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Pressure and temperature dependence of the structure of liquid InSb
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We investigate the structure of liquid InSb over a wide pressure range up to 20 GPa and a wide temperature
range up to 1570 K by synchrotron x-ray diffraction. With increasing pressure along the melting curve, the
local structure, which is anisotropic near the ambient pressure, becomes more isotropic. However, at pressures
higher than about 10 GPa, the pressure-induced change becomes less prominent, and the local structure
contracts almost uniformly. Structural parameters deviate significantly from those in simple liquid metals in
this pressure region, revealing a stable liquid form with an anisotropic local structure. The analysis of g(r)
reveals that the liquid is possibly interpreted by the local structure of a single species, whose g(r) is apparently
expressed by a linear combination of g(r) for B-Sn-like and bee-like local structures in a one-to-one ratio. This
local structure is completely different from those present in its crystalline counterpart. Pressure and tempera-
ture dependence of the local structure is discussed in the relation to Rapoport two species model [J. Chem.

Phys. 46, 2891 (1967)].
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I. INTRODUCTION

Pressure- and temperature-induced changes in structures
and physical properties of materials are of fundamental in-
terest in condensed matter physics. In spite of this, changes
in liquid matter have not been investigated as much as those
in crystalline matter, due to limited structural information
and experimental difficulties. It is interesting to reveal the
pressure and temperature dependence of liquid structure, be-
cause liquid phases would likely display marked differences
from crystalline phases due to differences in the fluctuations
of structural parameters such as bond length and bond
angles.

Among several liquids, tetrahedrally bonded materials,
such as liquids of group 14 elements and liquid III-V com-
pounds, attract a great deal of attention because of their
pressure-induced evolution in chemical bonding (from a co-
valent type to a metallic one') and because of the possible
existence of a first-order liquid-liquid phase transition.”* At
ambient pressure, these liquids are known to have the fol-
lowing characteristics.>®

(i) The structure factor S(Q) has a hump on the high-Q
side of the first peak. This indicates the existence of a spe-
cific angular correlation between interatomic bonds. From
this fact, we can find that the structure of the liquids cannot
be interpreted by the particle having an isotropic potential.
Hereafter, we describe such local structure as anisotropic.

(ii) The height of the first peak in S(Q), S(Q;) is much
smaller than that in simple liquid metals.

(iii) The ratio of the wave numbers between the first and
second peaks in S(Q), Q,/Q;, which is related to anisotropy
in a local structure, is much larger than that in simple liquid
metals.”

(iv) The trough between the first and the second peaks in
the pair distribution function g(r) is much shallower than that
in simple liquid metals.

(v) The coordination number CN is much smaller (=6)
than that for simple liquid metals [10-11 (Ref. 7)].
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These features indicate that liquids of tetrahedrally
bonded materials have anisotropic local structures. In spite of
past efforts, their local structures are still unidentified. As a
candidate, a local structure similar to the crystal structure of
a high-pressure crystalline phase (8-Sn structure) having par-
tial covalent bonding is proposed.®® The existence of the
covalent bonds in the liquids is supported by first-principle
molecular dynamics simulations."!” These facts imply that
the covalent nature of their chemical bonds is preserved,
even after metallization on melting. Because of the covalent
bonds, contraction and expansion behaviors of the liquids of
tetrahedrally bonded materials are different from those in
simple liquid metals."*!'=13 The main purpose of the present
study is to reveal the pressure and temperature dependence
of the structure of these materials. Continuing our previous
studies on liquids of group IV elements*!"'%14 and liquid
GaSb (I-GaSb),'? we investigate the liquid structure of InSb,
which has a larger ionic character than the previous materi-
als.

The PT phase diagram of InSb is shown in Fig. 1, together
with the experimental conditions of the present study. De-
spite extensive research on the subject (Ref. 15 and refer-
ences therein), the phase diagram is still the subject of de-
bate. The central problem is the difficulty in determining
thermodynamically stable phases due to the sluggish trans-
formation as well as the complex structures of the high-
pressure phases. In the high temperature region, however, the
difficulty is mitigated by the decreasing transformation kinet-
ics. With increasing pressure along the melting curve, the
crystal structure changes from the zinc-blende structure to
the orthorhombic Immm structure, and finally to the bcc
structure. Noticeably, in the high temperature region, the bcc
structure appears at a pressure much lower than that reported
previously in room-temperature experiments.'®!7

II. EXPERIMENT

Experiments were performed by an energy-dispersive
x-ray diffraction method (EDX) using a synchrotron-
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FIG. 1. The phase diagram of InSb and the experimental PT
conditions in this study. The phase boundaries shown by solid lines
are after Ref. 15 and references therein. Those shown by dotted
lines are determined in this study. The isofraction lines of the denser
form, y, are also presented (see Sec. IV D).

