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Pressure-induced structural change of liquid InAs and the systematics of liquid III-V compounds
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To understand the pressure-induced structural changes of liquid III-V compounds systematically, the pres-
sure dependence of /-InAs was investigated using the synchrotron x-ray diffraction and an ab initio molecular-
dynamics simulation (AIMD). The x-ray diffraction experiments revealed that the liquid changes its compres-
sion behavior from a nearly uniform type to a nonuniform one around 9 GPa. Corresponding to this change,
the coordination number (CN), which is maintained up to 9 GPa, markedly increases from 6.0 to 7.5. The
AIMD simulation revealed that this change is related to the change in the pressure dependence of all three pair
correlations. In particular, a marked change is observed in the As-As correlation; in the low-pressure region,
the position of the first peak in gasas(7), asas iNCreases while maintaining the CNy 4, but in the high-pressure
region, the rp s Stops increasing and the CN 5, begins to increase. The AIMD simulation also revealed that
each partial structure of /-InAs is similar to that for the pure-element liquid with the same valence electron
number. Upon compression, each partial structure approaches the respective one for a heavier element in the
same group. These findings suggest that the structures of liquid compounds are locally controlled by the
number of the valence electrons in each ion pair and that the change in each partial structure obeys the
empirical rule that the high-pressure state resembles the ambient state of a heavier element in the same group.
Comparing the pressure-induced structural change of /-InAs to those of other liquid III-V compounds (GaSb
and InSb) has revealed that, although the high-pressure behaviors of these three liquids are apparently different,
their structural changes are systematically understood by a common structural sequence. This systematics
originates from the same effect on each partial structure between increasing the atomic number and the

pressurization.
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I. INTRODUCTION

Recent developments in synchrotron radiation sources and
high-pressure generation techniques open up opportunities to
determine liquid structures precisely, and now, pressure-
induced structural changes of many liquids are investigated.
In particular, liquids of tetrahedrally bonded materials, such
as Si, Ge, III-V, and II-VI compounds, have attracted much
attention.'” It is because these liquids retain a covalent
chemical bonding nature even after metallization upon melt-
ing and likely show marked pressure-induced structural
changes due to the reduction of the covalent nature at high
pressures. Among them, the structural changes of liquid
I1I-V compounds have been thoroughly investigated,*>’ and
the following features have been reported:

(i) Liquid GaSb (I-GaSb) contracts nonuniformly over a
wide pressure region up to 20 GPa. Upon compression, the
anisotropy in the local structure gradually decreases and the
coordination number (CN) continuously increases. This can
be understood by the continuous decrease of the covalent
bonding nature upon compression.*

(ii) Liquid InSb (/-InSb) shows almost the same behavior
up to 10 GPa, but at higher pressures, the liquid contracts
almost uniformly. In the high-pressure region, the liquid
maintains its coordination number and the shapes of the total
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structure factor S(Q) and the total pair distribution function
g(r). This suggests the existence of a relatively stable liquid
form above 10 GPa.’

(iii) In contrast to [-InSb, liquid InAs (/-InAs) changes its
contraction behavior from a nearly uniform type to a nonuni-
form one around 9 GPa.> Corresponding to this change, the
CN, which remains constant below 9 GPa, increases at
higher pressures.

Although all these liquids commonly belong to the III-V
compounds family, they show apparently different contrac-
tion behaviors. To reveal its nature, this study investigated
the pressure dependence of the structure of /-InAs and com-
pared the results to those of /-GaSb and /-InSb. Although the
pressure dependence of the structure for /-InAs has been pre-
viously investigated,? its behavior is far from being fully
understood due to the limited pressure range of the investi-
gation (2.3 GPa<P<13.3 GPa). This study extended the
pressure range toward both the lower and higher pressure
regions.

