PHYSICAL REVIEW B 68, 224106 (2003

Structure of liquid GaSb at pressures up to 20 GPa
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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 Qigide 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 or@,/Q,, 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 funcjor) by a distorted-crystalline model shows
that the liquid consists of two parts similar to tjfeSn and body-centered cubibco 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@B5 to 0.43-0.05 as the pressure is
raised from 1.7 GPa to 20 GPa. The pressure dependence can be explained quantitatively by Rapoport’s
two-species modégl. Chem. Physi6, 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 fig8rHéke
one into the bcc-like one under pressure.
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[. INTRODUCTION liquid state are not well known because of experimental dif-
ficulties. Among a few studies are those on the pressure-
Application of pressure on crystals or liquids changesdependent structures for liquid Si-8i) and liquid Ge
their structure drastically. But since the two phases have diftl-Ge).>® It is reported that the local structure bSi drasti-
ferent degrees of allowance for the variation of the bondcally changes under pressure within the relatively small pres-
length and bond angle, they show different high-pressure besure interval. Contrary td-Si, the local structure of-Ge
haviors; namely, the crystalline phases usually show drastigradually changes over a wide pressure re§ibi®On the
structural changes with a large volume jump, while the liquidother hand, the high-pressure behaviors of the liquid of the
phases do not show such a drastic structural change excegetrahedrally bonded materials with an ionic character, such
for a few case$.The transition pressure and the local struc-as Ill-V and I1-VI compounds, have not been reported so far.
tures of two phases are also different from each other. Tdnvestigation on these compounds is expected to show the
understand the characteristic features of structural change &ffect of ionicity on the local structure, and also information
liquid, the structural investigations at high pressures is necen the chemical ordering in binary liquids under pressure. In
essary. this study, we focused on the high-pressure behavior of lig-
Structural changes of crystalline phases under pressurgd GaSbh (-GaSh which has a least ionic character among
are intensively studied. Specifically, the tetrahedrally bondedll-V compounds® We have investigated the local structure
materials, such as group IV elements, IlI-V and 1I-VI com- and the contraction process bGaSb under pressure up to
pounds, have attracted much attention because of their inte20 GPa by x-ray diffraction using synchrotron-radiation
esting changes in the chemical bonding and in electric propsource in conjunction with the recently developed high-
erties induced by pressure. Sequences of crystalline phaspeessure experimental technicl.
which appear on increasing pressure can be summarized asFor the later discussion, the pressure and temperature
follows® For elements or compounds with smaller ionic phase diagram for GaSh?which has been reported previ-
characters, the crystalline phases change from the diamoralsly, is shown in Fig. 1. Zinc-blende-type GaSb crystalline
(or zinc-blendeg structure into the3-Sn structure and/or the phases is stable at ambient condition. It transforms into a
related orthorhombiclmma structure, and then into the liquid metal on melting at high temperatures, similarly to Si
simple hexagonalSH) structure or the related orthorhombic and Ge. The transition is accompanied with the volume
Ammmstructure’ and then into the close-packed structures decreasé® It is anomalous because the volume of simple
such as the face-centered-culifcc) structure, hexagonal liquids, such as liquid alkali metals and van der Waals lig-
close-packed(hcp), and body-centered-cubitbco struc-  uids, increases on melting. As for the high-pressure phases
tures. For those with a larger ionic character, the crystallindor the crystalline GaSbctGaSh, there is still a contro-
phases transform from the zinc-blende structure into theersy. It has been reported that the zinc-blende structure
NaCl and/or the related orthorhombi€mcm structures transforms into the site-disordere@-Sn structure at 6.2
(sometimes through the cinnabar strucjungth increasing  GPal*!°then into the SH structure at 28 GPa, and then into
pressure. Each transition is accompanied by the discontinian unidentified structure at 61 GPaRecently, it has been
ous volume change. Compared to these detailed studies oaported that the zinc-blende-type GaSb transforms into a
crystalline phases, the high-pressure structural changes in tisée-disordered orthorhombic phase with the symmetry of
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1200 . tainer (NaCl) were eliminated by a sharp slit system. How-
1000 L o ever, a few peaks from the sample container and a dilution
S ! . material of sampléNaCl) contaminated the x-ray-diffraction
& 800} ... profile of the liquid. These peaks were eliminated from the
El 600l 0.2 raw data. We can easily perform f[he procedure because_ these
g i . - peaks were sharp enough to distinguish them from the inten-
S 400 sity profile of the liquid®® We corrected the absorption of x
€ oo B-tin or ray by the sample and the container, taking account &f 2
i the related structures dependence of x-ray pass length. The data taken by EDX
0o L— — R ‘ method show complex profiles due to the effects of the en-
0 5 10 15 20 ergy profile of the incident beam and the energy dependence