radiation source. Two types of multianvil high-pressure ap-
paratuses were used for compression. For data collection be-
low 13.2 GPa, we used the single-stage high-pressure
apparatus, MAX®80, installed at AR-NESC in the High En-
ergy Accelerator Research Organization (PF-AR, KEK). For
data collection above 15.9 GPa, we used the Kawai-type
double-stage high-pressure apparatus, SPEED1500, installed
at BLO4B1 in the SPring-8.'8 The diffraction intensity was
collected with a pure Ge solid-state detector. Reagent-graded
InSb with a purity of 99.999% (Rare Metallic Co., Ltd.) was
used as the sample. To avoid too much x-ray absorption, we
mixed NaCl with the sample so that ut becomes equal to 2
for x-ray energy E=40 keV. Here, u is an average linear
absorption coefficient and ¢ is the thickness of the sample.
The cell assemblies used in the high-pressure experiments
were almost the same as those described in Refs. 19 and 20.
Melting of the sample was judged from the appearance of a
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halo pattern, as well as the disappearance of all the Bragg
peaks. The chemical composition of the sample was checked
by measuring characteristic x-ray intensities for In and Sb.
Deviation of the chemical composition of the sample from
the initial one (InSb) was not observed during the experi-
ment. We took diffraction profiles at various 26 angles®! to
obtain S(Q) over a wide Q range (at least up to Q=15 A™").

To reveal the pressure and temperature dependence of the
structure of [-InSb, we took data along two PT paths, (i)
high-pressure conditions along the melting curve and (ii)
high-temperature conditions at a constant pressure (6.3-6.4
GPa) (see Fig. 1). Pressure was determined from the lattice
parameter of the pressure marker (NaCl) based on the equa-
tion of state.”” Temperature was estimated from the electric
power applied to the heater. The relation between tempera-
ture and electric power was determined beforehand. The ac-
curacy of pressure and temperature was within 0.7 GPa and
100 K in the pressure region below 6 GPa, and 1.4 GPa and
200 K in the pressure region above 6 GPa.

The S(Q) was deduced from the diffraction intensity taken
at various 26 angles. The g(r) was obtained through the Fou-
rier transformation of S(Q). The S(Q) and g(r) in this study
are based on the definition by Faber and Ziman.?® The aver-
age number density of the liquid p, is estimated by the pro-
cedure described in Ref. 13. The error of the estimation is
within 3% for the data at 50 K above the melting tempera-
ture. The structural information on /-InSb is summarized in
Tables I and II.

III. RESULTS

A. Pressure dependence

The pressure dependence of S(Q) is shown in Fig. 2(a).
Near the ambient pressure (0.3 GPa), the local structure of
liquid is found to be highly anisotropic. S(Q) has a charac-
teristic hump (Q,~3-3.5 A™!) on the high-Q side of the first
peak. The height of the first peak is much smaller than that

TABLE 1. Structural information of /-InSb at high pressures.

P (GPa) 0, (A 0, (A 0,10, 5(0y) 5(0,) ri (A) ry (A) ralry CN
0.3(1) 2.21(1) 4.68(2) 2.11(1) 1.78 1.12 3.01(1) 6.44(2) 2.14(1) 5.6(4)
0.9(1) 2.23(1) 4.64(2) 2.08(1) 2.01 1.12 3.04(1) 6.34(2) 2.09(1) 6.4(4)
2.0(3) 2.25(1) 4.60(2) 2.04(1) 231 1.15 3.04(1) 6.23(2) 2.05(1) 6.4(4)
3.0(2) 2.27(1) 4.58(2) 2.02(1) 2.35 1.16 3.03(1) 6.17(2) 2.04(1) 6.7(4)
3.7(1) 2.29(1) 4.59(2) 1.99(1) 2.48 1.17 3.04(1) 6.12(2) 2.01(2) 6.9(4)
4.6(2) 2.30(1) 4.59(2) 1.99(1) 2.53 1.18 3.02(1) 6.08(2) 2.01(1) 7.1(4)
5.5(2) 2.32(1) 4.60(2) 1.99(1) 2.49 1.16 3.00(1) 6.05(2) 2.02(1) 6.7(4)
6.7(1) 2.33(1) 4.62(2) 1.98(1) 2.56 1.18 3.01(1) 6.00(2) 2.00(1) 7.1(4)
8.1(1) 2.34(1) 4.57(2) 1.95(1) 2.55 1.19 3.03(1) 5.98(2) 1.98(1) 7.2(4)
9.6(2) 2.36(1) 4.60(2) 1.95(1) 2.65 1.17 3.02(1) 5.95(2) 1.97(1) 7.5(4)

