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Structure of Liquid Boron
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The structure factorS(Q) and the pair distribution functioz(r) has been measured for liquid
boron in the temperature range 2600—2000 K, extending over both the normal and supercooled liquid
states. The bond length and coordination number of the first coordination shell are similar to those
reported for the crystalline and amorphous solid forms, but the second and third coordination shells
are broader and shifted to higher distances. The insulator-metal transition that takes place in boron
upon melting is associated with a relatively small change in both volume and short-range order.
[S0031-9007(98)06684-8]

PACS numbers: 61.20.Ne, 61.10.Eq, 61.43.—j

Boron and boron-rich borides have numerous technoef 6.6 [1,2]. When metallic elements are added to pure
logical applications, particularly where a hard and lightboron, they are incorporated within the intericosahedral
material is required. Boron-rich solids are characterizedhetwork, the icosahedra themselves being rarely broken in
by a series of uncommon crystal structures associated withoron-rich metallic compounds [1,2].
unusual bonding in the solid state [1]. They range from There are few experimental measurements on liquid
superconducting metals to wide-gap insulators, and caboron, due to the fact that boron is extremely reactive with
have very high or very low thermal conductivity. This any container even in the high-temperature solid state; in
large range of properties derives from the unusual charadhe liquid it reacts with any known container. The lit-
ter of covalent bonding in pure boron and modifications oferature indicates that boron undergoes an insulator-metal
the bonding when other elements are added to the bordmansition upon melting and expands by approximately 5%
network. [4], in contrast to silicon or germanium that also undergo

The crystalline phases of boron are among the mosin insulator-metal transition on melting boontract by
complex structures reported for a pure element [2]. Oveabout 10%.

50 crystalline modifications of pure boron have been Vast et al.[5] recently performedab initio molecular
proposed. It is now accepted that most of these ardynamics (MD) simulations of solid and liquid boron.
stabilized by small amounts of impurities, and only theThey used a cell of 48 atoms and employed two differ-
«a- and B-rhombohedral, and possibly the tetragonal,ent pseudopotentials to evaluate the structural properties
forms are considered as pure boron [1]. Amorphousaind dynamics of the liquid. Their results for the liquid at
forms of boron have also been studied, and a recer?600 K gave peaks ig(r) at 1.71 and 3.18 A with an av-
neutron diffraction study has reported that the short-rangerage coordination of about 6. The structure exhibited a
structure resembles that of th@-rhombohedral(B;os) broad bond-angle distribution with peaks at Bhd 108
crystal [3]. This phase, obtained on crystallization fromcorresponding to the intraicosahedral angles: the corre-
the melt, is considered to be the thermodynamically stablsponding peaks for the crystal occur at @0d 108. Bond
state at all temperatures below the melting point. Thengles corresponding to the intericosahedral bonds were
a-rhombohedral(B,) phase transforms to thé phase noticeably absent. They concluded that the icosahedral
above about 120%C [1]. and pentagonal pyramidal arrangements of boron atoms

