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Structure of liquid GaSb at pressures up to 20 GPa

T. Hattori, K. Tsuji, N. Taga, Y. Takasugi, and T. Mori
Department of Physics, Keio University, Yokohama 223-8522, Japan

~Received 25 June 2003; published 12 December 2003!

We have investigated the structure of liquid GaSb up to 20 GPa by a high-pressure and high-temperature
x-ray-diffraction technique. With increasing pressure, the hump at high-Q side of the first peak in the structure
factor,S(Q), reflecting an anisotropic local structure becomes smaller and the ratio of the wave number of the
second peak to that of the first one,Q2 /Q1, decreases. Simultaneously, the coordination number CN increases
in correspondence to the elongation of the nearest-neighbor distance compared to that expected from a uniform
contraction model. These findings suggest that the liquid GaSb contracts nonuniformly and the local structure
changes with pressure. Analysis of the pair distribution functiong(r ) by a distorted-crystalline model shows
that the liquid consists of two parts similar to theb-Sn and body-centered cubic~bcc! structures which are
realized in the high-pressure crystalline phases, rather than the zinc-blende structure in an ambient phase. The
fraction of the bcc-like local structure increases continuously from 0.0860.05 to 0.4360.05 as the pressure is
raised from 1.7 GPa to 20 GPa. The pressure dependence can be explained quantitatively by Rapoport’s
two-species model@J. Chem. Phys.46, 2891~1967!#. The observed elongation of the nearest-neighbor distance
and the increase of CN would be attributed to the continuous change of the local structure from theb-Sn-like
one into the bcc-like one under pressure.

DOI: 10.1103/PhysRevB.68.224106 PACS number~s!: 61.20.Qg, 61.10.Eq, 07.35.1k
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I. INTRODUCTION

Application of pressure on crystals or liquids chang
their structure drastically. But since the two phases have
ferent degrees of allowance for the variation of the bo
length and bond angle, they show different high-pressure
haviors; namely, the crystalline phases usually show dra
structural changes with a large volume jump, while the liqu
phases do not show such a drastic structural change ex
for a few cases.2 The transition pressure and the local stru
tures of two phases are also different from each other.
understand the characteristic features of structural chang
liquid, the structural investigations at high pressures is n
essary.

Structural changes of crystalline phases under pres
are intensively studied. Specifically, the tetrahedrally bon
materials, such as group IV elements, III-V and II-VI com
pounds, have attracted much attention because of their i
esting changes in the chemical bonding and in electric pr
erties induced by pressure. Sequences of crystalline ph
which appear on increasing pressure can be summarize
follows.3 For elements or compounds with smaller ion
characters, the crystalline phases change from the diam
~or zinc-blende! structure into theb-Sn structure and/or the
related orthorhombicImma structure, and then into th
simple hexagonal~SH! structure or the related orthorhomb
Ammmstructure,4 and then into the close-packed structur
such as the face-centered-cubic~fcc! structure, hexagona
close-packed~hcp!, and body-centered-cubic~bcc! struc-
tures. For those with a larger ionic character, the crystal
phases transform from the zinc-blende structure into
NaCl and/or the related orthorhombicCmcm structures
~sometimes through the cinnabar structure! with increasing
pressure. Each transition is accompanied by the discont
ous volume change. Compared to these detailed studie
crystalline phases, the high-pressure structural changes i
0163-1829/2003/68~22!/224106~17!/$20.00 68 2241
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liquid state are not well known because of experimental d
ficulties. Among a few studies are those on the pressu
dependent structures for liquid Si (l -Si! and liquid Ge
( l -Ge!.5,6 It is reported that the local structure ofl-Si drasti-
cally changes under pressure within the relatively small pr
sure interval. Contrary tol-Si, the local structure ofl-Ge
gradually changes over a wide pressure region.6,7 On the
other hand, the high-pressure behaviors of the liquid of
tetrahedrally bonded materials with an ionic character, s
as III-V and II-VI compounds, have not been reported so
Investigation on these compounds is expected to show
effect of ionicity on the local structure, and also informatio
on the chemical ordering in binary liquids under pressure
this study, we focused on the high-pressure behavior of
uid GaSb (l -GaSb! which has a least ionic character amo
III-V compounds.8 We have investigated the local structu
and the contraction process ofl-GaSb under pressure up t
20 GPa by x-ray diffraction using synchrotron-radiatio
source in conjunction with the recently developed hig
pressure experimental technique.9,10

For the later discussion, the pressure and tempera
phase diagram for GaSb,11,12 which has been reported prev
ously, is shown in Fig. 1. Zinc-blende-type GaSb crystalli
phases is stable at ambient condition. It transforms int
liquid metal on melting at high temperatures, similarly to
and Ge. The transition is accompanied with the volu
decrease.13 It is anomalous because the volume of simp
liquids, such as liquid alkali metals and van der Waals l
uids, increases on melting. As for the high-pressure pha
for the crystalline GaSb (c-GaSb!, there is still a contro-
versy. It has been reported that the zinc-blende struc
transforms into the site-disorderedb-Sn structure at 6.2
GPa,14,15 then into the SH structure at 28 GPa, and then i
an unidentified structure at 61 GPa.16 Recently, it has been
reported that the zinc-blende-type GaSb transforms int
site-disordered orthorhombic phase with the symmetry
©2003 The American Physical Society06-1
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Imma at 7 GPa~Ref. 17! instead of theb-Sn and the SH
structures, and then into a site-disordered orthorhom
Ammmphase at high pressures and temperature above
GPa and 473 K, respectively.4 This discrepancy originate
both from the different resolution of an x-ray-diffraction pa
tern and from the different hydrostatic condition.18

II. EXPERIMENT

The structure ofl-GaSb was investigated by an energ
dispersive x-ray diffraction ~EDX! method using a
synchrotron-radiation source in conjunction with multian
high-pressure apparatuses. For the collection of the data
low 10 GPa, the single-stage high-pressure appar
MAXIII installed at BL-14C2 in the High Energy Accelera
tor Research Organization~Photon factory, KEK! was used.
For collection of the data above 10 GPa, the Kawai-ty
double-stage high-pressure apparatus SPEED1500~Ref. 10!,
installed at BL04B1 in the SPring-8 was used. The diffra
tion intensity from the sample was collected by a pure
solid-state detector. Reagent-graded GaSb with a purity
99.999%~Rare metallic Co., Ltd.! was used as a sample. T
avoid too heavy x-ray absorption by the sample, we mix
NaCl with the sample so thatmt becomes equal to 2 for th
x-ray energyE540 keV, wherem is the averaged linea
absorption coefficient for GaSb andt is the sample thickness
The cell assemblies used in the high-pressure experim
were the same as those described in Refs. 19 and 9. We
the diffraction profiles at various 2u angles to obtainS(Q)
over a wideQ region.20

The diffraction intensity was taken at high-PT conditions
along the melting curve as shown in Fig. 1. The melti
curve above 6 GPa was estimated from the data at the lo
pressures11 because the melting curve above 6 GPa has
been reported yet. Pressure was determined from the la
parameter of the pressure marker~NaCl! on the basis of the
equation of state.21 Temperature is estimated from the ele
tric power applied to the heater. The relation is checked
forehand. The accuracy in the determination of the press
and the temperature was within 0.7 GPa and 100 K.