Furthermore, the ab initio molecular-dynamics simulation
(AIMD) has been conducted to understand the pressure-
induced evolution of the liquid structure. In a conventional
x-ray diffraction technique, we cannot obtain the partial
structure factors for liquid compounds, so we cannot know
the chemical short-range order (CSRO) around each ion. To
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FIG. 1. P-T phase diagram of InAs and the experimental P-T
condition. The melting curve is estimated from the results of this
study. The dotted lines denote the uncertainty of the phase boundary
due to the kinetic effect of the transformation.

reveal it is inevitable to fully understand pressure-induced
structural changes of liquid compounds. On the other hand,
the recent development of the computer simulation technique
as well as the increase in the computation power enable us to
calculate atomic and electronic structures of condensed mat-
ter precisely. In particular, the AIMD method is a powerful
tool, and this method has been applied to many liquid
compounds.'%!6 In this study, the AIMD simulation is con-
ducted for /-InAs to understand experimentally observed
pressure-induced evolution of the liquid structure.

II. EXPERIMENT
A. X-ray diffraction experiment

In addition to the pressure-temperature (P-T) conditions
of our previous study,’ the x-ray diffraction experiments
were conducted at the conditions shown in Fig. 1. The data
were collected by an energy-dispersive x-ray diffraction
(EDX) method using a synchrotron radiation source. Two
types of high-pressure apparatus were used in this study, de-
pending on the pressure range. Below 13.3 GPa, we used a
single-stage high-pressure apparatus, MAX80, which is in-
stalled on a bending magnet beamline, AR-NE5C at PF-AR
at KEK. Above 14.7 GPa, we used a Kawai-type double-
stage high-pressure apparatus, SPEED1500, which is in-
stalled in BLO4B1 at SPring-8.!” Reagent-grade 99.999%
pure InAs (Rare Metallic Co., Ltd.) was mixed with the same
materials as the container [NaCl or BN (Ref. 18)] to avoid
heavy x-ray absorption. The cell assemblies used in the high-
pressure experiments were nearly identical to those described
in Refs. 19 and 20.

The pressure was determined from the lattice parameter of
a pressure marker [NaCl or MgO (Ref. 21)] based on the
equation of state.’>? The temperature was estimated from
the electric power applied to the heater using the
temperature—electric power relationship, which was deter-
mined beforehand. The respective estimated error in the
pressure and temperature were within 0.7 GPa and 100 K
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below 6 GPa, and within 1.4 GPa and 200 K above 6 GPa.

The melting of the sample was judged from the disappear-
ance of all the Bragg peaks and the simultaneous appearance
of the halo pattern. The degeneration of the sample, such as
the reaction to the sample container and the preferential
evaporation of In or As, did not occur during the experi-
ments. It was confirmed from the lack of significant changes
in the x-ray diffraction pattern and the color of the recovered
sample. The data were collected at several 26 angles?* to
obtain S(Q) over a wide Q region (at least up to Q=15 A™!).
The S(Q) was obtained by normalizing the diffraction pro-
files at several 26 angles and connecting them to each other.
The g(r) was obtained by a Fourier transformation of S(Q).
Here, the S(Q) and g(r) are based on the Faber-Ziman
definition.” The density of liquid under high P-T condition
was estimated from the following three values: (i) the vol-
ume of the crystalline phase just before melting, (ii) the vol-
ume jump on melting,”® and (iii) the thermal expansion of
the liquid.?” The error of the number density was considered
to be within 5%. The detailed procedure is described in Ref.
4. The structural information of /-InAs is shown in Table 1.

B. Ab initio molecular-dynamics simulation

The electronic structure calculations were performed us-
ing the projector-augmented-wave method?®?? based on den-
sity functional theory within the generalized gradient
approximation.’® The plane-wave cutoff energies for the
pseudo-wave-functions and the pseudo-electron-density were
11 and 70 Ry, respectively. The energy functional was mini-
mized using an iterative scheme based on the preconditioned
conjugate-gradient method.!32 The I" point was used for the
Brillouin zone sampling. A cubic supercell which contains
192 (96 In+96 As) atoms was used. The molecular-
dynamics simulations were carried out at six thermodynamic
states; the temperatures 7 (K) and number densities p (A~3)
are (T,p)=(1150,0.0348), (1100, 0.0395), (1100, 0.0420),
(1350, 0.0452), (1450, 0.0479), and (1500, 0.0508). The
pressures calculated for these states are 0.1, 3.0, 6.0, 10.6,
15.0, and 21.7 GPa, respectively. Using the Nosé-Hoover
thermostat technique,’>3* the equations of motion were
solved via the explicit reversible integrators®> with a time
step of Ar=3.1-3.6 fs. The quantities of interest were ob-
tained by averaging over about 12 ps after the initial equili-
bration, taking about 6 ps.