11.5(1) 2.38(1) 4.60(2) 1.93(1) 2.58 1.17 3.01(1) 5.91(2) 1.96(1) 7.5(4)
13.2(1) 2.40(1) 4.63(2) 1.93(1) 2.73 1.17 2.99(1) 5.86(2) 1.96(1) 7.3(4)
15.9(3) 2.42(1) 4.67(2) 1.93(1) 2.61 1.15 2.96(1) 5.79(2) 1.96(1) 8.3(4)
19.4(2) 2.45(1) 4.72(2) 1.93(1) 2.66 1.15 2.93(1) 5.71(2) 1.95(1) 7.7(4)
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TABLE II. Structural information of /-InSb at high temperatures at constant pressure (P=6.3-6.4 GPa).

T (K) 0, (A 0, (A 0,/0, S(Q1) S(0,) ri (A) ry (A) ralry CN
760 2.33(1) 4.58(2) 1.96(1) 2.64 1.19 3.02(1) 6.03(2) 2.00(1) 7.3(4)
960 2.33(1) 4.62(2) 1.99(1) 2.30 1.15 3.00(1) 6.05(2) 2.02(1) 6.5(4)

1150 2.32(1) 4.68(2) 2.02(1) 2.13 1.13 2.98(1) 6.07(2) 2.04(1) 6.3(4)
1350 2.32(1) 4.71(2) 2.04(1) 2.06 1.13 2.98(1) 6.06(2) 2.04(1) 6.3(4)
750 7.1(2)*

“Estimated from the pressure dependence of CN.

for simple liquid metals [=2.5-3.0 (Ref. 7)]. The ratio of the
wave numbers between the first and the second peaks,
0,/0Q;, which is related to the anisotropy of the local struc-
ture, is much larger than the value typical for simple liquid
metals [=1.86 (Ref. 7)]. These features are commonly ob-
served in S(Q) of liquid group IV elements and liquid II1-V
compounds at ambient pressure.®?* By compression, the an-
isotropy of the local structure decreases. The hump becomes
smaller and the first peak becomes higher. The Q,/Q, ratio
becomes smaller (Fig. 3) due to a shift of the first peak
toward a high Q value and a less significant shift of the
second peak. These features suggest that [-InSb contracts
nonuniformly. By further compression, pressure-induced
changes become less prominent. For example, the Q,/Q;
ratio does not change markedly in the high-pressure region
(P> =10 GPa) (Fig. 3). The height of the peaks and the
hump remain unchanged. This suggests that /-InSb contracts
almost uniformly in the high-pressure region. This also im-
plies the existence of a relatively stable liquid form which is
not changed by compression in the high-pressure region (P
> =~ 10 GPa). Noticeably, in that region, the structural pa-
rameters deviate from those of simple liquid metals: the
hump remains and the Q,/Q); ratio is much larger than that
for simple liquid metals. This indicates that the stable liquid
form has anisotropy in the local structure. Surprisingly, the

liquid contracts uniformly despite the anisotropy of the local
structure.

The pressure dependence of g(r) is shown in Fig. 2(b).
Near ambient pressure (0.3 GPa), the g(r) has a hump on the
large r side of the first peak (r=4.1 A). The trough between
the first and second peaks is relatively shallow compared to
that for simple liquid metals. The ratio of the positions be-
tween the first and the second peaks, r,/r; (=2.14 at 0.3
GPa), is much larger than that for simple liquid metals
[=1.84-1.90 (Ref. 7)]. These features are consistent with
results reported previously.” By compression, the second
and third peaks shift toward smaller r values, which is obvi-
ous in the pressure dependence of the peak positions normal-
ized by the respective values at ambient pressure (Fig. 42°).
Simultaneously, the height of the second and third peaks in-
creases and the hump becomes less prominent. The trough
between the first and the second peaks becomes deeper.
These features indicate that the local structure of the liquid
becomes simpler with increasing pressure. In spite of signifi-
cant change in the positions of the second and the third
peaks, the first peak does not shift markedly in the low pres-
sure region (P < =10 GPa) (Fig. 4). This fact indicates that
the nearest-neighbor distance does not change markedly in
this pressure region. By further compression, all of the peaks
shift toward small r values at the same rate (Fig. 4). The
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change in the shape of the profile for g(r) is no longer ob-
served in the high pressure region (P> =10 GPa). These
features indicate that /-InSb contracts almost uniformly in
this pressure region. The above-mentioned high-pressure be-
havior in g(r) is consistent with that in S(Q).