Most of the x-ray-diffraction peaks from the sample co

FIG. 1. Previously reported phase diagram for GaSb~Refs. 12
and 11! and the experimentalPT conditions in this study. Phas
boundary shown by bold line is after Ref. 11. The dotted line is
melting curve extrapolated from the melting curve between 5 an
GPa.
22410
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tainer ~NaCl! were eliminated by a sharp slit system. How
ever, a few peaks from the sample container and a dilu
material of sample~NaCl! contaminated the x-ray-diffraction
profile of the liquid. These peaks were eliminated from t
raw data. We can easily perform the procedure because t
peaks were sharp enough to distinguish them from the in
sity profile of the liquid.22 We corrected the absorption of
ray by the sample and the container, taking account ofu
dependence of x-ray pass length. The data taken by E
method show complex profiles due to the effects of the
ergy profile of the incident beam and the energy depende
of the quantum efficiency of the detector. Therefore, we h
to connect the data taken at various angles after the co
tion of these effects. This procedure was carried out au
matically by using the computer program coded by one
the authors~T.H.!. The procedure is based on the empiric
procedure described in Ref. 19, but the Compton scatte
term was added to their formulas in this study. The algorit
of the program is as follows. First, the data taken at sever
u angles are normalized by dividing the hypotheticalC(E)
function which was defined from both the energy profile
the incident beam and the energy dependence of the qua
efficiency of the detector. These data are scaled and c
nected to each other so that the data overlap in the conne
Q region. On the basis of the connected data, we mad
hypotheticalS(Q). TheC(E) function for each angle is es
timated again from thisS(Q) by the inversion procedure an
the betterC(E) function is estimated. By iteration of thes
procedures, the optimumC(E) function, which makes the
data for several 2u angles overlap most successfully, and t
optimumS(Q) are obtained. Any significant difference wa
not observed in the overlappedQ region~3 % at maximum!.
The atomic scattering factor was taken from Ref. 23. T
Compton scattering factor were taken from Refs. 24 and
The profile ofS(Q) was deduced from the coherent scatt
ing intensity on the basis of the formula for binary liquids26

The density of liquid under high-PT condition was estimated
from the following three values:~i! the volume of the crys-
talline phase just before melting,~ii ! the volume jump on
melting,27 ~iii ! the thermal expansion of the liquid.28 The
error of the number density was considered to be within 3

We interpolatedS(Q) in the experimentally inaccessibl
Q region~below about 1 Å21) so thatS(Q) at the higher-Q
region smoothly connect to the value atQ50 Å21, S(0),
which is estimated from the number density and the isoth
mal compressibility. The effect of the interpolation on th
profile of g(r ) was negligibly small, sinceS(Q) in the low-
Q region does not modifyg(r ) significantly. Through these
procedures, we obtainedS(Q) over Q region up to 15 Å21.
We obtainedg(r ) by the Fourier transformation ofS(Q),
where we used the method described in Ref. 29 to minim
the error introduced in Fourier transformation. The structu
information is summarized in Table I.

III. RESULTS

In Fig. 2,S(Q) at high pressures are shown. We can se
characteristic hump (Q '3 –3.5 Å21) at high-Q side of the
first peak throughout the pressure region of the present st

e
6
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TABLE I. Structural information ofl-GaSb at high pressures.

CN

P~GPa! Q1 (Å21) Q2 (Å21) Q2 /Q1 S(Q1) S(Q2) r 1 ~Å! r 2 ~Å! r 2 /r 1 Disordereda Orderedb

This study 1.7~1! 2.28 4.85 2.13 1.71 1.12 2.88 6.23 2.13 6.1~5! 6.5~5!

3.0~1! 2.32 4.87 2.10 1.90 1.13 2.90 6.14 2.11 6.4~5! 6.8~5!

3.6~1! 2.33 4.88 2.10 2.05 1.12 2.90 6.09 2.10 6.3~5! 6.7~5!

4.3~1! 2.34 4.84 2.07 2.19 1.12 2.89 6.02 2.07 6.9~5! 7.3~5!

4.7~1! 2.34 4.66 1.99 2.13 1.19 2.95 6.04 2.03 6.8~5! 7.2~5!

5.4~1! 2.35 4.70 1.99 2.26 1.17 2.96 6.01 2.01 6.6~5! 7.0~5!

5.5~1! 2.35 4.68 1.99 2.29 1.18 2.94 6.00 2.03 6.6~5! 7.0~5!

8.3~1! 2.38 4.76 2.00 2.39 1.14 2.94 5.97 2.01 7.9~5! 8.4~5!

10.1~1! 2.41 4.76 1.97 2.48 1.20 2.95 5.85 1.98 8.3~5! 8.8~5!

11.7~2! 2.42 4.80 1.98 2.88 1.17 2.89 5.80 2.00 9.0~5! 9.5~5!

16.7~3! 2.48 4.81 1.94 2.76 1.16 2.88 5.69 1.97 9.1~5! 9.6~5!

19.6~3! 2.50 4.82 1.93 2.78 1.17 2.91 5.63 1.95 10.0~5! 10.6~5!

Estimatedc 0.0 5.6~5! 5.9~5!

Previous study 0.0 5.4~5! d

0.0 5.4e

aCN for the chemically disordered model is calculated assuminggGa-Ga5gSb-Sb5gGa-Sb ~see text!.
bCN for the chemically ordered model is calculated assuminggGa-Ga5gSb-Sb50 in the first coordination shell~see text!.
cThe CN at ambient pressure is estimated by the extrapolation of the data between 1.7 and 8.3GPa assuming the linear relation b
pressure and the CN.

dTaken from Ref. 31.
eTaken from Ref. 32.
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Near ambient pressure~1.7 GPa!, the height of the first peak
is found to be relatively small compared to that for simp
liquids @'2.5–3.0# ~Ref. 30!. The ratio of the wave number
of the second peak to the first peak,Q2 /Q1, which is related
to the anisotropy of the local structure in liquid, is mu
larger than that for simple liquids@'1.86# ~Ref. 30!. These

FIG. 2. S(Q) of l-GaSb at high pressures.
22410
features are commonly observed in previously reportedS(Q)
of l-GaSb at ambient pressure.31 With increasing pressure
the first peak and the hump continuously shift toward
higher-Q value, while the second and third peaks do not sh
markedly. Consequently,Q2 /Q1 ratio decreases with in
creasing pressure. Simultaneously, the height of the first p
increases and that of the hump decreases, while those fo
second and third peaks do not change markedly. If liqu
contract uniformly,S(Q) would merely shift toward a lower-
Q value without changing its profile. The observed chang
suggest thatl-GaSb contracts nonuniformly under pressu
Even by the compression up to 19.6 GPa, the hump
exists and theQ2 /Q1 ratio is still larger than that for simple
liquids. These imply the persistence of an anisotropic lo
structure inl-GaSb even by the compression up to 19.6 G

In Fig. 3,g(r ) at high pressures are shown. We can se
characteristic hump (r'4.0 Å) at larger side of the first
peak near ambient pressure. The trough between the first
second peaks is relatively shallow compared to that
simple liquids. The ratio in the position of the first peak
second peak ing(r ), r 2 /r 1 ('2.13 at 1.7 GPa!, is much
larger than that for simple liquids@'1.84–1.90~Ref. 30!#.
These features are also observed ing(r ) of l-GaSb at ambi-
ent pressure31 although a slight difference is observed in th
position of the hump. With increasing pressure, the first p
does not shift markedly, while the other peaks and the hu
shift toward smallerr values. No detectable change in th
position of the first peak means that the nearest neigh
distance does not change markedly in spite of volume c
traction. Simultaneously, the height of the second and th
6-3



pr
ar

-

r
in
ug
ne

s
is
a-

n,
u

re
rs

e
ot

N.
the
the

oms

-
not
ted

to

f

I,
ted
ring
CN
The
the
han
l
e
on-

ed/
truc-
hly

the
evi-
nty
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peaks increases and that of the hump decreases with
sure, while the height of the first peak does not change m
edly with pressure. If liquid contracts uniformly,g(r ) would
only shift toward a smallerr value without changing its pro
file. The observed changes ing(r ) suggest the nonuniform
contraction ofl-GaSb. The hump ing(r ) becomes smalle
with increasing pressure, and it seems to be incorporated
the first peak above 11.7 GPa. Simultaneously, the tro
between the first and second peaks becomes more promi
These facts imply that the local structure ofl-GaSb tends to
lose the anisotropy with increasing pressure.

The coordination number CN ofl-GaSb at high pressure
is shown in Table I. We calculated the CN from radial d
tribution function RDF on the basis of the following equ
tion:

CNRDF52E
r 0

r max
4pr 2r0g~r ! totaldr. ~1!