III. RESULTS

A. Total structure factor and total pair distribution function
from x-ray diffraction experiments

Figure 2 shows the pressure dependence of the experi-
mental S(Q) for [-InAs. Near ambient pressure (0.1 GPa),
S(Q) has a hump on the high Q side of the first peak, which
reflects the anisotropy of the local structure. Upon compres-
sion, all the peaks and the hump shift toward higher Q val-
ues. Simultaneously, the peaks become higher and the hump
becomes smaller, which indicates that the anisotropy of the
local structure becomes smaller as the pressure increases.
However, the hump is observed at 19.9 GPa, suggesting that

144206-2



PRESSURE-INDUCED STRUCTURAL CHANGE OF LIQUID...

PHYSICAL REVIEW B 76, 144206 (2007)

TABLE I. Structural information for /-InAs at high pressures.

CN
P 0, 0, r r
(GPa) (Ah (A 0,10, $(0)) 5(0,) (A) (A) ralry Disordered? Ordered®
0.1 2.29(1) 4.84(2) 2.12(1) 1.44 1.09 2.98(2) 6.32(3) 2.12(2) 5.9(3) 6.2(3)
13 2.30(1) 4.82(2) 2.09(1) 1.56 1.10 2.92(2) 6.17(3) 2.11(2) 5.8(3) 6.0(3)
1.9 2.31(1) 4.82(2) 2.09(1) 1.60 1.11 2.93(2) 6.14(3) 2.09(2) 6.2(3) 6.5(3)
26 2.32(1) 4.90(2) 2.11(1) 1.75 1.10 2.87(2) 6.05(3) 2.11(2) 6.1(2) 6.4(2)
2.9 2.33(1) 4.81(2) 2.06(1) 1.67 1.12 2.91(2) 6.04(3) 2.07(2) 5.9(3) 6.2(3)
3.7 2.34(1) 4.92(2) 2.10(1) 1.86 1.11 2.86(2) 5.98(3) 2.09(2) 6.1(2) 6.3(2)
5.7 2.38(1) 4.90(2) 2.06(1) 2.00 1.14 2.83(2) 5.86(3) 2.07(2) 6.1(2) 6.3(2)
8.0 2.40(1) 4.97(2) 2.07(1) 1.89 1.11 2.79(2) 5.82(3) 2.08(2) 5.8(2) 6.0(2)
93 2.40(1) 4.99(2) 2.08(1) 1.94 1.12 2.79(2) 5.79(3) 2.08(2) 5.9(2) 6.1(2)
9.8 2.43(1) 5.00(2) 2.06(1) 1.28 1.15 2.78(2) 5.71(3) 2.05(2) 6.4(2) 6.6(2)
10.2 2.41(1) 4.99(2) 2.07(1) 2.01 1.12 2.78(2) 5.74(3) 2.06(2) 6.2(2) 6.4(2)
12.0 2.45(1) 5.06(2) 2.07(1) 2.25 1.12 2.79(2) 5.69(3) 2.04(2) 7.0(2) 7.3(2)
13.3 2.46(1) 5.09(2) 2.07(1) 2.18 1.13 2.78(2) 5.69(3) 2.05(2) 6.7(2) 6.9(2)
14.7 2.48(1) 5.02(2) 2.02(1) 2.38 1.15 2.76(2) 5.58(3) 2.02(2) 7.1(2) 7.4(2)
19.4 2.54(1) 5.06(2) 1.99(1) 2.49 1.16 2.75(2) 5.48(3) 2.00(2) 7.5(2) 7.8(2)
19.9 2.54(1) 5.06(2) 1.99(1) 2.53 1.17 2.75(2) 5.45(3) 1.98(2) 7.5(2) 7.8(2)

4CN for the chemically disordered model is calculated assuming gim=8asas=&nAs-
PCN for the chemically ordered model is calculated assuming gpum=gasas=0 in the first coordination shell.

the local structure is still anisotropic at that pressure.

