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Pressure-Induced Structural Change of Liquid Silicon
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High-pressure and high-temperature x-ray diffraction measurements indicate that liquid silicon con-
tracts with increasing pressure without significant changes in the local structure up to 8 GPa and then
transforms to a denser structure between 8 and 14 GPa. In spite of volume contraction, the nearest-
neighbor interatomic distance expands by about 1.6% within this pressure interval, accompanied by an
anomalous increase in the coordination number. These findings reveal that the drastic pressure-induced
structural change can take place in three-dimensional-network liquids with rather isotropic bonding.
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Liquid silicon (I-Si) has attracted considerable attention
because of its residual covalency [1] and the possibility
of pressure- and/or temperature-induced polymorphic
phase transitions [2,3], as well as the relevance to the
crystal-growth process in the semiconductor industry.
Numerous experimental [3-6] and theoretical [1,7]
studies have suggested that the local structure of /-Si at
ambient pressure is somewhat similar to high-pressure
forms of crystalline Si (c-Si). In ¢-Si at room tempera-
ture, the semiconducting diamond structure contracts
uniformly with pressure and transforms to the metallic
white-tin structure at 12 GPa [8] and then to the metallic
simple-hexagonal structure at 16 GPa [9]. However, the
compression behavior of /-Si can be quite different from
that of c-Si, as liquid structures are free from periodicity
and are in general allowed to have plural local structures
to minimize free energy. Indeed, according to the con-
ventional two-species model [10], /-Si might consist of a
mixture of diamond-type and white-tin-type structures and
the ratio of the latter might increase with pressure. These
motivate us to study the structure of /-Si at high pressures.
Besides, the compression behavior of /-Si is important to
discuss the compression mechanisms of liquids in terms
of bonding. We have so far measured the compression be-
havior of simple liquids such as liquid alkali metals [11],
in which constituent atoms are bonded with conduction s
electrons, and of molecular and low-dimensional-network
liquids such as liquid chalcogens [12,13] and liquid
halogens [14], covalently bonded with p electrons. The
measurements on /-Si provide the information on three-
dimensional-network liquids, covalently bonded with
hybrid s and p electrons. In this Letter, we report on the
pressure-induced structural change of [-Si. Synchrotron
x-ray diffraction measurements were made at 4, 8, 14,
and 23 GPa at temperatures about 50 K above the melting
point of each pressure [15], using recently developed
experimental techniques [13]. The static structure factor
S(Q) and pair distribution function g(r) of [-Si at high
pressures [16] are shown in Figs. 1 and 2, and detailed
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structural information is summarized in Table I. Experi-
mental and analytical procedures are described in detail
elsewhere [13].

Significant changes in the local structure of /-Si occur
between 8 and 14 GPa. The most obvious change can be
observed in the first peak and its hump of S(Q); i.e., the
first peak shows an increase in intensity, while its hump
shows a decrease (Fig. 1). To demonstrate the change in
intensities, S(Q;) and S(Qy,) are plotted as functions of
pressure in Fig. 3. Here, Q) is the position of the first peak,
and Q, is the position of the hump and is just assumed to be
1.3Q; to avoid the ambiguity in the determination of Qj.
As a result of the intensity change, the S(Q})/S(Q)) ratio,
which is a measure of the variation of the shape of S(Q),
decreases significantly between 8 and 14 GPa (Table I).
Besides, while the Q; increases monotonically with pres-
sure, the second-peak position Q, decreases between 8
and 14 GPa, resulting in a decrease in Q,/Q; (Table I).
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FIG. 1. The S(Q) of I-Si measured at high pressures. Sharp
peaks are diffraction lines of the sample container. Horizontal
lines are drawn every one unit of S(Q).
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FIG. 2. The g(r) of I-Si obtained by the Fourier transform of
the S(Q) shown in Fig. 1. Horizontal lines are drawn every one
unit of g(r).

The changes can be observed also in g(r). The trough of
g(r) between the first and the second peak, which is ob-
scure at 4 and 8 GPa, becomes significant above 14 GPa
(Fig. 2). Furthermore, although the second-peak position
r» decreases monotonically with pressure (Fig. 2), the first
peak position ry, i.e., the nearest-neighbor interatomic dis-
tance, increases against the compression between 8 and
14 GPa (Figs. 2 and 4, Table I). This strongly suggests
that the structural change is accompanied by the increase
in coordination number CN. Indeed, the CN, defined as
the number of atoms at » < r. = 3.1 A, where r, is a cut-
off distance, shows an anomalous increase between 8 and
14 GPa [17] (Table I). Here, we adopt the definition of
CN commonly used in theoretical work on /-Si at ambient
pressure [1,7].