The crystal structures of boron and boron-rich boridesare destroyed upon melting and that liquid boron assumes
are dominated by the B regular icosahedral unit. In the an open-packed structure with sixfold coordination.
a-rhombohedral form, the icosahedra are connected via The electrical conductivity calculated from the MD
a combination of two-center and three-center bonds, ssimulation is very high—abow.5 - 10* (Q cm)~! com-
that the average coordination of six of the boron atoms irpared with ~ 1072 (2 cm)~! in the solid—consistent
each icosahedron is six and that of the other six atoms iwith an insulator-metal transition on melting. The elec-
seven, giving a mean coordination of 6.5 [1]. Approxi- trical conductivity of liquid boron has not been measured.
mately 5 of the bonds are directed outward from thelt has been estimated [6] to be aboM® (Q cm)~! from
pseudofivefold axes and participate in the intericosahedrdhe fact that a 15-mm-diameter bar can be rf heated at
bonding, while the remainder participate in intraicosahe450 kHz.
dral bonding. In the3-rhombohedral structure, the icosa- In this Letter, we present an experimental measurement
hedra are surrounded by pentagonal pyramids, producingf the atomic structure of liquid boron. Because of the
a 105-atom unit cell with an average coordination numbehigh reactivity of boron with any container, we employed
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a levitation technique combined with synchrotron x-rayover a2 angular range of 13-11C, giving diffraction
diffraction [7—9]. Approximately 3—4-mm-diameter, arc- data over a scattering vect¢@) range of1.2-13 A~!.
melted specimens of 99.9995% pure boron were emfhe x-ray background and attenuation of the incident
ployed; these specimens could be prepared in the form rays by the ambient gas at the operating pressure in the
of flat disks, supporting the previous observation of a lonwexperiment chamber were independently measured with-
surface tension for the liquid [4]. X-ray diffraction of out a specimen. The data analysis, following procedures
the starting material showed it to be ti#eB;os rhombo- described previously [7—-9], was modified to include the
hedral phase. The specimens were cleaned before beisgmple height in the beam as a parameter in fitting the
introduced into the levitation system. Chemical analy-data. Form factors were obtained from Baaoal. [12];
sis of the starting material provided by the supplier listecthe temperature dependence of the form factors was ob-
the major impurity to be carbon<(00 ppm). The x-ray tained from Ref. [13]. Further details of the x-ray analysis
diffraction measurements were made at the beam linprocedure will be described in a forthcoming publication
X-25 at the National Synchrotron Light Source at a cham{14]. The analysis procedure used the density as a fitting
ber pressure of 400 mbar, with a levitation gas flowvariable, and the optimized result produced a volume ex-
rate of about350 cn® per minute at STP of pure ar- pansion on melting of 5%, in good agreement with the
gon. The oxygen and nitrogen content in the levita-value of 4.5% reported in Ref. [4].
tion gas was less than 0.1 ppm. The residual oxygen The structure factorS(Q) measured at temperatures
was actually beneficial to the experiments because aif 2600, 2400 (normal liquid), and 2090 K (supercooled
high temperature it was possible to remove the residliquid), with an x-ray energy of 14980 eV, is shown in
ual carbon (in the boron specimens) by gasificatiorFig. 1. At all three temperatureS(Q) is characterized by
of the carbon as CO, favored by 100:1 in compari-a weak first peak at approximatetys A~! followed by
son to gasification of boron as BO [10]. The specimenghe main peak located a4 A~'. Figure 2 shows the pair
measured after the levitation experiments all had thalistribution functiong(r) at the same three temperatures.
B-rhombohedral phase, confirming the retention of highThis was obtained with an inverse Fourier transform
purity during the measurements. method employing a maximum entropy criterion [15]

A 270-W CQ laser was employed as the heat source tavith g(r) constrained to tend to one at large The
achieve liquid temperatures in the range 2000—2700 Kpeak positions and the coordination number of the first
The melting point of boron has been previously mea-coordination shell are given in the upper part of Table I.
sured to be2360 = 10 K [11]. One of the key factors The positions of the peaks ig(r) are not significantly
in achieving stable liquid specimens was to defocus thaffected by the large temperature change, but there is a
laser beam at the specimen, which prevented the solisharpening of the second and third peaks on supercooling.
specimens from being thermally shocked and the liquidrhe coordination number of boron atoms within the first
droplets from becoming unstable due to localized heateoordination shell rises slightly frofi.8 + 1.0 to 6.2 =
ing. Diffraction measurements were made at 2600, 24001.0 on supercooling (the relative error being considerably
and 2090 K: these temperatures are uncertain by 25 Kess than the absolute errors quoted).
due primarily to slow fluctuations during the experimental
runs. The temperatures were measured using two differ-
ent pyrometers with operating wavelengths of 0.65 and , ,
2.0 um and emissivity corrections were applied based on
the observed radiance temperature at the known melt-
ing point: a radiance temperature 2096 = 5 K was
measured by th®.65 um pyrometer giving a metallic-
like emissivity 0of0.31 = 0.02. The somewhat large un-
certainty is due to the corresponding uncertainty in the Tl I
melting temperature [11]. The uncertainty in temperature z |
arising from the temperature gradient is relatively small: *
while temperature gradients over the entire height of the
sample were estimated to be in the range of 20-30 K,
both the pyrometry and diffraction measurements sampled
only the upper surface of the specimen. By reducing the
laser power, it was possible to access the supercooled lig- _, [
uid state and maintain it for the durations needed for the T T T
diffraction measurements. Ql™)