Here,g(r ) total is totalg(r ) in Faber-Ziman definition. Ther 0
is the low-r limit of the first peak in RDF, andr max is the r
value at the top of the first peak in RDF. In their definitio
the gtotal is expressed by the sum of the partial pair distrib
tion function of gGa-Ga, gGa-Sb, andgSb-Sb weighted by the
concentration and atomic form factors,

gtotal5
cGa

2 f Ga
2

^ f &2
gGa-Ga1

2cGacSbf Gaf Sb

^ f &2
gGa-Sb1

cSb
2 f Sb

2

^ f &2
gSb-Sb.

~2!

Here,cGa and cSb are the concentrations of Ga and Sb,
spectively. Thef Ga and f Sb are the atomic scattering facto
for Ga and Sb, respectively, and^ f & is the average one. In
this definition, it is assumed thatf (Q) for each atom can be

FIG. 3. g(r ) of l-GaSb at high pressures.
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written by the universalf (Q)uni function multiplied by the
atomic numberZ. The real CN should be calculated from th
partial CNi2j . However, in the present study, we could n
obtain the partial pair distribution functionsgGa-Ga, gGa-Sb,
andgSb-Sb, and therefore, we could not obtain an exact C
In this case, the CN calculated from RDF depends on
assumed model for the chemical short-range ordering. In
case for no tendency of pairing between Ga and Sb at
~chemically disordered model!, the gtotal becomes equal to
gGa-Ga, gGa-Sb, andgSb-Sbas long as the effect of the differ
ence in the atomic diameter between two elements is
taken into account. Consequently, the CN directly calcula
from RDF (CNRDF) becomes equal to the real one (CNreal).

CNreal5CNRDF. ~3!

On the other hand, in the case where the Ga~or Sb! tends to
pair with the Sb~or Ga! atom ~chemically ordered model!
which corresponds togGa-Ga5gSb-Sb50 in the first coordina-
tion shell, the CNreal does not necessarily become equal
CNRDF. The CNreal for the ordered model is calculated from
CNRDF by the following equation under the condition o
cGa5cSb50.5:

CNreal52E
r 0

r max
4pr 2cGar0gGa-Sb~r !dr

52E
r 0

r max
4pr 2cSbr0gSb-Ga~r !dr

5
^ f &2

f Gaf Sb
F2E

r 0

r max
4pr 2r0g~r ! totaldrG

5
^ f &2

f Gaf Sb
CNRDF. ~4!

The CN calculated for both models is shown in Table
where the uncertainty of CN for each model was estima
from the scatter of the data. Since the degree of orde
would be between these extreme cases practically, the
would take a value between the values for these models.
results show that the CN at 1.7 GPa is 6.1/6.5 for
ordered/disordered models. This value is much smaller t
10-11 for simple liquids.30 This fact implies that the loca
structure in l-GaSb is completely different from a simpl
one. With increasing pressure up to 19.6 GPa, the CN c
tinuously increases up to 10.0/10.6 for the order
disordered models. The increase suggests that the local s
ture changes from a low-coordinated form into a more hig
coordinated one with increasing pressure.

The CN at ambient pressure, which is estimated from
present data, was consistent with the value reported pr
ously in Refs. 31 and 32 within an experimental uncertai
~Table I!.
6-4
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FIG. 4. ~Color! S(Q) for l-GaSb at 1.7 GPa
and 19.6 GPa, and those for liquid group IV el
ments at ambient pressure~Ref. 30!. The posi-
tions of the hump inS(Q) for l-GaSb and for
liquid group IV elements are shown by the vert
cal black and red lines, respectively.
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IV. DISCUSSION

A. Structure of liquid

1. Comparison with simple liquids

The profile of S(Q) for simple liquids is empirically
known to have the following characteristics:~i! the profile
has a simple oscillation~without any hump at high-Q side of
the first peak!, ~ii ! the height of the first peak is about 2.5
3.0 just above the melting temperature,~iii ! S(Q) has a
marked trough between the first and second peaks,~iv!
Q2 /Q1 ratio is about 1.86.30 The profile ofS(Q) for l-GaSb
at 1.7 GPa is found to have the completely different char
ters from these ones:~i! S(Q) has a hump at high-Q side of
the first peak,~ii ! the height of the first peak ('1.7) is much
smaller than that for simple liquids,~iii ! the trough between
22410
c-

the first and second peaks is considerably small,~iv! Q2 /Q1

ratio ('2.13) is much larger than that for simple liquid
These suggest that the local structure ofl-GaSb is not simple
near ambient pressure. These characters are also observ
l-Si and l-Ge.33,34 Therefore, an anisotropic local structu
originating in the residual covalent character is also cons
ered to exist inl-GaSb.

With increasing pressure, the deviation from simple l
uids becomes smaller. It is obvious from the followin
pressure-induced changes:~i! the decrease in the height o
the hump,~ii ! the increase in the height of the first peak,~iii !
the growth of the trough between the first and second pe
~iv! the decrease inQ2 /Q1 ratio. These characters imply tha
the local structure inl-GaSb gradually loses the anisotrop
and that the liquid approaches a simple one with increas
for
re
FIG. 5. ~Color! Comparison ofg(r ) between
l-GaSb at 1.7 GPa and 19.6 GPa, and those
liquid group IV elements at ambient pressu
~Ref. 30!.
6-5
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pressure. However, the aforementioned characters are
observed at 19.6 GPa, which suggests that the anisotr
local structure persists up to 19.6 GPa in some amount.

The same conclusion is also obtained fromg(r ). It is
known thatg(r ) for simple liquids have the following char
acteristics:~i! g(r ) shows a simple oscillation without an
hump peak~ii ! the trough between the first and second pe
is prominent,~iii ! the ratio in the position between the fir
and second peaks,r 2 /r 1, is 1.84–1.90.30 The profile ofg(r )
for l-GaSb near ambient pressure~1.7 GPa! is also found to
has the different characters from these ones:~i! g(r ) has a
hump at a larger side of the first peak,~ii ! the trough be-
tween the first and second peaks is less prominent,~iii ! r 2 /r 1
value ('2.13 at 1.7 GPa! is much larger than that for simpl
liquids. These different characters support thatl-GaSb has a
nonsimple local structure.

With increasing pressure, the deviation ofg(r ) from that
for simple liquids becomes smaller; namely,~i! the hump
becomes smaller,~ii ! the trough becomes more prominen
~iii ! r 2 /r 1 ratio becomes smaller. These pressure dep
dences suggest that the local structure ofl-GaSb approache
a simple one with increasing pressure. When we assume
an anisotropic local structure originates in the covalent ch
acter in chemical bonds,l-GaSb is considered to lose th
covalent character gradually with increasing pressure.

2. Comparison with liquid group IV elements

The previously mentioned characters inS(Q) for l-GaSb
are also observed in liquid group IV elements, especially
the liquid phase of the lighter element. The following te
dency is observed as descending from Si to Pb in IV colum
~See Fig. 4!: ~i! the height of the hump becomes smaller,~ii !
the height of the first peak becomes larger,~iii ! the trough
between the first and second peaks becomes more promi
~iv! Q2 /Q1 ratio becomes smaller. These features sugg
that the liquid of the lighter element has the larger anisotro
in the local structure. This is reasonable because the an
ropy is considered to originate in the covalent character
it becomes larger in the lighter element.35 When we compare
the pressure dependence ofS(Q) for l-GaSb with that of the
atomic number dependence in liquid group IV elements
similar tendency is observed: the pressure increase co
sponds to the increase of the atomic number. It is wid
known that the heavier group IV elements have weaker
valent character, sol-GaSb is considered to lose the covale
characters with increasing pressure. This feature is physic
plausible because the increase of the pressure, and the r
ant increase of the electron density, induces the overla
the wave function between atoms, which contributes to m
tallic bonding. The similar tendency also suggests that w
increasing pressure the local structure inl-GaSb changes
from the one similar to that of a light-element liquid into th
of the heavy-element liquid.