P P -
ressure (GPa) of the quantum efficiency of the detector. Therefore, we have

FIG. 1. Previously reported phase diagram for G#8bfs. 12  t0 connect the data taken at various angles after the collec-
and 11 and the experimentad®T conditions in this study. Phase tion of these effects. This procedure was carried out auto-
boundary shown by bold line is after Ref. 11. The dotted line is thematically by using the computer program coded by one of
melting curve extrapolated from the melting curve between 5 and éhe authorgT.H.). The procedure is based on the empirical
GPa. procedure described in Ref. 19, but the Compton scattering

term was added to their formulas in this study. The algorithm
Immaat 7 GPa(Ref. 17 instead of the3-Sn and the SH of the program is as follows. First, the data taken at several 2
structures, and then into a site-disordered orthorhombid@ angles are normalized by dividing the hypothetiC4E)
Ammmphase at high pressures and temperature above donction which was defined from both the energy profile of
GPa and 473 K, respectivélyThis discrepancy originates the incident beam and the energy dependence of the quantum
both from the different resolution of an x-ray-diffraction pat- efficiency of the detector. These data are scaled and con-
tern and from the different hydrostatic conditith. nected to each other so that the data overlap in the connected

Q region. On the basis of the connected data, we made a

hypotheticalS(Q). The C(E) function for each angle is es-

Il. EXPERIMENT timated again from thi$(Q) by the inversion procedure and

The structure of-GaSb was investigated by an energy-the betterC(E) function is estimated. By iteration of these
dispersive x-ray diffraction (EDX) method using a Procedures, the optimur@(E) function, which makes the
synchrotron-radiation source in conjunction with multianvil data for several & angles overlap most successfully, and the
high-pressure apparatuses. For the collection of the data beptimumS(Q) are obtained. Any significant difference was
low 10 GPa, the single-stage high-pressure apparatudot observed in the overlapp&region(3 % at maximum
MAXIII installed at BL-14C2 in the High Energy Accelera- The atomic scattering factor was taken from Ref. 23. The
tor Research OrganizatidiPhoton factory, KEK was used. Compton scattering factor were taken from Refs. 24 and 25.
For collection of the data above 10 GPa, the Kawai-typelhe profile ofS(Q) was deduced from the coherent scatter-
double-stage high-pressure apparatus SPEEDIR6D 10,  ing intensity on the basis of the formula for binary liquigs.
installed at BLO4B1 in the SPring-8 was used. The diffrac-The density of liquid under high-T condition was estimated
tion intensity from the sample was collected by a pure Gérom the following three valuedi) the volume of the crys-
solid-state detector. Reagent-graded GaSb with a purity dRlline phase just before meltingii) the volume jump on
99.999%(Rare metallic Co., Ltd.was used as a sample. To melting?” (iii) the thermal expansion of the liqufdl. The
avoid too heavy x-ray absorption by the sample, we mixecerror of the number density was considered to be within 3 %.
NaCl with the sample so thatt becomes equal to 2 for the ~ We interpolatedS(Q) in the experimentally inaccessible
x-ray energyE=40 keV, wherey is the averaged linear Q region(below about 1 A*') so thatS(Q) at the higheiQ
absorption coefficient for GaSb ahé the sample thickness. region smoothly connect to the value @=0 A™*, §(0),

The cell assemblies used in the high-pressure experimenwghich is estimated from the number density and the isother-
were the same as those described in Refs. 19 and 9. We tookal compressibility. The effect of the interpolation on the
the diffraction profiles at variousé2angles to obtair5(Q)  profile of g(r) was negligibly small, sinc&(Q) in the low-
over a wideQ region?° Q region does not modifg(r) significantly. Through these

The diffraction intensity was taken at high¥ conditions ~ procedures, we obtaine®{Q) over Q region up to 15 A*.
along the melting curve as shown in Fig. 1. The meltingWe obtainedg(r) by the Fourier transformation d§(Q),
curve above 6 GPa was estimated from the data at the lowayhere we used the method described in Ref. 29 to minimize
pressure’s because the melting curve above 6 GPa has ndthe error introduced in Fourier transformation. The structural
been reported yet. Pressure was determined from the lattidgeformation is summarized in Table |I.
parameter of the pressure markBiaCl) on the basis of the
equation of staté! Temperature is estimated from the elec- IIl. RESULTS
tric power applied to the heater. The relation is checked be-
forehand. The accuracy in the determination of the pressure In Fig. 2,S(Q) at high pressures are shown. We can see a
and the temperature was within 0.7 GPa and 100 K. characteristic humpQ@ ~3-3.5 A1) at highQ side of the

Most of the x-ray-diffraction peaks from the sample con-first peak throughout the pressure region of the present study.
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TABLE |. Structural information of-GaSb at high pressures.