To reveal the change in the local structure, we deduce CN
from a radial distribution function RDF [=47r%pyg(r)]. In
binary liquids, four partial coordination numbers,
CNj.a, CNp g, CNp_s, CNp, are defined. Here each
CNy represents the number of J-type atoms around an I-type
atom. In the present study using the EDX method, we cannot
obtain these numbers because we cannot obtain partial pair-
distribution functions, gy, 11, €m-sp» and gsp.sp- Lherefore, we
estimate the average CN for two states with different chemi-
cal short-range orders, i.e., a completely ordered state and a
completely disordered one. In the case of InSb, the CN de-
duced for both states, however, become effectively the same
(the difference is within 0.04%) because of the small differ-
ence of the atomic scattering factors between In and Sb.
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FIG. 4. Pressure dependence of positions of the peaks in g(r).
Each value is normalized by the respective one at ambient pressure.
Solid lines are only guides for the eye.
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Therefore, the CN deduced for the complete ordered model
is shown in Table I (and also in Table II). The details of the
calculation procedure is described in Ref. 13. The average
CN is deduced on the basis of the following equation:

CN= 2] 47 pog o (r)dr. (1)

0

Here, gm(r) is the total g(r) in the Faber-Ziman
definition.”? The r is the low-r limit of the first peak in RDF,
and r,,, is the r value at the top of the first peak in RDF.

Near ambient pressure (0.3 GPa), CN (=5.6) is much
smaller than the value typical for simple liquid metals [10-11
(Ref. 7)]. With compression, the CN markedly increases. By
further compression (P> = 10 GPa), the rate of increase in
CN becomes smaller and the CN approaches 8+ 1. The satu-
ration of the increase in the high pressure region implies that
the change of the local structure finishes and the liquid takes
a stable high-pressure form. Noticeably, the CN in this re-
gion is still much smaller than the value typical for simple
liquid metals (10~11). It implies that the local structure in the
high pressure region is still much different from that for
simple liquid metals.

B. Temperature dependence

The temperature dependence of S(Q) at the constant pres-
sure of P=6.3-6.4 GPa is shown in Fig. 5(a). This pressure
is in the range where the liquid structure changes sensitively
by compression. With increasing temperature, the position of
the first peak shifts toward a smaller Q value, while those of
the second and the third peaks shift toward large Q values
(Table II). Consequently, the Q,/Q, ratio increases (Table
II). The temperature-induced deviation of Q,/Q; from that of
simple liquid metals [~1.86 (Ref. 7)] implies that the local
structure becomes more anisotropic with increasing tempera-
ture. This view is also supported by the relative increase of
the height of the hump at 3-3.5 A~!, the height of the hump
is constant (or slightly increases) while those for the other
peaks become smaller due to the temperature-induced in-
crease in structural fluctuation. The hump is observed at
1350 K, which suggests that the anisotropic local structure in
the liquid is preserved at a temperature much higher than the
melting point.

The temperature dependence of g(r) is shown in Fig. 5(b).
As the temperature is raised, the first peak shifts toward a
small r value in spite of heating, while the second and third
peaks normally shift toward a large r value. Consequently,
the r,/r; ratio becomes larger with increasing temperature
(Table II). Simultaneously, the height of the hump on the
large r side of the first peak remains constant, although the
amplitude of the oscillation in g(r) becomes smaller. These
results also support the view suggested from the temperature
dependence of S(Q).

The CN at high temperatures are shown in Table II. The
CN decreases with increasing temperature. This behavior can
be explained by the following two mechanisms. The first is
the formation of voids in the liquid structure (hereafter we
call this “the void-increase model”). The other is a change in
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the local structure from a highly coordinated form into a
less-coordinated one. The latter mechanism is found to occur
in [-InSb from the comparison of the temperature depen-
dence of CN with that expected from the void increase
model (Sec. IV B) and from results of local structure analysis
(Sec. IV C).

IV. DISCUSSION
A. Pressure dependence
1. Comparison with simple liquid metals

The contraction behavior of simple liquid metals has pre-
viously been investigated.”’-?® The following features were
reported.

(i) The S(Q) and g(r) monotonically shift toward a larger
Q value and a smaller r value, respectively, without signifi-
cant changes in the shapes of the profiles.

(ii) The structural parameters, such as Q,/Q,, r,/r;, and
CN, remain unchanged in spite of compression.

These features can be explained by the uniform contrac-
tion model. In this model, the liquid contracts by decreasing
the nearest-neighbor distance rather than by changing its CN.
The above-mentioned features are completely different from
those observed in /-InSb in a low pressure region. The pres-
sure dependence of S(Q), g(r), and CN implies that /-InSb
contracts by changing its local structure from a low-
coordinated form into a highly coordinated one, rather than
by shrinking the local structure itself. This view is also sup-
ported by the results of the local-structure analysis in Sec.
IV C.