When we compareS(Q) of liquid group IV elements with
that for l-GaSb in more details, a slight but significant d
ference is observed. TheS(Q) of liquid group IV elements30

and ofl-GaSb~at 1.7 GPa and 19.6 GPa! are shown in Fig. 4.
Each profile is normalized by the position of the first peak.
the figure,S(Q) for l-GaSb at other pressures is not sho
22410
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becauseS(Q) continuously changes from that at 1.7 GP
into that at 19.6 GPa with increasing pressure. The norm
ized wave number of the hump inS(Q) for l-GaSb is found
to be about 1.39, regardless of pressure. On the other h
the corresponding value for liquid group IV elements
about 1.30, regardless of the chemical species. The di
ence between these values cannot be attributed to the d
ence in the pressure condition, because the normalized w
number of the hump,Qhump/Q1, is almost independent o
the pressure, as is evident from the pressure dependen
the hump position forl-GaSb. The difference implies that th
local structure forl-GaSb is somehow different from thos
for liquid group IV elements. This may be related to th
difference in the ionicity of the chemical bonding betwe
GaSb and group IV elements, or may be attributed to
existence of two chemical species with the different atom
diameters inl-GaSb.

In Fig. 5, g(r ) for liquid group IV elements30 and those
for l-GaSb at 1.7 GPa and 19.6 GPa are shown. Here, e
profile is normalized at the position of the first peak. T
g(r ) for l-GaSb at other pressures are not shown becaus
the same reason described in the comparison ofS(Q). In
g(r ) for liquid group IV elements, the following atomic
number dependencies are observed as descending from
Pb in column: IV ~i! the hump becomes smaller,~ii ! the
trough between the first and second peaks becomes m
evident, ~iii ! the height of all the peaks except the hum
becomes larger,~iv! the r 2 /r 1 ratio becomes smaller. Thi
tendency means that the liquid with the heavier elemen
closer to simple liquids.

When we compare the above-mentioned tendency w
the pressure dependence ofg(r ) for l-GaSb, a similar ten-
dency is observed. This supports the idea thatl-GaSb gradu-
ally loses its covalent character with increasing pressu
Furthermore, the similarity ofg(r ) for l-GaSb at 19.6 GPa to
that for liquid Sn (l -Sn! implies that the local structure o
l-GaSb approaches that inl-Sn with pressure.

B. Pressure dependence of the structure

Previously, the structures ofl-Si and l-Ge have been in-
vestigated up to 23 GPa and 25 GPa, respectively.5,6 The
following pressure-dependence is observed inS(Q) for l-Si
and l-Ge: With increasing pressure,~i! the height of the
hump becomes smaller,~ii ! the height of the first peak in
creases,~iii ! the trough between the first and second pe
becomes more prominent,~iv! Q2 /Q1 ratio becomes smaller
These dependencies are the same as those observ
l-GaSb. This implies that the pressure-induced modificat
of local structure forl-GaSb is qualitatively the same a
those forl-Si andl-Ge.

However, when we compare the pressure depende
quantitatively in more details, we find the marked differen
in the pressure range where the hump exists. The hump
comes less prominent above 14 GPa inl-Si ~Ref. 5! and
above 18 GPa inl-Ge.6 On the other hand, the hump is sti
evident even at 20 GPa inl-GaSb. In crystalline states, th
transition pressure is empirically known to become lower
the materials with the larger atomic number. On the basis
6-6
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STRUCTURE OF LIQUID GaSb AT PRESSURES UP TO . . . PHYSICAL REVIEW B68, 224106 ~2003!
this empirical rule, the hump ofl-GaSb should become les
prominent at the lower pressure thanl-Si andl-Ge. The per-
sistence of the hump at the anomalously high pressur
l-GaSb supports the idea that the origin of the hump inS(Q)
for l-GaSb is somehow different from those forl-Si andl-Ge.

C. Contraction process

1. Comparison with simple liquids

In order to elucidate the contraction process ofl-GaSb,
the peak positions ing(r ) are shown against the cube root
the volume which corresponds to the average interato
distance~Fig. 6!. Here, each value is normalized by the r
spective value at ambient pressure.36 For comparison, the
line for the uniform contraction model is also shown. We fi
that the pressure dependence of the first peak deviates la
from the line for the uniform contraction, while those of th
second and third peaks lie approximately along the line. T
clearly shows thatl-GaSb contracts nonuniformly. This be
havior is completely different from the high-pressure beh
ior for liquid alkali metals.37

Since the position of the first peak corresponds to
nearest-neighbor distance, the above result means tha
nearest-neighbor distance does not change significantl
spite of the volume contraction. From the pressure dep
dence of the first peak and that of the mean atomic dista
it can be said that the nearest-neighbor distanceincreases
with increasing pressure. This picture is supported by the
that the pressure-induced increase in the CN, which is u
ally accompanied with the increase of the nearest-neigh
distance, is simultaneously observed in the present st
The apparent constancy in the nearest-neighbor distance
der pressure, as previously notified, would be explained
the result of the cancellation between the decrease of

FIG. 6. Normalized position of the peaks ing(r ), r i(P)/r i(0),
at high pressures as a function of@V(P)/V(0)#1/3. The r 1 , r 2, and
r 3 mean the positions for the first, second, and third peaks ing(r ),
respectively. These values are determined by the Gaussian fittin
theg(r ) in the r region withg(r ) . 11 9/10 (gmax21) for r 1 and
in the r region withg(r ) . 1 for r 2 andr 3, wheregmax means the
height of the first peak. The uniform contraction model is shown
the dotted line. The thin lines are only guide for the eye.
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nearest neighbor distance by compression and the increa
it by the gradual change of the local structure from a lo
pressure form with the smaller nearest-neighbor distance
a high-pressure form with the larger one.38 The cancellation
by this mechanism is actually found to occur inl-GaSb from
the results of the local structure analysis ofl-GaSb as shown
later in Sec. IV D.

2. Comparison with c-GaSb

To compare the contraction behaviors between the liq
and crystalline states is important for knowing the effect
the disorder in the atomic arrangement on the contract
The following phases are reported inc-GaSb in the pressure
region below 20 GPa: the zinc-blende structure, the s
disordered b-Sn structure,14,15 the orthorhombic Imma
phase,17 and the orthorhombicAmmm phase.4 All these
phases are considered to show a uniform or an almost
form contraction. For example, the zinc-blende struct
contracts uniformly by the application of hydrostatic pre
sure. The orthorhombicImmaphase, which has the degree
freedom in two axial ratios (b/a and c/a) and an internal
coordinate, is known to contract almost uniformly witho
the significant change in these parameters.17 Although the
contraction process for GaSb with these structures has
been reported yet, the site-disorderedb-Sn and orthorhombic
Ammmphases are also expected to contract uniformly fr
the results for Ge.39 The uniform contraction inc-GaSb is
natural because the chemical bonding in these structu
which is thesp3 hybrid bonding and/or the metallic bonding
does not have dispersion of the bond strength in the chem
bonds.

Contrary to the crystalline phases,l-GaSb shows a non
uniform contraction. Two mechanisms can be considered
an origin of the nonuniform contraction. One is the deform
tion of the local structure under pressure. In liquid states,
wide variation in bond length and bond angle is allowed d
to the absence of the periodicity. Therefore, the local str
ture can be easily deformed by the variation of the bo
length and bond angle under pressure. The other mecha
is the change in the ratio of several local structures coex
ing in liquid states. As expressed by two-species mo
~TSM!,40 l-GaSb may consist of a mixture of several loc
structures. WhenS(Q) andg(r ) for each local structure are
different from each other and the mixing ratio of the loc
structure changes with pressure,S(Q) andg(r ), which com-
prise S(Q) and g(r ) for each local structure, also chang
with pressure. In such case, the liquid shows the appare
nonuniform contraction. The nonuniform contraction
l-GaSb is considered to be caused by this mechanism f
the results of the local structure analysis as shown in
following subsection.

D. Estimation of the local structure

Previous studies on liquid group IV elements have s
gested that the local structure in the liquids is similar to tho
in the high-pressure crystalline phases.7,33,41,42Sincel-GaSb
is denser than zinc-blende-type GaSb at ambient pressu
liquid group IV elements are, the same idea may be ap

of

y
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FIG. 7. ~Color! Experimentalg(r ) and simu-
lated one for several crystal structures:~a! at 1.7
GPa and~b! at 19.6 GPa.
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cable for l-GaSb. In order to estimate the local structure
l-GaSb, we compared the experimentally determinedg(r )
with those simulated from the crystal structures reported p
viously in group IV elements and III-V compounds. To ta
the similarity of short-range order between liquid and cr
talline states into account, we have simulatedg(r ) for liquid
by giving a Gaussian-type bond-length distribution tog(r )
for the crystalline phases~distorted crystalline model: Se
Sec. 1 of the Appendix!.