CN

PGP Q, (A ™Y Q,(AYH 0,/Q, S(Q) SQ,) r,;(A ry(A) ry/r; Disordered® Ordered

This study 1.7) 2.28 4.85 2.13 1.71 1.12 2.88 6.23 2.13 (6)1 6.505)
3.01) 2.32 4.87 2.10 1.90 1.13 2.90 6.14 2.11 (6)4 6.805)
3.6(1) 2.33 4.88 2.10 2.05 1.12 2.90 6.09 2.10 (6)3 6.7(5)
4.3(1) 2.34 4.84 2.07 2.19 1.12 2.89 6.02 2.07 (6)9 7.35)
4.7(1) 2.34 4.66 1.99 2.13 1.19 2.95 6.04 2.03 (6)8 7.2(5)
5.41) 2.35 4.70 1.99 2.26 1.17 2.96 6.01 2.01 (6)6 7.005)
5.51) 2.35 4.68 1.99 2.29 1.18 2.94 6.00 2.03 (6)6 7.005)
8.31) 2.38 4,76 2.00 2.39 1.14 2.94 5.97 2.01 (3)9 8.4(5)
10.1(1) 2.41 4,76 1.97 2.48 1.20 2.95 5.85 1.98 (8)3 8.8(5)
11.712) 2.42 4.80 1.98 2.88 1.17 2.89 5.80 2.00 (9)0 9.505)
16.73) 2.48 481 1.94 2.76 1.16 2.88 5.69 1.97 (91 9.6(5)
19.63) 2.50 4.82 1.93 2.78 1.17 2.91 5.63 1.95 16)0 10.65)
Estimated 0.0 5.6(5) 5.905)
Previous study 0.0 5.4(5) ¢
0.0 5.4¢

&CN for the chemically disordered model is calculated assurgg;= 9sp-si= Ica-sp (S€E tEXt

CN for the chemically ordered model is calculated assungigge=9s,.ss=0 in the first coordination shelsee text

“The CN at ambient pressure is estimated by the extrapolation of the data between 1.7 and 8.3GPa assuming the linear relation between the
pressure and the CN.

Taken from Ref. 31.

°Taken from Ref. 32.

Near ambient pressufé.7 GPg, the height of the first peak features are commonly observed in previously repoBEg)

is found to be relatively small compared to that for simpleof I-GaSb at ambient pressuteWith increasing pressure,
liquids[~2.5-3.0 (Ref. 30. The ratio of the wave numbers the first peak and the hump continuously shift toward a
of the second peak to the first pe&¥; /Q,, which is related  higherQ value, while the second and third peaks do not shift
to the anisotropy of the local structure in liquid, is much markedly. ConsequentlyQ,/Q; ratio decreases with in-
larger than that for simple liquids~1.86] (Ref. 30. These  creasing pressure. Simultaneously, the height of the first peak
increases and that of the hump decreases, while those for the
second and third peaks do not change markedly. If liquids
contract uniformlyS(Q) would merely shift toward a lower-

Q value without changing its profile. The observed changes
16.7GPa, 1250K 1 suggest that-GaSb contracts nonuniformly under pressure.
11.7GPa, 1020K] Even by the compression up to 19.6 GPa, the hump still
exists and th&),/Q, ratio is still larger than that for simple
liquids. These imply the persistence of an anisotropic local
8.3GPa, 870K 1 structure inl-GaSh even by the compression up to 19.6 GPa.
55GPa, 710K 1 In Fig. 3,9(r) at high pressures are shown. We can see a
characteristic humpr&4.0 A) at larger side of the first

—

19.6GPa, 1390K 1

—
T

;
L

g
T

10.1GPa, 940K 1

.