When the pressure dependence is more carefully exam-
ined, a different dependence is observed below and above
about 9 GPa. Below about 9 GPa, the second peak markedly
shifts toward higher Q values, but at higher pressures, the
shift becomes less prominent. The hump also behaves differ-
ently between the two pressure regions. Below about 9 GPa,
the hump shifts toward a higher Q value along with a slight
decrease in its height, but above about 9 GPa, the shift be-
comes less prominent and the height significantly decreases.

S(@)

QA

FIG. 2. (Color online) The S(Q) of /-InAs at high pressures. To
easily observe the pressure dependence, only the profile up to
0=10 A" is shown. To generate g(r), the data in the Q region up
to 15 A~! are used.

The pressure dependence of the experimental g(r) sup-
ports the change in the contraction behavior (Fig. 3). The
profile changes its high-pressure behavior around 9 GPa.
Namely, upon compression to about 9 GPa, the first mini-
mum becomes deeper while maintaining the height of the
hump, but at higher pressures, the depth remains almost un-
changed and the hump markedly shifts toward the first peak.
Furthermore, the second peak increases its height below
9 GPa, but the increase seems to stop at about 9 GPa. To
more quantitatively show the change in the contraction be-
havior, the volume dependence of peak positions in g(r) is
shown in Fig. 4. Here, each value is normalized by the re-
spective value at ambient pressure.>® The figure shows that

g(r)

FIG. 3. (Color online) The g(r) of /-InAs at high pressures.
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FIG. 4. Volume dependence of the peak positions in g(r) for
[-InAs. Each value is normalized by the respective one at ambient
pressure. The dotted line represents the relationship expected for a
uniform contraction. The solid line is only to guide the eyes.

as the volume decreases to [ V(P)/V(0)]"*=~0.94, which cor-
responds to a compression up to about 9 GPa, all the peaks
shift at the same rate, but at higher pressures, the first peak
differently behaves from the others.

The pressure dependence of the average CN,3” which is
deduced from the experimental radial distribution function
[=47r’pg(r), where p is the number density], also shows
different behaviors below and above about 9 GPa. The pres-
sure dependence of the experimental CN for /-InAs is shown
in Fig. 5 and Table I. The CN remains constant up to about
9 GPa, but it starts to increase around 9 GPa.

B. Partial structure factors and partial pair distribution
functions from the ab initio molecular-dynamics simulation

Figure 6(a) compares the total structure factors obtained
by the AIMD calculation and the x-ray diffraction experi-
ment. Throughout the entire pressure region, the calculation
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FIG. 5. Pressure dependence of the CN of [-InAs. Those for
[-GaSb (Ref. 4) and [-InSb (Ref. 7) are also shown. Solid and
dashed lines are only to guide the eyes. The dotted line is the cri-
terion used to compare the S(Q) of the three liquids in Fig. 12.
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FIG. 6. (a) Total structure factors of /-InAs. The calculated re-
sults (solid lines) are compared with the experimental results (open
circles). (b) The partial structure factors of /-InAs. Each structure
factor is based on the Faber-Ziman definition (Ref. 25).

results agree with the experimental one in terms of position
and height of the peaks, although the hump in the calculated
S(Q) is slightly lower than the experimental one.

Figure 6(b) shows the calculated partial structure factors

S;;(Q) at high pressures The first peak in the total structure
factor around 2.5 A~! consists of all three correlations (In-In,
As-As, and In-As). The correlation between like-ion pairs
(As-As and In-In) and that for the unlike-ion pair (In-As) do
not show the antiphase oscillation, suggesting that the chemi-
cal order is strongly destroyed in the liquid state despite the
relatively large ionic chemical bonding character for InAs
(Phillips ionicity,® f;,=0.357). On the other hand, the hump
in S(Q) around 3.5 A™! is mainly comprised of the As-As
correlation, suggesting that the anisotropic feature of /-InAs
is strongly related to the chemical bonding between As at-
oms. When the three correlations are more closely examined,
it is found that the As-As correlation has a weak prepeak and
the In-As correlation has a small dip around 1.5 A~!. How-
ever, no related peaks or dips are observed in the total S(Q)
due to their cancellation.