In binary liquids, the chemical short-range order a
modifies the profile ofS(Q) and g(r ). In the simulation,
l-GaSb is assumed to have no chemical ordering becaus
the small ionic character ofl-GaSb.43 Even in the case tha
l-GaSb had a complete chemical ordering, the effect on
profile of S(Q) andg(r ) was found to be negligible due t
the small difference in the x-ray atomic scattering factor
tween Ga and Sb.

We first compared the experimentalg(r ) with those simu-
lated from a single local structure in several crystalli
phases~single-species model!. Next, we considered the pos
sible coexistence of two local structures~TSM!. This idea
was originally postulated by Klement40 and was extended b
Rapoport using statistical mechanics to explain the mel
curve maxima under pressure.1 In Rapoport’s model, the
fraction of two species are quantitatively related to the ex
nal parametersP andT. Hereafter, we call his model ‘‘Rapo
port’s TSM’’ to distinguish it from Klement’s TSM. The va
lidity of Rapoport’s TSM is confirmed by the goo
agreement of the experimental electric properties with th
calculated on the basis of the model.44,45

1. Analysis by the single-species model

First of all, we examined the possible existence of
local structure similar to the crystalline phases previou
reported inc-GaSb. The profile ofg(r ) for the liquid with
each local structure were simulated by the distorted crys
22410
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line model. The lattice parameters for each structure w
estimated from the number density ofl-GaSb at high
pressures.46 In the simulation ofg(r ) for the b-Sn-like, the
SH-like, and the orthorhombicImma-like local structures, we
used the previously reported structural parameters, suc
the axial ratios and the internal coordinates.4,16,17When the
simulatedg(r ) could not successfully reproduce the expe
mentalg(r ), we modified these parameters.

The typical results of the analysis are shown in Fig. 7. T
g(r ) for the orthorhombicImma-like andAmmm-like struc-
tures are not shown becauseg(r ) for these structures ar
almost the same as those for theb-Sn-like and SH-like struc-
tures, respectively. The simulatedg(r ) for the zinc-blende-
like structure does not reproduce the experimentalg(r ) at
1.7 GPa in terms of the presence of the hump and the p
tions of the peaks. On the other hand,g(r ) for theb-Sn-like
structure successfully reproduces the general features o
experimentalg(r ) at 1.7 GPa. This suggests that the loc
structure ofl-GaSb at 1.7 GPa is close to the site-disorde
b-Sn structure, rather than the zinc-blende structure. Thi
not so surprising becausel-GaSb is considered to consist o
the denser local structure than the zinc-blende-like one
ambient pressure.

Although g(r ) simulated for theb-Sn-like structure re-
produces the general features of the experimentalg(r ) at 1.7
GPa, the slight differences are still observed in the posit
of the peaks and the hump. The difference could not be
proved even when we use another axial ratio. The chang
the axial ratios ofc/a andb/a and the internal coordinate
from those for theb-Sn structure, which corresponds to th
simulation using the orthorhombicImmastructure, does no
improve the fitting results. It may imply thatl-GaSb cannot
be described by a single local structure.

When we compare the experimentalg(r ) at 19.6 GPa
with that simulated from the zinc-blende structure, a mark
difference is observed. Even when we use theb-Sn-like lo-
6-8
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STRUCTURE OF LIQUID GaSb AT PRESSURES UP TO . . . PHYSICAL REVIEW B68, 224106 ~2003!
cal structure in the simulation, the large difference is o
served both in the position of the peaks and the height of
hump. This suggests thatl-GaSb at 19.6 GPa cannot be d
scribed by theb-Sn-like local structure anymore, and th
the local structure of the liquid changes from theb-Sn-like
one into another one with increasing pressure. Since the
perimentalg(r ) andS(Q) change continuously with increas
ing pressure, the change of the local structure is consid
to be gradual.

To check the possible existence of another local struc
except the high-pressure crystalline phases of GaSb,
comparedg(r ) with those simulated for the crystal structur
reported previously in group IV elements and other III
compounds. The following other structures have been pr
ously reported in Si, Ge, Sn, AlSb, GaAs, GaP, InAs, and
in the pressure region below 30 GPa: a bcc structure, a b
centered tetragonal~bct! structure, an orthorhombicCmcm
structure, and NaCl-type structure.3,39,47–54The results of the
comparison are shown in Fig. 7. Theg(r ) simulated for the
bct and the orthorhombicCmcmstructures are not show
becauseg(r ) for these structures are almost the same
those for bcc and NaCl-type structures, respectively. T
g(r ) simulated for any crystal structures could not reprodu
the experimentalg(r ). All these analyses using the singl
species model could not explain the experimentalg(r ) at
19.6 GPa. However, when we see the results of the comp
son more carefully, we find that the experimentalg(r ) at
19.6 GPa is close to the profile averaged between those
theb-Sn-like and bcc-like structures over wholer region up
to 10 Å. Furthermore, when we compare the experime
g(r ) at other pressures with the simulated ones, we find
experimental one goes through the intersection points of
g(r )’s for b-Sn and bcc-like local structures. This implie
the possibility that the experimentalg(r ) is expressed by the
linear combination of thoseg(r )’s simulated for these two
crystal structures.

2. Analysis by theTSM

Motivated by the above-mentioned results, we analy
g(r ) assuming that the liquid consists of a mixture of tw
local structures similar to those observed in crystall
phases. This does not necessarily mean the existence o
microcrystallines, but means the existence of two kinds
the short-range orders similar to those observed in the c
talline phases.

We simulatedg(r ) for the liquid with two local structures
similar to those in crystalline phases on the basis of the
mulas shown in Sec. 2 of the Appendix. As for two crys
structures, various pairs are used from those realized
group IV elements and III-V compounds, which are alrea
mentioned in the preceding section. To fit the experimen
g(r ) by the simulated one, we employed the following p
rameters:~i! the number densityr0, which determines the
lattice parameters for each structure,~ii ! s1 and t, which
determine the dispersion for the Gaussian,~iii ! the fraction of
the high-pressure form,x. We determined these paramete
by minimizing the average differenceR between the ob-
served and calculatedg(r ):
22410
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Here,r 0 andr N-1 are respectively, taken as 2.2 Å@the low-r
limit of the first peak ing(r )] and 10.0 Å. Results of the
fitting are shown in Fig. 8 and Table II. We obtained a fair
good agreement between the experimental and simul
g(r ) when we used the pair of theb-Sn and bcc structures
rather than the pair of the zinc-blende andb-Sn structures
which are the stable crystalline phases in the pressure ra
of the present study. By using TSM, the fitting is improv
compared to that using the single-species model. The f
tion for the b-Sn-like and bcc-like local structures at hig
pressures is shown in Fig. 9 and Table II, where the unc
tainty of the fraction is estimated from the residuals of t
fitting. The fraction forb-Sn-like local structure continu
ously decreases and that for the bcc-like one increases
increasing pressure. This indicates that the local structur
l-GaSb gradually changes from theb-Sn-like structure into
the bcc-like one with increasing pressure. This view is co
sistent with the experimentally observed increase in the
from about 6 at 1.7 GPa to about 10 at 19.6 GPa because
continuous change of the local structure causes the con
ous increase of the CN from 412 ~Ref. 55! for theb-Sn-like
one into 618 ~Refs. 55 and 56! for the bcc-like one.

When we assume that the pressure-induced change o
local structure is continuous, we can estimate the fraction
the bcc-like local structure at ambient pressure by the
trapolation of the data at pressures below 4.3 GPa. The
sults show that the fractions for theb-Sn-like and bcc-like
local structures are, respectively, 1.0060.04 and 0.0060.04
at ambient pressure. This implies thatl-GaSb can be de
scribed only by theb-Sn-like local structure at ambient pre
sure.