>

=

S@)

S

\ ....... 5?.4Gpa’ 780K peak near ambient pressure. The trough between the first and
A\ 4.7GPa, 710K 1 second peaks is relatively shallow compared to that for
J/\ """" 43Gpa 790K - simple liquids. The ratio in the position of the first peak to
second peak ig(r), ro/rq (=2.13 at 1.7 GPr is much
J/\ 3.6GPa, 820K larger than that for simple liquids~1.84—1.90(Ref. 30].
, 940K 1 These features are also observedj{n) of I-GaSb at ambi-

ent pressur® although a slight difference is observed in the
position of the hump. With increasing pressure, the first peak
does not shift markedly, while the other peaks and the hump

1.7GPa, 940K 1

.
75

S

o 1 2 3 4 5 6 7 8 95 10 shift toward smaller values. No detectable change in the
Q(A™ position of the first peak means that the nearest neighbor
distance does not change markedly in spite of volume con-
FIG. 2. S(Q) of I-GaSb at high pressures. traction. Simultaneously, the height of the second and third
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L L L B L B L R written by the universaf(Q),, function multiplied by the
atomic numbeZ. The real CN should be calculated from the
partial CN_;. However, in the present study, we could not
obtain the partial pair distribution functiortis,.ga: 9ca-sw
andggyp.s, and therefore, we could not obtain an exact CN.
In this case, the CN calculated from RDF depends on the
assumed model for the chemical short-range ordering. In the
case for no tendency of pairing between Ga and Sb atoms
(chemically disordered modelthe g,y becomes equal to
Oca-ca Yca-sy andgsy.spas long as the effect of the differ-
ence in the atomic diameter between two elements is not
taken into account. Consequently, the CN directly calculated
from RDF (CNypp) becomes equal to the real one (G

g(r)

CNrea™ CNRpF- ©)

On the other hand, in the case where the(@aSbh tends to

pair with the Sb(or Gg atom (chemically ordered modgl

which corresponds tgg,.g= 9sp-s= 0 in the first coordina-

tion shell, the CI\., does not necessarily become equal to
FIG. 3. g(r) of I-GaSb at high pressures. CNgpg- The CNgy for the ordered model is calculated from

CNgpe by the following equation under the condition of

peaks increases and that of the hump decreases with prass,=cg,=0.5:

sure, while the height of the first peak does not change mark-

edly with pressure. If liquid contracts uniformig(r) would

only shift toward a smaller value without changing its pro- Fmax

file. The observed changes @{r) suggest the nonuniform CNreaIZZJ 471 %CapoYca-shr)dr

contraction ofl-GaSb. The hump img(r) becomes smaller o

r(A)

with increasing pressure, and it seems to be incorporated into ' max

the first peak above 11.7 GPa. Simultaneously, the trough IZJ Amr2Cgppodsb-cd F)dr
between the first and second peaks becomes more prominent. o

These facts imply that the local structurelggaSh tends to (f)?

lose the anisotropy with increasing pressure.

The coordination number CN &fGaSb at high pressures
is shown in Table I. We calculated the CN from radial dis- ()2
tribution function RDF on the basis of the following equa- =+ CNgpr. (4)
tion:

Mmax 2
2 . 41 “pog(r) oradr

0

; fGaf Sb

Mmax . .
CNRDFZZI 4712 p60(1 ) 10T - (1)  The CN calculated for both models is shown in Table I,
ro where the uncertainty of CN for each model was estimated
_ _ _ L from the scatter of the data. Since the degree of ordering
Here,g(r) ot IS totalg(r) in Faber-Ziman definition. They oyl be between these extreme cases practically, the CN
is the lowq limit of the first peak in RDF, andlyais ther  \you|d take a value between the values for these models. The
value at the top of the first peak in RDF. In their definition, ragyits show that the CN at 1.7 GPa is 6.1/6.5 for the
the giora IS expressed by the sum of the partial pair distribu-grgered/disordered models. This value is much smaller than
tion function ofgca-ca Yoa-s» @Ndgsp.spWeighted by the  10.11 for simple liquid$® This fact implies that the local

concentration and atomic form factors, structure inl-GaSb is completely different from a simple
- - one. With increasing pressure up to 19.6 GPa, the CN con-
_ CGafGa 2CGCsif Gaf sb C5pfsp tinuously increases up to 10.0/10.6 for the ordered/
Ytora™ (f)2 Yeaca ()2 Yoa-ss (f)2 Ysb-st disordered models. The increase suggests that the local struc-