Upon compression, all three correlations change. For
Sasas(Q), the prepeak around 1.5 A~! disappears and a dis-
tinct peak appears around 2.5 A~!. However, the hump
around 3.5 A~! is maintained even upon compression to
21.7 GPa, suggesting the persistence of the anisotropic local
structures at such pressure. For Sy,,(Q), the first peak near
2.5 A~! becomes more prominent and the slope at the low Q
side of the first peak becomes steeper. Due to these changes,
the profile more closely resembles that for a simple liquid
metal. For the Sp5(Q), the first peak, which is relatively
broad at 0.1 GPa, becomes sharper and higher, and the weak
dip around 1.5 A~! disappears upon compression.

Figure 7(a) compares the total pair distribution functions
obtained by the AIMD calculation and the x-ray diffraction
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FIG. 7. (a) Total pair distribution functions of /-InAs. The cal-
culated results (solid lines) are compared with the experimental
results (open circles). (b) The partial pair distribution functions of
[-InAs.

experiment. The calculation results agree well with the ex-
perimental ones, suggesting that we can discuss the pressure-
induced evolution of the liquid structure based on the AIMD
results. Figure 7(b) shows the pressure dependence of the
partial pair distribution function g;(r). The three profiles
near ambient pressure (0.1 GPa) have various shapes, which
reflects the different chemical bondings in each ion pair. In
the gacas(r) at 0.1 GPa, the second peak (r=4.2 A) is lo-
cated relatively close to the first peak, and the first minimum
is deeper than that for simple liquid metals. In the gp,a((7) at
0.1 GPa, the first minimum is very shallow and the ampli-
tudes of the second and third peaks are strongly dumped. On
the other hand, the gy,,,(r) at 0.1 GPa shows a simple-liquid-
metal-like profile, although the amplitude of the oscillation is
much smaller.

Upon compression, the three g;(r)’s significantly change.
In the gacas(r), the second peak becomes less prominent,
while the third peak becomes more prominent. Simulta-
neously, the first peak shifts toward a large r value despite
compression. In the gpa (r), the fist minimum becomes
deeper, while the severely dumped second and third peaks
retain their height. Contrary to these, the gp,(r) shows a
normal high-pressure behavior; upon compression, all the
peaks shift toward small r values and the amplitude of the
oscillation becomes larger. To compare the pressure depen-
dence of the three correlations more quantitatively, the posi-
tion of the first peak for each g;(r), r;;, is plotted as a func-
tion of the cube root of the specific volume [V(P)/V(0)]"3
(Fig. 8). Throughout the entire pressure region, the position
is larger in the order of As-As, In-As, and In-In, which im-
plies that the size of the first coordination shell is mainly
controlled by the size of the constituent ions (the atomic radii
that are defined by the half nearest neighbor distance in pure-
element crystals are 1.62 A for In and 1.25 A for As at am-
bient pressure’®). Upon compression, the first peaks of the
three correlations change their high-pressure behaviors
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FIG. 8. First peak positions in g;(r) (upper) and the CN;
(lower) as a function of the cube root of the specific volume. Dotted
lines are only to guide the eyes.

around [V(P)/V(0)]"3=0.94, which corresponds to a pres-
sure of about 9 GPa. Namely, in the ry,y,, the rate of the
decrease becomes larger above 9 GPa. In the 144, the inter-
atomic distance increases up to 9 GPa, but it remains un-
changed at higher pressures. The ry, 5, Which is nearly con-
stant below 9 GPa, decreases above 9 GPa. Corresponding
to these changes, the partial coordination number CN;; shows
different pressure dependences below and above about
9 GPa. Among the three CN;;’s, the CNjyas most signifi-
cantly changes; the CNy 5, remains nearly constant below
9 GPa, but increases at higher pressures. The pressure where
the change in the contraction behavior is observed in the
AIMD simulation agrees with that observed in x-ray diffrac-
tion experiments.