In l-GaSb, the liquid-liquid phase transition with the di
continuous volume change at 4–8 GPa, depending on t
perature, was suggested from the results of thermob
analysis57 and from the discontinuous change in the slope
the melting curve.11 The present result shows a slight jum
of the fraction of the high-pressure form,x, between 4.3 GPa
and 4.7 GPa, although the uncertainty ofx is comparable to
the jump. The liquid-liquid phase transition reported in R
57 may be related to the discontinuous change of the lo
structure from theb-Sn-like one into bcc-like one.

In the analysis using TSM, the existence of bcc-like loc
structure which has not been reported inc-GaSb was con-
firmed. The existence of the bcc-like local structure in liqu
state can be understood by either of the following tw
mechanisms. One is the appearance as a result of the lo
ing of transition pressure fromb-Sn-like into the bcc-like
local structures in the liquid state due to the preference of
coexisting state originating from mixing entropy.58 The other
mechanism is the appearance of the simple-liquid met
rather than the bcc-like local structure. It is found thatg(r )
simulated for the bcc-like-local structure with the distortio
successfully explainsg(r ) for simple liquids. Therefore, the
expression of the experimentalg(r ) by a mixture with the
bcc-like local structure may imply the existence
6-9
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FIG. 8. ~Color! Experimental and simulated
g(r ) for l-GaSb at high pressures. The profile
g(r ) is simulated by the linear combination o
g(r ) for the b-Sn-like and bcc-like structures
whereg(r ) for each structure is weighted by th
fractional ratio. The difference between the e
perimental and simulatedg(r ) is also shown.
th
ore
ed
by
the simple-liquid-like structure. The same coexistence of
covalent (b-Sn-like! local structure and the metallic~bcc-
like! one is also suggested by Koḡa and Yonezawa7 for l-Ge
on the basis of the simulation studies.
22410
e E. Application of Rapoport’s TSM

To understand the change of the local structure m
quantitatively, we analyzed the experimentally determin
PT dependence of the fraction of the high-pressure form
6-10
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STRUCTURE OF LIQUID GaSb AT PRESSURES UP TO . . . PHYSICAL REVIEW B68, 224106 ~2003!
Rapoport’s TSM.1 In his model, the fraction of the high
pressure form,x, is related to the pressure and temperat
by the following equation:

kBT ln
x

12x
1~122x!w5Dm0 ~Dm05De02TDS0

1PDV0!. ~6!

Here,kB is a Boltzmann constant andw is the energy neede
for the replacement of a like pair of the local structures w
an unlike pair. The parametersDm0, De0, DS0, andDV0 are
the differences in the chemical potential, internal energy,
tropy, and volume between the low- and high-pressure for
respectively. These parameters are assumed to be inde
dent of the pressure and the temperature. First, we de
mined these parameters through the fitting of the fraction
the high-pressure form by this model. Next, we draw

TABLE II. Fraction of theb-Sn-like and bcc-like local struc
tures at high pressures and the reliable factor for the fitting,R

Fraction

P ~GPa! b-Sn bcc R

1.7~1! 0.92~1! 0.08~1! 0.06
3.0~1! 0.86~1! 0.14~1! 0.05
3.6~1! 0.85~1! 0.15~1! 0.05
4.3~1! 0.82~1! 0.18~1! 0.05
4.7~1! 0.77~1! 0.23~1! 0.06
5.4~1! 0.74~1! 0.26~1! 0.04
5.5~1! 0.73~1! 0.27~1! 0.04
8.3~1! 0.71~1! 0.29~1! 0.04
10.1~1! 0.66~1! 0.34~1! 0.05
11.7~2! 0.64~1! 0.36~1! 0.05
16.7~3! 0.60~1! 0.40~1! 0.03
19.6~3! 0.57~1! 0.43~1! 0.04

FIG. 9. Fraction for theb-Sn-like and bcc-like local structure
in l-GaSb at high pressures.
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isofraction lines for the high-pressure form inPT space on
the basis of the parameters obtained by the fitting.

The result of the fitting is shown in Fig. 10. ThePT
dependence of the fraction of the high-pressure form is s
cessfully explained by Rapoport’s TSM, which supports t
applicability of TSM to l-GaSb. The following values are
determined by the fitting:De051.1310220 J/atom, DV0

52.5 Å3/atom, DS054.7310223 (53.4kB) J/K per atom,
w51.3310221 (50.091kBT at T51000 K) J/atom. These
parameters are found to be consistent with available d
The value ofDV0 is expected to take a similar value to th
volume difference between theb-Sn-type GaSb and bcc-typ
GaSb @'1.5–2.2 Å3/atom. ~Ref. 59!# The experimentally
determined value (DV052.5 Å3/atom) is found to agree
with this value within the experimental uncertainty. In Rap
port’s TSM model, the liquid with the largerw value than 2.0
kBT tends to separate into the low- and high-density liqui
Since we did not observe the phase separation in this st
w should be smaller than 2.0kBT. The experimentally deter
mined w value (w50.091kBT at T51000 K) satisfies this
condition.

The isofraction lines for the bcc-like local structur
which are calculated using the above-mentioned parame
are shown in Fig. 11. At ambient pressure and the temp
ture just above the melting point, most part of the liqu
consists of theb-Sn-like local structure. With increasin
pressure and decreasing temperature, the fraction of
b-Sn-like local structure decreases and that of bcc-like
increases continuously.

F. Pressure-induced change of the local structure

1. Comparison with c-GaSb

When we compare the local structures and the press
induced structural change betweenl-GaSb andc-GaSb, we
find several marked differences. One of the differences is
pressure interval for the structural change. The local str
ture gradually changes over wide pressure region inl-GaSb,

FIG. 10. Results of the fitting of thePT dependence of the
fraction for the high-pressure form by Rapoport’s TSM. The refin
parameters are shown in Table III.
6-11
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while the local structure suddenly changes at a certain p
sure in c-GaSb. The wide pressure interval for the liqu
would be related to the large stability of the coexisting st
of the several local structures in liquid. This can be und
stood in terms of two points. One is the small interfac
energy at the boundary region between two local structu
in liquid states. When several local structures coexist,
potential energy increases due to the mismatch of the b
length and bond angle at the boundary region. However,
liquid state can avoid it by the slight modification in th
geometry of each local structure with the help of the flexib
ity in the bond length and bond angle. On the other hand,
crystalline states can not avoid it because the local struc
cannot change the bond length and bond angle freely du
the restriction of the translational symmetry. The second r
son is the large mixing entropy for liquid state with seve
local structures. At high temperature, the entropy ter
2TS plays an important role as well as the potential and
PV terms. When we consider the entropy of mixing seve
local structures, it would be much larger in liquid states th
in crystalline states since the various arrangements of
local structure are possible in liquid states due to the w
distribution of the bond length and bond angle. From
above-mentioned reasons, the liquid with several local st
tures is considered to be stabilized because the gain o
free energy by mixing several local structures is larger th
the increase of the interfacial energy caused by the b
disorder. On the other hand, the crystalline phase with s
eral local structures is not possible due to the less gain in
energy by mixing than the increase of the interfacial ene

Another difference betweenl-GaSb andc-GaSb is the
pressure where the structural change starts. Now, we t
that both states take basically the same high-pressure
quence in the local structures from the zinc-blende struct
which is considered to exist at~imaginary! negative pressure
in l-GaSb, into theb-Sn-like and/or the related structure
and then into the bcc-like local structure. However, the pr
sure range showing this sequence shifts toward the lo
pressure inl-GaSb compared toc-GaSb. For example, th
first structural change~from the zinc-blende structure int
theb-Sn one! has already completed at ambient pressure
the second change~from theb-Sn structure into the bcc one!

FIG. 11. Iso fraction lines calculated for bcc-like local structu
in PT plane forl-GaSb. Phase boundary is drawn in the same w
as shown in the caption of Fig. 1.
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starts at about 0–2 GPa inl-GaSb, while the first change
occurs at 6–7 GPa and the second one does not start eve
the compression up to 35 GPa inc-GaSb. This difference
may be related to the difference of the stability of each lo
structure in the liquid state and in the crystalline state. Wh
we compare the aforementioned three structures, the s
ture becomes less tolerant for the bond angle variation in
order of the bcc,b-Sn, and zinc-blende structures, due
more covalent~less metallic! character in the chemica
bonds. Since in liquid states, the bond angle is widely d
tributed due to the large atomic movements and no c
straints for periodicity, the liquid would tend to prefer th
local structure which is tolerant for the bond angle variatio
such as the bcc-like or theb-Sn-like local structure. Becaus
of this reason, theb-Sn-like and bcc-like local structures ar
considered to be observed at much lower pressure inl-GaSb.