2) ture changes from a low-coordinated form into a more highly
coordinated one with increasing pressure.
Here, cg, and cg, are the concentrations of Ga and Sb, re- The CN at ambient pressure, which is estimated from the
spectively. Thefg, andfgy, are the atomic scattering factors present data, was consistent with the value reported previ-
for Ga and Sb, respectively, addl) is the average one. In ously in Refs. 31 and 32 within an experimental uncertainty
this definition, it is assumed th&{Q) for each atom can be (Table ).
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30 . . ; , . . :
25 H
—— GaSb at 1.7 GPa
20 xR L] GaSb at 19.6 GPa T[]
-~ FIG. 4. (Color) S(Q) for I-GaSb at 1.7 GPa
g 15k and 19.6 GPa, and those for liquid group IV ele-
<] ments at ambient pressutRef. 30. The posi-
‘(;)’ tions of the hump inS(Q) for I-GaSb and for
liquid group IV elements are shown by the verti-
10 . .
cal black and red lines, respectively.
05}
-7 elements
00 i ' 1 " | L 1 1 1 1
0.5 1.0 1:5 20 25 3.0
Q/q,
IV. DISCUSSION the first and second peaks is considerably snii&l),Q,/Q4

ratio (=2.13) is much larger than that for simple liquids.
These suggest that the local structuré-GfaSb is not simple
1. Comparison with simple liquids near ambient pressure. These characters are also observed in
H 33,34 : ;
The profile of S(Q) for simple liquids is empirically [-Si and |-Ge>>*" Therefore, an anisotropic local structure

known to have the following characteristio$) the profile originating in the residual covalent character is also consid-
has a simple oscillatiofwithout any hump at higi® side of ~ €red to exist in-Gasb.

the first peak (i) the height of the first peak is about 2.5—  With increasing pressure, the deviation from simple lig-
3.0 just above the melting temperatu@i) S(Q) has a Uids becomes smaller. It is obvious from the following
marked trough between the first and second pe#iks, Pressure-induced changes) the decrease in the height of
Q,/Q ratio is about 1.88° The profile ofS(Q) for I-GaSbh  the hump(ii) the increase in the height of the first peék)

at 1.7 GPa is found to have the completely different characthe growth of the trough between the first and second peaks,
ters from these onesi) S(Q) has a hump at higkp side of  (iv) the decrease iQ,/Q; ratio. These characters imply that
the first peak(ii) the height of the first peak<{1.7) is much the local structure in-GaSbh gradually loses the anisotropy
smaller than that for simple liquidsiji) the trough between and that the liquid approaches a simple one with increasing

A. Structure of liquid

35 ; . . 0 . : : :
—Si
30 S Ge |
it Sn
PY-J PR 5 R — Pb
' — GaSb at 1.7GPa
******** GaSb at 19.6 GPa
~ 20 I~
{ FIG. 5. (Color) Comparison ofg(r) between
% 15k I-GaSb at 1.7 GPa and 19.6 GPa, and those for
’ liquid group IV elements at ambient pressure
(Ref. 30.
10
05 [
0.0 : - ; - :
0.5 1.0 1.5 20 25 3.0
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pressure. However, the aforementioned characters are stbecauseS(Q) continuously changes from that at 1.7 GPa
observed at 19.6 GPa, which suggests that the anisotropinto that at 19.6 GPa with increasing pressure. The normal-
local structure persists up to 19.6 GPa in some amount. ized wave number of the hump B(Q) for I-GaSb is found

The same conclusion is also obtained frgfr). It is  to be about 1.39, regardless of pressure. On the other hand,
known thatg(r) for simple liquids have the following char- the corresponding value for liquid group IV elements is
acteristics:(i) g(r) shows a simple oscillation without any about 1.30, regardless of the chemical species. The differ-
hump peakii) the trough between the first and second peak®nce between these values cannot be attributed to the differ-
is prominent,(iii) the ratio in the position between the first ence in the pressure condition, because the normalized wave
and second peaks, /r 1, is 1.84—1.9G° The profile ofg(r) number of the humpQymy/Q1, is almost independent of
for I-GaSb near ambient pressufie7 GPa is also found to  the pressure, as is evident from the pressure dependence of
has the different characters from these on@sg(r) has a the hump position fol-GaSh. The difference implies that the
hump at a large side of the first peak(ii) the trough be- local structure for-GaSb is somehow different from those
tween the first and second peaks is less promiri@inty,/r,  for liquid group IV elements. This may be related to the
value (=2.13 at 1.7 GPgis much larger than that for simple difference in the ionicity of the chemical bonding between
liquids. These different characters support th&aSh has a GaSb and group IV elements, or may be attributed to the