In contrast, the contraction behavior observed in the high-
pressure region is almost the same as that for simple liquid
metals. In this pressure region, /-InSb contracts mainly by
shrinking the local structure isotropically while maintaining
the same CN. This view is supported by the pressure-induced
decrease in r; and the lack of detectable change in CN at
high pressures. Also, the lack of significant change in the
local structure is supported by the results of the local struc-
ture analysis in Sec. IV C.

2. Comparison with other tetrahedrally bonded materials

The contraction behaviors of the liquids of tetrahedrally
bonded materials, such as liquid Si (/-Si), liquid Ge (I-Ge),
[-GaSb, and liquid InAs (/-InAs), have previously been

investigated.!*!1:132% All these liquids show the following
features.

(i) The shapes of the profiles of S(Q) and g(r) signifi-
cantly change with increasing pressure. For example, the first
peak in S(Q) becomes higher. The hump on the high Q side
of the first peak becomes smaller. The second and third peaks
in g(r) become higher. The trough between the first and sec-
ond peaks in g(r) becomes deeper.

(i1) The Q,/Q, and r,/r, ratios become smaller with in-
creasing pressure and they approach their respective values
for simple liquid metals.

(iii) The CN gradually increases by compression.

The [-InSb also shows these features in a low-pressure
region (P< =10 GPa). This indicates that /-InSb contracts
in the same way as the liquids of other tetrahedrally bonded
materials in this region.

To compare the contraction behavior more quantitatively,
the pressure dependence of the Q,/Q; ratio for [-InSb is
shown together with those for [-Si, [-Ge, [-GaSb, and !
-InAs (Fig. 6). Near ambient pressure, [-InSb has a value
similar to those for the other liquids. Roughly speaking, the
ratio of [-InSb decreases in the same manner as those of the
other liquids with increasing pressure. The value for /-InSb
decreases at a higher rate than any other liquid. Conse-
quently, /-InSb has the smallest value at pressures below 10
GPa. This behavior is explainable by the empirical rule
widely known in crystalline phases, heavy elements show the
high-pressure states of the lighter elements at the lower pres-
sure. The comparison of the pressure dependence of the lig-
uids implies that the empirical rule is also valid for liquid
states. On the basis of this rule, from the pressure depen-

2.15

—Si
A,
Y -=Ge
210 \ T~ GaSh
el TS L., --4- {33
O Ao 4
& 205 ?R:—\K -+-InAs
= \ T —InSb
< 2.00
1.95
190 : ‘ :
0 5 10 15 20 25 30

FIG. 6. Comparison of the pressure dependence of Q,/Q; in
several liquids. The data are taken from Refs. 11, 13, 20, and 29.
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dence in [-InSb we are able to anticipate the high-pressure
behavior for the other liquids in the pressure region where
investigations have not been done. As observed in /-InSb, the
liquids of other tetrahedrally bonded materials would change
their contraction behavior from a nonuniform type into a
uniform one around the pressure where the Q,/Q; ratio be-
comes 1.93. In the higher pressure region, the relatively
stable local structure with anisotropy would appear in the
liquids. In the past, it was believed from the successive de-
crease in the Q,/ Q) ratio that liquids of tetrahedrally bonded
materials monotonically approach simple liquid metals at
high pressures. The results of the present study belie this
view and suggest the new view that the liquids approach the
nonsimple liquid with the O,/ Q; ratio of =1.93. This view is
also supported by our results on liquid Sn (/-Sn), in which
the Q,/Q; ratio is about 1.93 over a wide pressure range
from 3 GPa to 20 GPa.'*

B. Temperature dependence
1. Comparison with simple liquid metals

Temperature dependence of the structure of simple liquid
metals has previously been investigated.’®3! The following
features are reported:

(i) The position of the first peaks in S(Q) and g(r) does
not change.

(ii) The height of the first peaks in S(Q) and g(r) de-
creases with increasing temperature.

(iii) The CN decreases proportionally to number density.

These features are explainable by the void-increase
model. On the other hand, those observed in [-InSb are very
different from these. For example, the position of the first
peak in g(r) significantly decreases and the Q,/Q; and r,y/r,
ratios increase with increasing temperature. To confirm that
the high-temperature behavior of /-InSb cannot be explained
by the void increase model, we compare the temperature
dependence of CN with that expected for the void increase
model (Fig. 7). In the figure, the number density normalized
by the value at 760 K (50 K above the melting temperature)
at 6.3 GPa is also shown. With increasing temperature (with
decreasing number density), the CN decreases at the rate
larger than that expected for the void-increase model. This
fact clearly shows that the high-temperature behavior of [
-InSb is not explainable by the void increase model. This
also suggests that /-InSb expands through a change in the
local structure from a highly coordinated form into a less-
coordinated one at high temperatures.