IV. DISCUSSION
A. Partial structure of /-InAs at ambient pressure

Before discussing the high-pressure behavior of /-InAs,
the ambient structure is discussed based on the AIMD re-
sults. To understand the liquid structure, the results of
[-GaSb, which is another typical III-V compound, may pro-
vide insight. In the past, Gu et al.'? investigated the partial
structures of /-GaSb by an AIMD simulation and showed
that the partial pair distribution functions between like-ion
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I-T1, I-Ge, and [-Sn are from Ref. 50.

pairs [gg.ca(r) and ggpsy(r)] resemble the g(r) for the respec-
tive pure-element liquids [liquid Ga (/-Ga) and liquid Sb
(I-Sb))]. To verify whether this is valid for /-InAs, the gy,(r)
and the g (r) were compared to the g(r)’s for liquid In
(I-In) and liquid As (I-As), respectively (Fig. 9). In Fig. 9,
the abscissa is scaled by the position of the first peak, taking
the different sizes of the constituent ions into account. The
g(r)’s for heavier elements in the same group are also shown
in order to discuss the local structure of the high-pressure
state later. The results show that, although the amplitude of
the oscillation is much smaller, the profile shape of gy,,(r) at
0.1 GPa is similar to that of /-In. The smaller amplitude is
probably due to the interference of the shell structure for the
In-In correlation by the other correlations (In-As and As-As).
On the other hand, the profile of ga.as(r) at 0.1 GPa is not
similar to that for /-As, unfortunately. However, the bond
angle distribution suggests the existence of a liquid As-like
local structure in /-InAs. Figure 10 shows the bond angle
distribution B,g,(6) for various combinations of atoms.*’
The Baasas(6) at 0.1 GPa shows a maximum and a subsid-
iary peak around 100° and 60°, respectively. This distribution
is nearly identical to those previously reported for /-As.*1-%

PHYSICAL REVIEW B 76, 144206 (2007)

n—
In-In-In In-As-I
GPa ay
L —o 0.1 # |
0.01 > 6o #°
—— 106
e--a 21,7
0 ————— _—
As-In-As -As-As
3 o
£0.01f S, e - o0 1
3 S
Q ;
0 —————— bt
In-In-As In-As-As
0.01- -+ 58 1
0 [P S T IR
0 60 120 0 60 120 180

0 (degree)

FIG. 10. Bond angle distribution B,g,(6) for various pairs of
atoms. The 6 is the angle between the two vectors from S atoms to
a and y atoms. The distribution is calculated for the configurations
that satisfy the conditions, rpss<<3.0 A, ran<3.5 A, and rpa
<35A.

By comparing with the A7 rhombohedral structure, the main
peak at 100° is considered to originate from the ppo bond-
ing, which is slightly modified due to the Peierls
distortion.*'=# The similarity of the correlation of like-ion
pair to that for a pure-element liquid is not only observed in
[-InAs and [-GaSb but also for other liquids, such as InSb
(Ref. 13) and CdTe.'** Thus, the similarity may be gener-
ally observed in liquid compounds.

The above comparisons suggest the following view on the
structure of liquid compounds. The lack of a complete CSRO
causes a spatial fluctuation in the chemical composition. In a
region where the composition largely deviates, like-ions
form wrong bonds. In such regions, ions cannot form the
same local structure as those realized in the crystalline state,
which has a complete CSRO, due to the insufficient or ex-
cessive valence electrons. Instead, they form a local structure
similar to that realized in a pure-element liquid. The view
implies that the structure in liquid compounds is locally con-
trolled by the number of the valence electrons in each ion
pair. If this is true, then the In-As correlation in /-InAs
should resemble those of liquids with four valence electrons,
i.e., liquids of group 14 elements. To confirm this, the
gmas(r) at 0.1 GPa is compared to that of liquid Ge (I-Ge)
(Fig. 9). The results show that the two profiles have similar
features; both profiles show a distinct first peak and subse-
quent strongly dumped oscillation. The bond angle distribu-
tion Bagnas(60) also shows similar features. The Bgnas(6) at
0.1 GPa shows a broad maxima around 100° in addition to
the subsidiary peak around 50°, which agrees with the pre-
viously reported bond angle distribution for /-Ge.3'#’