The local structure of /-Si at 4 and 8 GPa is quite simi-
lar to that at ambient pressure, as evident from the follow-
ing comparison with experimental data at ambient pressure
[3—6]. The large hump of S(Q), which is the most char-
acteristic feature at 4 and 8 GPa (Fig. 1), can be observed

TABLE L.

also at ambient pressure. The trough of g(r) is obscure at
ambient pressure, as well as at 4 and 8 GPa (Fig. 2). The
S(Qr)/S(01) at 4 and 8 GPa (Table I) is within the scat-
ter of the data at ambient pressure, 0.74—0.85. Similarly,
the Q1, O», and r; extrapolated to ambient pressure based
on 4- and 8-GPa data are within the scatter (Table I). The
relatively large scatter of the literature data may be due to
the structural anomalies near the melting point at ambient
pressure [3] and/or differences in experimental and ana-
Iytical procedures. Moreover, the correction on r, assum-
ing the uniform contraction, i.e., r./r is constant (cf. r,
is constant in Table I), gives CN = 6.5 for both 4- and
8-GPa data [17], which agrees very well with theoretical
calculations at ambient pressure [1,7].

Structural information of other group-IV liquids, liquid
germanium (/-Ge) [18] and liquid tin (/-Sn) [4], at ambi-
ent pressure is useful to interpret the present high-pressure
data on [-Si [19]. The overall shape of S(Q) of I-Si below
8 GPa is similar to that of /-Ge with S(Q)/S(Q1) = 0.8,
while the shape above 14 GPa is similar to that of /-Sn
with S(Q5)/S(Q1) = 0.4. The trough of g(r) is not clear
in [-Si below 8 GPa, as well as in /-Ge but is clear in /-Si
above 14 GPa as well as in [-Sn. Similarly, the Q,/Q;
of [-Si below 8 GPa is close to that of /-Ge, while the
0,/0; above 14 GPa is close to that of [-Sn (Table I).
The r; of [- and c-Si are plotted as a function of pressure
in Fig. 4. Here, the r; of the diamond-type, the white-
tin-type, and the simple-hexagonal-type crystal is defined
as the average distance of 4, 6, and 8 (i.e., CN for each
structure) nearest-neighbor atoms, respectively. The r;
of [-Si at 4 and 8 GPa and of /-Ge is longer than that
of the diamond-type crystals and is shorter than that of
the white-tin-type, whereas the r; at 14 GPa and of /-Sn
is slightly longer than that of the white-tin-type crys-
tals (Fig. 4, Table I). The r; at 23 GPa gets slightly
closer to that of the simple-hexagonal-type crystal than
at 14 GPa (Fig. 4). These observations suggest that /-Si
contracts with pressure almost uniformly up to at least
8 GPa by reducing the bond length and then transforms to
higher-CN structures via /-Sn-type structure. As c-Sn has

Structural information of /-Si at high pressures.

Material P (GPa) Q, (A™") 0, (A™!) Q2/Q1 S(Q1) S(Qw)* S(Qw)/S(Q1) r (A) CN® c-r (A) c-structure Reference
Si 0 2.49 5.53 222 2.47 2.35 Diamond [4]
Si 0 2.72 5.62 2.07 2.50 2.35 Diamond [6]
Si 4 2.67 5.56 208 149 1.17 0.79 246 6.8 2.33 Diamond This work
Si 8 2.72 5.61 206 155 1.16 0.75 242 7.1 2.30 Diamond This work
Si 14 2.82 5.53 196 190 098 0.52 246 85 2.55 Simple-hexagonal This work
Si 23 2.88 5.53 192 210 096 0.46 243 9.2 2.50 Simple-hexagonal This work
Ge 0 2.48 5.10 2.06 2.66 2.45 Diamond [18]

Sn 0 221 443 1.96 3.134 3.07 White-tin [4]

*Assumed as Q, = 1.30;. .
"Defined as the number of atoms at r < r. = 3.1 A.