2. Comparison with other tetrahedrally bonded materials

Temperature dependence of the structure have previously
been investigated in [-Si, [-Ge, [-Sn, [-GaSb, and
[-InSb.%?425:32.33 These liquids show almost the same high-
temperature behaviors. The characteristic features are shown
below.

(i) The hump on the high-Q side of the first peak in S(Q)
is preserved at temperatures much higher than the melting
point T,,. For example, the hump is preserved at T,
+110 K for /-Si, T,,+250 K for [-Ge, T,,+1370 K for [-Sn,
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FIG. 7. The CN of [-InSb at high temperatures. The CN at 6.3
GPa, which is estimated from the pressure dependence of CN, is
also shown. The temperature dependence expected for the void-
increase model is shown by a solid line.

and 7,,+338 K for /-GaSb. This indicates that these liquids
preserve anisotropic local structures at temperatures much
higher than their melting points.

(ii) Roughly speaking, the shape of the profile in S(Q)
and g(r) does not change except for smearing of the oscilla-
tion of the profiles.

The lack of significant change in the local structure would
be caused by the fact that the temperature range of the in-
vestigation is too limited to observe the change. On the other
hand, slight but significant changes were reported in [-Sn.??
The following features were reported in addition to the afore-
mentioned characteristics.

(iii) The Q,/Q, ratio increases as the temperature is
raised.

(iv) The CN decreases with increasing temperature.

These features are also observed in this study (see Sec.
III B). From the similarity, the /-InSb is considered to expand
by the same mechanism as that for /-Sn. Since /-Sn liquid is
known to preserve the fragment of the tetrahedral local struc-
tures at temperatures much higher than its melting point,*
[-InSb is also considered to preserve the anisotropic local
structure at temperatures much higher than its melting point.

C. Analysis of the local structure

1. Analysis based on two species of the B-Sn-like and bcc-like
local structures

To estimate the local structure in /-InSb, we compare the
experimental g(r) with those simulated using a simple
model. The model consists of a distorted-crystalline model
and a two species model (TSM). The detailed procedure is
shown in Ref. 13. In our previous study on [-GaSb,"3 we
found that the model successfully reproduces the experimen-
tal g(r). In this study, we also find that the model success-
fully reproduces the experimental g(r) of /-InSb as shown
later. However, the validity of the model is not yet estab-
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lished, so the results of this analysis provide a possible
model for the local structure of /-InSb. Further investigation
should be carried out by using another method, such as a
molecular-dynamic simulation.

Here, we briefly mention the simulation procedure. First,
we simulate g(r) for liquid from crystal structures by giving
the Gaussian-type bond distribution. Then, these are com-
bined taking it into consideration that the liquid may consist
of two species with different densities. In the simulation, we
introduce the following parameters: the specific volume of
the local structure V/Z, the distribution of the nearest-
neighbor distance o, the degree of the loss of short-range
order at a larger interatomic distance ¢, the fraction of a high-
pressure form x. Here, we assume that V/Z, g, and t are the
same for both species. Thus, the number of all the free pa-
rameters becomes four. We optimize these parameters so that
the difference between the observed and the calculated g(r)
is minimized. We test various pairs of the crystal structures
previously reported in tetrahedrally bonded materials and
their high-pressure phases, such as zinc-blende structure,
orthorhombic Cmcm and Immm structures, bcc structure, 8
-Sn  structure and  body-centered-tetragonal  (bct)
structure.>** When we use the pair of the B-Sn and bcc
structures,’® we obtain the best agreement [the average dif-
ference in g(r) is within 5%]. Typical results of the fitting are
shown in Fig. 8. The g(r) is well reproduced by a linear
combination of g(r) for the B-Sn-like and bec-like local
structures. In spite of the successful fitting using this pair,
these local structures are found to be inappropriate as the two
species. In order to illustrate this, we first explain the high-
pressure and temperature behavior of /-InSb using this pair.

r(A)

The pressure and temperature dependence of the fraction of
the denser form (bcc-like local structure), x, is shown in
Table III. As the pressure is raised, x gradually increases.
However, the rate of increase becomes smaller and x stops
increasing. To our surprise, half of the less dense form (83
-Sn-like local structure) is preserved even at pressures where
the bece structure becomes more stable than 3-Sn structure in
the crystalline phases.?” This behavior is unusual because
most of the less dense form is likely to transform into the
denser form. Actually, in the conventional Rapoport model,*®
such behavior is expected. In addition, the Rapoport model
suggests the rate of the transformation is maximized around
x=0.5. The pressure dependence obtained in this analysis
(Table II) contradicts this feature. Such a contradiction is
also observed in the temperature dependence of x. With in-
creasing temperature, the x decreases and approaches 0.25
(Table TIT). However, in Rapoport TSM, the fraction should
approach 0.5 at high temperatures for reduction of the Gibbs
free energy through the maximization of mixing entropy.
Even if the fraction does not approach 0.5 for some reason,
the x should increase by heating since the denser form with
the bee-like local structure would have an entropy larger than
that for the 8-Sn-like local structure.’® The above-mentioned
unusual behaviors require us to introduce other local struc-
tures as the two species of /-InSb.

