bonding is seen
in the equation-of-state measurements which, when taken
together with our earlier studies [24], show the BRS to
have bulk moduli smaller than those of comparably hard
materials—a property that is emerging as a feature of this
group of materials. The measured compressibility of the
icosahedral structural units shows that the effect of the
structural compression on the electrical resistivity is more
complex than present semiquantitative models suggest.
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