‘Defined as the average distance of four, six, and eight neighbor atoms for the diamond, the white-tin, and the simple-hexagonal

structure, respectively.
dObtained from the tabulated g(r) data of [-Sn.
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FIG. 3. Pressure dependence of the peak height of S(Q;) and
S(Qn), demonstrating the drastic change between 8 and 14 GPa.

the white-tin structure and the density difference between
c- and [-Sn is small [4], [-Sn-type structure is most likely
related to the white-tin structure. Therefore, we believe
that /-Si has an intermediate local structure between the
diamond-type and the white-tin-type structure at pressures
at least up to 8 GPa.

The occurrence of an intermediate local structure seems
to be reasonable. The diamond structure, with perfect sp>
hybrid bonding, most likely has a low entropy, and is there-
fore unfavorable at high temperatures where the contribu-
tion of the —TS term to free energy is large (where 7" and
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FIG. 4. Pressure dependence of the r; or I- and c-Si. The
data for /-Si, measured at temperatures about 50 K above the
melting point of each pressure, are plotted as solid circles. Un-
certainties in pressure and the r; of [-Si are estimated to be
within =1 GPa and +0.02 A, respectively [13]. The data for
the diamond and simple-hexagonal structures were measured at
temperatures about 100 K below the melting point. The datum
for the white-tin structure at room temperature is taken from lit-
erature [27].
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S are temperature and entropy, respectively). On the other
hand, as the potential energy of the white-tin structure is
high, this structure is stable only at high pressures where
the contribution of the PV term is large (where P and V
are pressure and volume, respectively). Therefore, both the
diamond-type and the white-tin-type local structure may be
unstable at relatively low pressures below 8 GPa at high
temperatures. Moreover, the difference in potential energy
between the diamond and the white-tin structure is quite
large as evident from theoretical calculations [20,21], and,
indeed, several intermediate metastable forms of ¢-Si have
been found so far [20,22]. The occurrence of an intermedi-
ate structure in /-Si may be supported by the observations
that the density increase is about 10% upon the melting of
the diamond structure at ambient pressure [4], while it is
more than 20% at the transition from the diamond to the
white-tin structure in ¢-Si at 12 GPa [8]. The white-tin
structure can be regarded as a distorted-diamond structure
with a tetragonal axial ratio of ¢/a = 0.5. Therefore, the
distorted-diamond structure with an intermediate ¢/a ratio
between 0.5 and 1, including the topologically disordered
white-tin structure, which has been proposed by the reverse
Monte Carlo simulations [18,23] and is consistent with the
structural information from theoretical calculations [1,7],
may be a candidate structure. The linear decrease of melt-
ing temperature with pressure [24] is in good accord with
the inference that the intermediate structure contracts with
pressure almost uniformly. The conventional two-species
model [10] seems to be unsuitable for /-Si.

The compression behavior of /-Si shows marked con-
trast with that of the liquids having different bonding
mechanisms such as alkali metals [11], chalcogens [12,13],
and halogens [14]. The liquid alkali metals, bonded with
conduction s electrons (spherical orbital), are classified to
simple liquids described by the conventional hard-sphere
model [25]. The liquid alkali metals contract uniformly
with pressure by reducing the effective radius of the hard
sphere due to the screening effects by electrons. The liquid
chalcogens and halogens, covalently bonded with p elec-
trons (three orthogonal orbitals), are classified to molecular
or low-dimensional-network liquids having a significantly
distorted simple-cubic structure. The distortion is due to
the formation of strong covalent bonds and the resultant
long and short interatomic distances. The long interatomic
distances contract with pressure selectively because of the
weak coupling, resulting in electronic-charge redistribu-
tion and the weakening of the covalent bonds. Therefore,
the distortion of the structure (microscopic anisotropy) is
reduced by applied pressure. In this case, the r; expands
and the first peak of g(r) broadens with pressure. On the
other hand, /-Si, covalently bonded with hybrid s and p
electrons, can be classified to three-dimensional-network
liquids and is rather isotropic even at ambient pressure.
Our data suggest that /-Si contracts almost uniformly with
pressure up to at least 8 GPa without significant changes
in bonding and then transforms to a dense structure by
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recoupling the bonding. The compression does not cause
the broadening of the first peak of g(r) at least up to
23 GPa (Fig. 2).

As evident from the above discussion, compression be-
havior of liquids largely depends on the nature of bonding.
Liquids show a wide variety of structural changes, includ-
ing a first-order transition from molecular to polymeric lig-
uids recently found in liquid phosphorus (/-P) at around
1 GPa [26] by similar x-ray diffraction techniques. The
present study provides the experimental evidence of the
significant structural change, accompanied by increases in
r1 and CN, in three-dimensional-network liquids.
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