2. Analysis based on the two species of the [(3-Sn-like structure
and a new high-pressure one

The results on the pressure dependence of S(Q), g(r),
and structural parameters imply the existence of a
relatively stable local structure in the high-pressure region
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TABLE III. Fraction of the denser form at high pressures and
high temperatures, and the reliable factor of the fitting, R.!3

P (GPa) T(K) Fraction,0 x * R®
0.3(1) 810 0.10(1) 0.05
0.9(1) 750 0.18(1) 0.04
2.0(3) 670 0.24(1) 0.05
3.02) 680 0.27(1) 0.04
3.7(1) 690 0.31(1) 0.04
4.6(2) 720 0.31(1) 0.04
5.5(2) 730 0.30(1) 0.04
6.7(1) 760 0.32(1) 0.04
8.1(1) 970 0.39(1) 0.04
9.6(2) 940 0.42(1) 0.03

11.5(1) 990 0.44(1) 0.05
13.2(1) 1090 0.45(1) 0.04
15.9(3) 1430 0.48(1) 0.03
19.4(2) 1570 0.51(1) 0.03
6.3(1) 760 0.36(1) 0.03
6.4(1) 960 0.30(1) 0.04
6.3(2) 1150 0.27(1) 0.04
6.3(2) 1350 0.25(1) 0.04

Fraction of the denser form (bcc-like local structure).
PThe reliable factor is defined by the following equation: R

= (/N2 Tgabs(r) — gearer) -

(P> =10 GPa). As shown in the preceding section, the g(r)
in this region is found to be well expressed by a linear com-
bination of g(r) for the B-Sn-like and bce-like structures in
the ratio of one to one. Hence, the single species apparently
expressed by this combination is appropriate as the denser
species of [-InSb, although the crystal structure correspond-
ing to this form is not observed in crystalline-InSb (c-InSb).
Hereafter we call this new form “0.5 8-Sn+0.5 bcce” for con-
venience. By introducing this form, we are able to explain
the high-pressure and high-temperature behavior observed in
this study. When we introduce the new form as the denser
form instead of the bcce-like local structure, the fraction of
the denser form is doubled. To avoid confusion, we denote
the fraction of the new denser form as y. By introducing the
new form, we find that the fraction of the denser form
(0.5 B-Sn+0.5 bee) increases from 0.0 to 1.0 as the pressure
is raised. Moreover, the increasing rate becomes maximum
around y=0.5. These features are consistent with the Rapo-
port model. We are also able to explain the unusual behavior
in temperature dependence. We find that the fractions of the
low- and high-pressure forms approach 0.5 with increasing
temperature. Our success in explaining the pressure and tem-
perature dependence of the local structure by introducing the
new form supports the validity of this local structure as the
denser form. It is still unknown why this form (0.5 8-Sn
+0.5 bece) is stable. We hope it will be revealed by theoreti-
cal calculations.

PHYSICAL REVIEW B 72, 064205 (2005)

3. Understanding of the pressure and temperature dependence
in terms of the local structure change

We are able to understand the contraction behavior of
[-InSb on the basis of the results of the local structure analy-
sis. The /-InSb contracts nonuniformly in the low pressure
region (P< =10 GPa). In this pressure region, the fraction
of the denser form increases significantly. Hence, the nonuni-
form contraction is considered to be caused by a change in
the local structure from the B-Sn-like form into the denser
form “0.5 B-Sn+0.5 bec”. In the high-pressure region
(P> =10 GPa), the liquid contracts almost uniformly. The
results of the local structure analysis show that the transfor-
mation into the denser form is already completed at around
10 GPa. The almost uniform contraction is thus considered to
be caused by the isotropic shrinking of the denser form.

The high-temperature behavior of /-InSb can also be ex-
plained by the temperature-induced change in the local struc-
ture. The temperature-induced increase of the anisotropy in
the local structure is explainable by a change of the local
structure from the denser form (0.5 8-Sn+0.5 bce) into the
less dense form (B-Sn-like local structure), since the latter
form is considered to be more anisotropic. The decrease of
CN at the larger rate than that expected from the void in-
crease model is explainable by the same mechanism, since
the less dense form has a smaller CN. A similar temperature
behavior is observed in [-Sn. Itami et al.*® reported that the
0,/ Q) ratio for /-Sn deviates more greatly from the value for
simple liquid metals as the temperature is raised. Hosokawa
et al.* also suggested that the covalent character in [-Sn
becomes stronger at high temperatures. These facts imply
that the fraction of an anisotropic local structure in /-Sn also
increases with increasing temperature.