2. Comparison with l-Si

In l-Si, it is reported that the local structure changes dr
tically within a relatively narrow pressure range. This beha
ior is considerably different from that ofl-GaSb, in which
the local structure gradually changes over a wide press
region. Although the detailed mechanism of the dras
change inl-Si is still unknown, the different behavior may b
explained by the anomalously narrow stable pressure ra
for the b-Sn-like local structure inl-Si compared to that in
l-GaSb. It is reported that the crystalline Si shows the f
lowing high-pressure sequence in the pressure range b
30 GPa: the diamond structure transforms intob-Sn struc-
ture at 12 GPa, and then into the orthorhombicImmaphase
at 13 GPa, and then into the SH structure at 16 GPa.47,49,50,53

This sequence is typical among the tetrahedrally bonded
terials, such as Ge and other III-V compounds. However,
stable pressure range for theb-Sn and the relatedImma
phases is known to be anomalously narrow in S
('4 GPa) compared to Ge@'70 GPa~Refs. 39 and 60!#
and GaSb@'13 GPa ~Ref. 4!#. Assuming that the loca
structure changes in the similar way to crystalline phas
l-Si may drastically change its local structure from a lo
pressure form into another high-pressure one~probably SH
structure! passing through theb-Sn-like local structure since
the stable region for theb-Sn phase is narrow.

3. Comparison with liquid Cs„ l-Cs) and liquid Te„ l-Te)

The pressure dependence of the fraction for the hi
pressure form has been investigated forl-Cs andl-Te.44,45

Compared to these results, it is found that much higher p
sure is required for the complete conversion from the lo
pressure form into the high-pressure one inl-GaSb. Actually,
the application of the pressure of about 20 GPa only indu
the change of the fraction from 0.0 to about 0.5 forl-GaSb,
while the application of only 5 GPa and 1.5 GPa is lar
enough for the almost complete conversion forl-Cs andl-Te,
respectively. This difference can be understood by the sm
values ofDV0 andw for l-GaSb. The conversion rate of th
local structure at the constantT is expressed by1

y
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TABLE III. Parameters of Rapoport’s TSM forl-GaSb,l-Cs, andl-Te.

Material De0 ~J/atom! DV0 (Å3/atom! DS0 ~J/Kper atom! v ~J/atom!

v

kBT

l -GaSba 1.1310220 2.5 4.7310223 1.3310221 0.091b

l -Csc 22.0310220 5.7 27.0310224 1.0310220 1.5b

l -Te d 2.9310222 2.5 1.1310224 2.0310220 2.01b

aThis study.
bThe values forl-GaSb,l-Cs, andl-Te are calculated at the temperatures of 1000 K, 493 K, and 737
respectively.

cRecalculated using the parameters in Ref. 44.
dRecalculated using the parameters in Ref. 45.
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1

x~12x!
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. ~7!

At x50.5, the value takes a maximum

S ]x

]PD
T

~atx50.5!5

DV0

kBT

422
w

kBT

. ~8!

This value becomes a good scale for measuring the con
sion rate. Small values ofDV0 and w lead to the gradua
change of the local structure. The comparison of these va
~Table III! reveals thatDV0 and w for l-GaSb are in fact
smaller than those forl-Cs andl-Te, and explains gradua
change of local structure forl-GaSb against pressure.

G. Origin of the hump of S„Q…

From the analysis of the local structure, we have e
mated the origin of the hump inS(Q) for l-GaSb. The com-
parison of the experimentalS(Q) at 1.7 GPa and 19.6 GP
with those simulated for theb-Sn-like and bcc-like struc-
tures weighted by the determined fraction is shown in Fi
12~a! and 12~b!. Here, the horizontal axis is scaled by th
position of the first peak. The comparisons ofS(Q) at other
pressures are not shown because similar results are obta
We can find that the hump in the experimentalS(Q) comes
from that of S(Q) for the b-Sn-like local structure both a
1.7 GPa and 19.6 GPa. This implies that the hump inS(Q)
for l-GaSb originates in theb-Sn-like local structure at any
pressure.

As already shown in Fig. 4, the normalized position of t
hump for liquid group IV elements is slightly deviated fro
that for l-GaSb. Consequently, the position of the hump
S(Q) for theb-Sn-like local structure does not show a go
agreement with that for liquid group IV element. To expla
the origin of the hump for liquid group IV elements, we ne
to consider the large deformation from theb-Sn-like local
structure or the existence of another local structure.
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H. Contraction mechanism

1. Contraction of l-GaSb

As already mentioned, two main mechanisms are con
ered for a nonuniform contraction of liquids. One is the no
uniform contraction originating in the deformation of the l
cal structure due to the dispersion in the strength of
chemical bonds. The other is the nonuniform contract
originating in the pressure-induced change in the fraction
the several local structures. The nonuniform contraction
served in l-GaSb is considered to be caused by the la
mechanism.

In the present study, the nonuniform contraction inl-GaSb
is confirmed from an anisotropic change of the profiles
S(Q) andg(r ) under pressure and the different pressure
pendence in the positions of the first, second, and third pe
in g(r ). As evident in Fig. 7, the profiles ofS(Q) andg(r )
are different between theb-Sn-like and bcc-like local struc
tures. Since the totalS(Q) and g(r ) are expressed by th
linear combination of those for two local structures, t
pressure-induced change of the fraction causes the modi
tion of S(Q) andg(r ) under pressure. The different pressu
dependence of peak positions is also explained by
mechanism. As shown in Fig. 7, each peak position ing(r ) is
different between theb-Sn-like and bcc-like local structures
Therefore, when the fraction of the local structure chan
with pressure, the positions of first, second, and third pe
in g(r ) also show the different pressure dependence.
aforementioned two evidences for the non-uniform contr
tion of l-GaSb can be explained by the pressure-indu
change in the fraction of the high-pressure form. Therefo
the nonuniform contraction inl-GaSb is considered to b
caused by the gradual change of the local structure from
b-Sn-like one and bcc-like one under pressure.

2. Comparison with liquid group IV elements

It is reported thatl-Si contracts uniformly in the pressur
region below 8 GPa and above 14 GPa.5 However,l-Si also
seems to contract nonuniformly becauseQ2 /Q1 value,
which is expected to be constant regardless of pressure
the uniform contraction, changes with pressure. Inl-Ge, the
profiles forS(Q) andg(r ) also change with increasing pre
sure, together with the change ofQ2 /Q1 ratio.6 These results
6-13
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FIG. 12. ~Color! Experimental S(Q) for
l-GaSb~a! at 1.7 GPa and~b! at 19.6 GPa and the
simulatedS(Q) for the b-Sn-like and bcc-like
structures weighted by the fractional ratio. Th
horizontal axis is normalized by the wave numb
of the first peakQ1. The profile ofS(Q) which is
generated by the linear combination of those f
the b-Sn-like and bcc-like structures is als
shown.
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suggest that both liquids show a nonuniform contract
similar to that forl-GaSb. Although the detailed contractio
mechanisms for these liquids are still unknown, these liqu
are also considered to contract nonuniformly through
pressure-induced change in the fraction of the high-pres
local structure by considering the similarity of Si and Ge
GaSb in the nature of the chemical bond and the hi
pressure sequences in the crystalline phases. Though, th
tailed mechanism of the contraction for these liquids sho
be investigated through the quantitative analysis of the lo
structure.