B. Pressure-induced change of the local structures in /-InAs

Next, let us examine the pressure-induced changes of the
partial structures. Generally, the electron density increases
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upon compression. Because heavier elements have larger
electron densities, the structure of the compressed substances
should resemble that of a heavier element. Actually, this
is often observed in the high-pressure modifications of
crystalline*® and liquid states.®*” Therefore, each g;;(r) of
[-InAs may approach the g(r) for the liquid of a heavier
element upon compression. To verify this, the partial gp,(7),
asas(r), and gpac(r) at 21.7 GPa were compared to the
g(r)’s for liquid T1 (I-T1),°° [-Sb,° and liquid Sn (I-Sn),
respectively (Fig. 9). Overall, all the profiles of g;;(r)’s at
21.7 GPa are surprisingly similar to those for pure-element
liquids of the heavier elements. More specifically, the profile
for gium(r) at 21.7 GPa has peaks and dips whose sizes are
comparable to the respective ones for [-T1. The positions of
the maxima and minima also agree well with the respective
ones for [-TI. For the gagas(r) at 21.7 GPa, in addition to the
similarity in the position and height of all the peaks, the
hump on the high Q side of the first peak (r/r; = 1.25) is also
reproduced by the profile of /-Sb. In the gp,A.(r) at 21.7 GPa,
the relatively shallow first minimum and subsequent dumped
oscillation, which are mitigated upon compression but are
still deviated from those for simple liquid metals, are suc-
cessfully reproduced by the profile for /-Sn. These findings
indicate that the g;;(r)’s at high pressures resemble the g(r)’s
of the corresponding pure-element liquids, and that the em-
pirical rule that the high-pressure state is represented by the
ambient state of a heavier element is valid for the partial
structures of liquid compounds.

C. Systematic understanding of the pressure-induced
structural changes of liquid III-V compounds

The pressure dependence of the structure of /-InAs is
compared to those of other liquid III-V compounds (I-GaSb
and [-InSb) to understand the pressure-induced structural
changes of liquid III-V compounds systematically. Through-
out this section, the systematics of the liquid structure are
discussed based on the previously reported experimental
results*’ because the pressure dependence of the partial
structures for /-InSb is unobtainable at present.

Pressurization of liquids in group IV elements and III-V
compounds causes a reduction in the covalent chemical
bonding nature, which results in a decrease of the anisotropy
in the local structures. Therefore, the pressure dependence of
the structural parameters that are sensitive to the anisotropy
is compared among three liquid III-V compounds. Figure 11
compares the pressure dependence of the position of the sec-
ond peak relative to that for the first peak in S(Q), Q,/0;.
The three liquids appear to have similar sequences. The ratio
near ambient pressure is about 2.10-2.15. This ratio gradu-
ally decreases upon compression and the rate of the decrease
is relatively large in the region where the ratio is between
2.05 and 1.95. These observations imply that the pressure
dependence of the three liquids can be explained by a com-
mon sequence. That is, shifting the pressure-Q,/Q; relation
curves for /-InAs and /-GaSb toward a lower pressure causes
the pressure dependence of the three liquids to lie on an
identical curve. This shift is reasonable considering the par-
allelism between the pressurization and the chemical substi-
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FIG. 11. Comparison of the pressure dependence of the Q,/Q;
ratio among the liquid III-V compounds. Data of /-GaSb and /-InSb
are from Refs. 4 and 7, respectively. The lines are only to guide the
eyes.

tution by a heavy element and the larger average atomic
number for InSb (Z=50) than those for GaSb (Z=41) and
InAs (Z=41). To confirm this common sequential change,
the pressure dependences of the average CN of the three
liquids are compared (Fig. 5). The [-InAs has the smallest
value at ambient pressure, which gradually increases above
9 GPa. For [-GaSb, the corresponding increase seems to be-
gin between 2 and 4 GPa. The /-InSb also shows a corre-
sponding increase at 0.9 GPa. These findings support the hy-
pothesis that the pressure-induced structural changes in the
three liquids are explained by a common structural change.
In addition, the pressure dependence of the S(Q) of the three
liquids also supports this idea. Figure 12 compares the S(Q)
profiles of the three liquids at a pressure where the CN is
about 6.4. Here, the abscissa is scaled by the position of the
first peak, O, considering the size difference of the constitu-
ent atoms. Although each liquid shows a marked pressure-
induced change in its profiles, such as increased peak, de-
creased hump heights, and a decreased Q,/Q; ratio,*’ the
three S(Q) profiles, which are selected by the above criterion,
are found to resemble one another in terms of not only the
peak positions but also their heights. This finding also sup-
ports that the three liquids show the identical pressure-
induced evolution of the local structure. Together with the
calculation results, this behavior can be understood as fol-
lows. The local structure of liquid compounds consists of the
three correlations, and each correlation has a parallelism be-
tween pressurization and the chemical substitution by a
heavy element. Therefore, the average structures [total S(Q),
g(r)] or structural parameters obtained from them would also
show good correspondence, although the corresponding state
appears at different pressures.