D. Application of the Rapoport two species model

To understand the pressure- and temperature-induced
structural changes in /-InSb more quantitatively, we apply
Rapoport model®® to the fractions of two local structures.
The detailed procedure is described in Ref. 13. In this model,
the fraction of the denser form, y, is related to pressure and
temperature by the following equation:

ksTIn- L (1-2))w=Ap'(=A — TAS" + PAVY). (2)

Here, kp is the Boltzmann constant and w is the energy
needed for the replacement of a like pair of local structures
with an unlike pair. The parameters of Au®, Ae®, AS, and
AV? are, respectively, the differences in chemical potential,
internal energy, entropy, and volume between the less dense
and the denser forms. These parameters are assumed to be
independent of pressure and temperature. The results of the
fitting are shown in Fig. 9. Throughout the whole PT region
of the present study the factions of the denser form are well
reproduced by Rapoport model. The following parameters
are determined in this analysis: Ae’=-5.1X 10722 (J/atom),
AV0=7.7 (A3/atom), AS°=3.6X 1072 (J/K per atom),
=-1.9x 1072 (J/atom), and w/kgT (at T=1000 K)=-1.4.
The good reproducibility supports that the pressure and tem-
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FIG. 9. Results of the fitting of the fraction of the denser form,
y, by Rapoport model. Circle denotes the value calculated by the
fitting of the experimental g(r) with a set of the models (the
distorted-crystal model and two species model). The cross denotes
the value calculated with Rapoport model. The parameters used in
the calculation are shown in the text.

perature dependence of the structure of /-InSb is well under-
stood in terms of the change in the fraction of two local
structures.

The iso-fraction lines for the denser form are estimated by
the Rapoport model using the above parameters (Fig. 1). The
iso-fraction lines are much inclined and are located over
wide pressure range. The local structure, thus, gradually
changes over wide pressure region. The same behavior is
also observed in [-GaSb.'>*! When we compare this with
those reported for liquid Cs (I-Cs) and liquid Te (I-Te),** we
find marked differences. In these liquids, the iso-fraction
lines are steep and are located within a narrow pressure
range. Consequently, the local structure changes drastically
within a small pressure interval (AP < =35 GPa for [-Cs and
AP < =1.5 GPa for [-Te). The different behavior is consid-
ered to originate from the fact that /-InSb and /-GaSb have
the values w and AV” much smaller than those for /-Cs and
[-Te, as is discussed in Ref. 13.

V. CONCLUSION

In order to reveal the pressure- and temperature-induced
structural change in liquids of tetrahedrally bonded materi-
als, we investigate the structure of /-InSb over a wide pres-
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sure and temperature range up to =20 GPa and =1570 K.
The results are summarized as follows.

(i) The contraction behavior of /-InSb gradually changes
from a nonuniform type into a uniform one. In a low-
pressure region (P <<= 10 GPa), the local structure becomes
less anisotropic, while in the higher pressure region
(P> =10 GPa) the local structure contracts with maintain-
ing its anisotropy. Significant deviation in structural param-
eters from those for simple liquid metals in the high-pressure
region indicates the existence of the stable liquid form with
an anisotropic local structure.

(ii) The I-InSb expands nonuniformly. As the temperature
is raised, the anisotropy in the local structure increases. The
CN decreases at a rate larger than that expected based on a
void-increase model.

(iii) The [-InSb can be described by the mixture of two
forms with different densities. The less dense form has a 8
-Sn-like local structure and the denser form has a local struc-
ture apparently expressed by a linear combination of 3-Sn
and bcce in the ratio of one to one. The latter structure is
different from those realized in c-InSb.

(iv) The fraction of the denser form gradually increases
with increasing pressure, whereas the increase becomes less
prominent in the high pressure region. The nonuniform con-
traction observed in the low pressure region is attributed to a
pressure-induced change in the local structure. The almost
uniform contraction observed in the high pressure region is
attributed to the isotropic shrink of local structures.

(v) As the temperature is raised at P=6.3-6.4 GPa, the
fractions of two forms approach 0.5. The nonuniform expan-
sion of /-InSb is attributed to the change in the local structure
from the dense form into the less dense one.

(vi) The pressure and temperature dependence of the
structure of /-InSb is explainable by Rapoport two species
model.
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