Diffraction data were obtained at x-ray energies OfFIG. 1. The x-ray structure factor for liquid boron at three

8800, 12000, and 14980 eV. Scattered x rays were d@emperatures of 2600, 2400, and 2090 K. The upper curves are
tected using a solid-state detector with 300 eV resolutionlisplaced by 0.5 and 1 unit for clarity.
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IG. 3. Comparison of the pair distribution function for liquid
Soron at 2600 K obtained in the present Letter with the MD
results obtained by Vast al. [5].

FIG. 2. The pair distribution function for liquid boron at three
temperatures of 2600, 2400, and 2090 K. The upper curves alF
displaced by 0.3 and 0.6 units for clarity.

The present results fog(r) are compared with those peak” observed in the(Q) of the amorphous solid at
obtained by Vaset al. [5] with ab initio MD in Fig. 3  low Q could be ascribed to the presence of icosahedral
and the bottom of Table I. The agreement is seen to banits, since the random packing of units of diameder
reasonable for the first two peaks, although the first peaks known to produce such a peak @t~ 27 /d [16].
is slightly stronger and shifted to the left in the MD. The However, a recentnitio MD simulation of amorphous
MD results are limited by the size of the simulation— boron [17] did not produce such units, and it is known
48 atoms—so there are no data beyond 3.5 A; for théhat network structures with an appropriate length scale
same reason, th&(Q)’'s cannot be realistically compared. can also produce such peaks [18].

The present results fog(r) in the supercooled liquid The survival of B, icosahedral units in the amorphous
at 2090 K are compared in Fig. 4 and Table | withsolid, proposed in Ref. [3], raises the question whether
those for thea- and B-rhombohedral and tetragonal they may also survive into the liquid. The good agree-
crystalline forms and for amorphous boron obtained byment of the present results with thb initio MD simula-
Delaplaneet al. [3]. For purposes of comparison, thermal tion [5], which certainly do not contain such units, or even
broadening corresponding to room temperature has bedhe pentagonal based pyramids that constitute the icosahe-
applied to theg(r) functions of the crystalline forms. The dra in the solid, might be taken as evidence to the con-
three crystalline and amorphous forms are quite similatrary. However, the restricted size of the MD cell would
in the region of the first peak but differ in the locationsin any case make it difficult for such units to be incorpo-
and intensities of the subsequent peaks. In Ref. [3] theated, even if there was a tendency for them to be formed
similarity between theB-rhombohedral and amorphous in a larger simulation. Furthermore, the icosahedral units
forms is cited as evidence for the survival of icosahedrabppear to be remarkably stable in boron and boron-rich
units in the amorphous solid. The “first sharp diffractioncompounds [1,2].

TABLE I. Peak positions in pair distribution function and nearest-neighbor coordination number for liquid and solid phases
of boron.

Temp. (K) ri (A) ra (R) r3 (A) Cu Ref.
Normal liquid 2600 *+ 25 1.76 + 0.03 3.15 = 0.08 47 = 0.1 58 = 1.0 This Letter
Normal liquid 2400 *+ 25 1.78 + 0.03 3.16 = 0.08 47 = 0.1 58 1.0 This Letter
Superc. liquid 2090 *+ 25 1.78 + 0.03 3.15 = 0.08 4.6 = 0.1 62+ 1.0 This Letter
Amorphous RT 1.80 2.93 4.38 6.3 [3]
a-rhombh. RT 1.802 2.99, 3.58 431 6.5 [1]
B-rhombh. RT 1.803 3.03 4.56 6.6 [1]
Tetragonal RT 1.802 2.92 4.47 6.5 [1]
Liquid (MD) 2600 1.71 3.18 6.0 [5]

*Values obtained from the(r) plot differ slightly from those quoted in Ref. [3].

"Double peak.
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