3. Comparison with the liquids with a low-dimensional network

Previously, the contraction processes of liquid chalcog
and liquid Halogen have been investigated.6,9,61–63These liq-
uids form a low-dimensional network due to the small C
These liquids are also known to contract nonuniformly un
pressure. The mechanism of the nonuniform contraction
these liquids, however, seems to be different from that
l-GaSb.
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The liquid chalcogens, such as liquid Se (l -Se! and l-Te,
consist of one-dimensional chains. Each atom is tigh
bonded to two neighbors within a chain by the covale
bonds, while each chain is bonded to the adjacent chain
much weaker bond. With increasing pressure, the weake
trachain bond contracts selectively. The nonuniform contr
tion of the liquid chalcogen is considered to be caused by
anisotropic contraction of the local structure.

The similar contraction mechanism is applicable for li
uid halogen.6 The liquid Iodine consists of the molecule o
the paired atoms. Each atom is tightly bonded to a neigh
atom with the covalent bonding, while the molecules a
loosely bonded to each other by a much weaker bond. W
increasing pressure, the weaker intermolecular bond c
tracts selectively. The nonuniform contraction in liquid i
dine is also caused by the anisotropic contraction of the lo
structure. As observed in these examples, the liquids wit
low-dimensional network contract nonuniformly due to t
dispersion in the strength of the chemical bonds. This mec
nism is completely different from that of nonuniform con
6-14
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STRUCTURE OF LIQUID GaSb AT PRESSURES UP TO . . . PHYSICAL REVIEW B68, 224106 ~2003!
traction in the liquid of tetrahedrally bonded materials w
less dispersion in the strength of the chemical bonds.

V. CONCLUSION

In order to elucidate the local structure and the press
induced change for the liquids of tetrahedrally bonded ma
rials, we have investigated the structure ofl-GaSb at high
pressures up to 20 GPa by synchrotron x-ray-diffract
measurements. We have revealed the contraction proce
l-GaSb from the precisely determinedg(r ). We also identi-
fied the local structure and its pressure-induced change
applying the distorted-crystalline model and TSM to the e
perimentalg(r ) quantitatively. We also applied Rapoport’
TSM to the PT dependence of the fraction of the hig
pressure form from the experimentalg(r ). These results
were compared with those forc-GaSb, liquid group IV ele-
ments, and the liquid with a low-dimensional network. T
main results of this study are listed below.

~i! The l-GaSb contracts nonuniformly, which is com
pletely different from a uniform contraction for simple liq
uids.

~ii ! The local structure ofl-GaSb is described by the mix
ture of the local structures (b-Sn-like and bcc-like local
structures! similar to the high-pressure phases ofc-GaSb,
rather than that similar to an ambient form, zinc-blen
structure. The fraction of the high-pressure form contin
ously increases as the pressure is raised.

~iii ! Two local structures coexist over a wide pressure
gion below 20 GPa.

~iv! The local structures of the high-pressure phases
served inc-GaSb (b-Sn-like and bcc-like local structures!
appear at much lower pressure inl-GaSb.

~v! The pressure and temperature dependence of the
structures is successfully explained by Rapoport’s TSM.
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APPENDIX

1. Method for simulating g„r … for liquids: Distorted
crystalline model

It is natural to consider that a short-range order in liqu
states is similar to those in the crystalline states. Taking
into consideration, we simulateg(r ) for the liquid from that
for the crystalline phase.

The pair distribution functiong(r ) for a crystalline phase
is expressed by
22410
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gcrystal~r !5
1

4pr 2r0
(
i 51

N

d~r 2r i !, ~A1!

where r i is the interatomic distance toi th atom from the
atom centered at origin,N is the number of atoms, andr0 is
the average number density. For the preservation of the n
ber of atoms,gcrystal(r ) satisfies the following condition:

E
0

`

4pr 2r0gcrystal~r !dr5N. ~A2!

In the simulation ofg(r ) for liquid, we give a Gaussian
type fluctuation to the interatomic distance for expressing
wide distribution in the bond length and bond angle in liqu
The contribution of thej th atom at a distancer j to g(r ) is
expressed by

gj~r !5
Aj

A2ps j

e2(r 2r j)
2/2s j

2
, ~A3!

wheres j is the dispersion of the Gaussian distribution forj th
atom, andA is a scaling factor. The factor is determined fro
the following condition for the preservation of the number
an atom:

E
0

`

4pr 2r0gj~r !dr51. ~A4!

By solving this equation, we obtain the following scalin
factor:

Aj5
1

4pr0~r j
21s j

2!
. ~A5!

In order to include the gradual decrease in the short-ra
order with the increase of the interatomic distance, the d
persion of the Gaussian,s j , is enlarged with the increase o
the interatomic distance:

s j5S r j

r 1
D t

s1 . ~A6!

Here, r 1 is the interatomic distance of the nearest-neigh
atom, ands1 is the dispersion of the Gaussian for the ato

We obtaing(r ) for liquid by the summation of thegj(r )
over all atoms, as shown by the following equation:

g~r !5(
j 51

N

gj~r !. ~A7!

The similar methods have been reported previously in R
64 and 65. Compared to the formula in Ref. 64, the para
eter t is kept as a variable in this study. It is because t
parameter can not be determineda priori due to the uncer-
tainty of the decay rate for the order in the bond length a
in bond angle. Compared to the formulas in Ref. 65,
scaling factorAj is improved in our formulas because th
number of atoms is not preserved in their formula.
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2. Method for simulating g„r … for the liquids with two local
structures: TSM

Generally,g(r ) for the liquid with two constituents of the
low- and high-pressure forms~LPF and HPF! is expressed by

g~r !5~12x!2gLPF-LPF~r !1x2gHPF-HPF~r !

12x~12x!gLPF-HPF~r !. ~A8!

Here, x is the fraction of the HPF, andgLPF-LPF(r ),
gHPF-HPF(r ), andgLPF-HPF(r ) are the partialg(r ) for the pair
between LPF’s, HPF’s, and LPF-HPF, respectively. When
assume that the partialg(r ) between different forms is ex
pressed by the average of the partialg(r )’s between the same
forms as

gLPF-HPF~r !5
gLPF-LPF~r !1gHPF-HPF~r !

2
, ~A9!

the totalg(r ) is expressed by the linear combination ofg(r )
for the same forms:

g~r !5~12x!gLPF-LPF~r !1xgHPF-HPF~r !. ~A10!

On the basis of these formulas, we can obtain a totalg(r ) for
the liquid with two local structures.

Here, even if the approximation expressed by Eq.~A9! is
not correct, the general feature of formula~A10! does not
change so much regardless of the model used. For exam
if the different forms do not have any short-range order, i
g(r ) between different forms is constant independent or,
the totalg(r ) can be expressed by

g~r !5~12x!2 gLPF-LPF~r !1x2gHPF-HPF~r !12x~12x!.
~A11!

Even in this case,g(r ) can be expressed by the combinati
of gLPF-LPF(r ) andgHPF-HPF(r ) although the coefficient is no
a linear one. In another case, ifgLPF-HPF(r ) is expressed by
the linear combination ofgLPF-LPF(r ) andgHPF-HPF(r ) with a
different weighty as shown by the following equation,
-

on

H.
l.

22410
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gLPF-HPF~r !5~12y! gLPF-LPF~r !1y gHPF-HPF~r !,
~A12!

the g(r ) can be expressed by

g~r !5wLLgLPF-LPF~r !1wHHgHPF-HPF~r !, ~A13!

wLL5~12x2!22x~12x!y, ~A14!

wHH5x212x~12x!y. ~A15!

Here, wLL and wHH are the weights forgLPF-LPF(r ) and
gHPF-HPF(r ), respectively. In the case ofy50, which corre-
sponds togLPF-HPF(r )5gLPF-LPF(r ), wLL and wHH become
(12x2) and x2, respectively. In the case ofy51, which
corresponds togLPF-HPF(r )5gHPF-HPF(r ), wLL and wHH be-
come (12x)2 and 12(12x)2, respectively. In any cases
theg(r ) can be expressed by the combination ofgLPF-LPF(r )
andgHPF-HPF(r ), while the coefficients are slightly modified
In Fig. 13, the dependences ofwLL and wHH againstx are
shown for the models ofy50, 1/2, 1.

FIG. 13. Weight factors forgLPF-LPF (wLL) and for gHPF-HPF

(wHH) as function of the fraction of the high-pressure form,x, for
the model ofy 5 0, 1/2, 1~see text!.
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