When the pressure-induced structural changes of the three
liquids are understood by the common structural sequence, a
strong correlation is expected between the structural param-
eters sensitive to the structural change, regardless of pres-
sure. To reveal this correlation, Fig. 13 plots the relationship
between the O,/ Q; ratio and the CN of the three liquids. The
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FIG. 12. (Color online) Comparison of S(Q) of liquid M-V
compounds. The S(Q) at a pressure where the CN is about 6.4
shown. Data of [-GaSb and [-InSb are from Refs. 4 and 7,
respectively.

figure reveals a strong correlation between the two param-
eters despite differing pressure values. This also implies that
the structural parameters sensitive to anisotropy in the local
structure become good parameters to scale the pressure-
induced structural change of liquid III-V compounds.

D. Comparison of the pressure-induced structural changes to
those in the crystalline counterparts

As already mentioned, increasing atomic number and the
pressurization give similar effects, and this empirical rule is
applicable to the pressure-induced structural changes in lig-
uid ITI-V compounds (GaSb, InSb, and InAs). This is reason-
able because, in tetrahedrally bonded materials, the empirical
rule is based on a decrease of the covalent chemical bonding
nature due to the increase in the electron density, which is
caused by compression or by an increase in the average
atomic number. This effect is substantially common in both
crystalline and liquid states, and it is plausible that the same
behavior is observed for high-pressure transitions in crystal-
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FIG. 13. (Color online) Relationship between the Q,/Q; ratio
and the CN. The thin line is the linear fit result. Data for GaSb and
InSb are from Refs. 4 and 7, respectively.

line III-V compounds. However, the actual pressure-induced
structural changes for the crystalline states do not show such
behavior. Namely, crystalline GaSb and InSb transform from
the zinc blende phase into a metallic phase with partial co-
valent bonding such as the B-tin and/or related phases (ortho-
thombic Imma, Immm, and super-Cmcm phases),’'5? but
crystalline InAs transforms from the zinc blende phase into
an ionic phase such as NaCl and the related orthorhombic
Cmcm phase.>'"? The different behavior in crystalline states
from that in liquid states is related to the chemical short-
range order and its effect on the pressure-induced structural
changes.

V. CONCLUSION

To understand the pressure-induced structural changes of
liquid III-V compounds systematically, the pressure depen-
dence of /-InAs was investigated using the synchrotron x-ray
diffraction and an ab initio molecular-dynamics simulation.
The results are summarized as follows:

(i) The x-ray diffraction experiments have revealed that
the liquid changes its compression behavior from a nearly
uniform type into a nonuniform one around 9 GPa. Corre-
sponding to this change, the coordination number (CN)
which is maintained up to 9 GPa, markedly increases from
6.0 to 7.5. The AIMD simulation has revealed that this
change is related to the change in the pressure dependence of
all three pair correlations. In particular, a marked change is
observed in the As-As correlation; in the low-pressure re-
gion, the position of the first peak in gaas(r), rasas iNCreases
while maintaining the CNya,, but in the high-pressure re-
gion, the ragas Stops increasing and the CNjga, begins to
increase.

(ii) The AIMD simulation has also revealed that each par-
tial structure of /-InAs is similar to that for a pure-element
liquid with the same valence electron number. Upon com-
pression, each partial structure approaches the respective one
for a heavier element in the same group. These findings sug-
gest that the structure of the liquid compounds is locally
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controlled by the number of the valence electrons in each ion
pair and that the change in each partial structure obeys the
empirical rule that the high-pressure state resembles the am-
bient state of the heavy element in the same group.
Furthermore, comparing the pressure-induced structural
change of /-InAs to those for other liquid III-V compounds
(GaSb and InSb) indicates that, although the high-pressure
behaviors of these three liquids are apparently different, their
structural changes are systematically understood by a com-
mon structural sequence, which originates from the same

PHYSICAL REVIEW B 76, 144206 (2007)

effect on each partial structure between increasing the atomic
number and the pressurization.
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