nonsimple local structure. existence of two chemical species with the different atomic
With increasing pressure, the deviationgtf) from that  diameters in-GaSb.
for simple liquids becomes smaller; nameli) the hump In Fig. 5, g(r) for liquid group IV element® and those

becomes smalleri) the trough becomes more prominent, for I-GaSb at 1.7 GPa and 19.6 GPa are shown. Here, each
(ii) ro/r, ratio becomes smaller. These pressure deperprofile is normalized at the position of the first peak. The
dences suggest that the local structuré-GfaSb approaches g(r) for I-GaSb at other pressures are not shown because of
a simple one with increasing pressure. When we assume thtite same reason described in the compariso®(¢J). In

an anisotropic local structure originates in the covalent charg(r) for liquid group IV elements, the following atomic
acter in chemical bondd;GaSb is considered to lose the number dependencies are observed as descending from Si to

covalent character gradually with increasing pressure. Pb in column: IV (i) the hump becomes smallgij) the
. o trough between the first and second peaks becomes more
2. Comparison with liquid group IV elements evident, (iii) the height of all the peaks except the hump

The previously mentioned characters3(Q) for I-GaSb ~ becomes larger(iv) the r,/r; ratio becomes smaller. This
are also observed in liquid group IV elements, especially, ifendency means that the liquid with the heavier element is
the liquid phase of the lighter element. The following ten- closer to simple liquids.
dency is observed as descending from Si to Pb in IV column. When we compare the above-mentioned tendency with
(See Fig. % (i) the height of the hump becomes small@y, ~ the pressure dependencegifr) for I-GaSb, a similar ten-
the height of the first peak becomes largéi,) the trough  dency is observed. This supports the idea tHaaSb gradu-
between the first and second peaks becomes more prominedtly loses its covalent character with increasing pressure.
(iv) Q,/Q; ratio becomes smaller. These features suggedturthermore, the similarity aj(r) for I-GaSb at 19.6 GPa to
that the liquid of the lighter element has the larger anisotropyihat for liquid Sn (-Sn) implies that the local structure of
in the local structure. This is reasonable because the anisdtGaSb approaches that i¥Sn with pressure.
ropy is considered to originate in the covalent character and
it becomes larger in the lighter eleméftWhen we compare
the pressure dependenceS§R) for I-GaSb with that of the
atomic number dependence in liquid group IV elements, a Previously, the structures ®fSi andI-Ge have been in-
similar tendency is observed: the pressure increase corrgestigated up to 23 GPa and 25 GPa, respectilJhe
sponds to the increase of the atomic number. It is widelyfollowing pressure-dependence is observe®(@) for I-Si
known that the heavier group IV elements have weaker coand I-Ge: With increasing pressuréj) the height of the
valent character, skGaSb is considered to lose the covalenthump becomes smallefii) the height of the first peak in-
characters with increasing pressure. This feature is physicallgreases(iii) the trough between the first and second peaks
plausible because the increase of the pressure, and the resildecomes more prominerity) Q,/Q, ratio becomes smaller.
ant increase of the electron density, induces the overlap ofhese dependencies are the same as those observed in
the wave function between atoms, which contributes to mel-GaSh. This implies that the pressure-induced modification
tallic bonding. The similar tendency also suggests that wittof local structure forl-GaSb is qualitatively the same as
increasing pressure the local structureli®aSbh changes those forl-Si andl-Ge.
from the one similar to that of a light-element liquid into that However, when we compare the pressure dependence
of the heavy-element liquid. quantitatively in more details, we find the marked difference

When we compar&(Q) of liquid group IV elements with  in the pressure range where the hump exists. The hump be-
that for I-GaSb in more details, a slight but significant dif- comes less prominent above 14 GPali8i (Ref. 5 and
ference is observed. TH&Q) of liquid group IV element®  above 18 GPa i-Ge® On the other hand, the hump is still
and ofl-GaSh(at 1.7 GPa and 19.6 GPare shown in Fig. 4. evident even at 20 GPa inGaSb. In crystalline states, the
Each profile is normalized by the position of the first peak. Intransition pressure is empirically known to become lower for
the figure,S(Q) for I-GaSb at other pressures is not shownthe materials with the larger atomic number. On the basis of

B. Pressure dependence of the structure
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1.04

nearest neighbor distance by compression and the increase of
it by the gradual change of the local structure from a low-
pressure form with the smaller nearest-neighbor distance into
a high-pressure form with the larger offeThe cancellation
N S ] by this mechanism is actually found to occudi@aSb from
TS I i the results of the local structure analysid-@aSb as shown

. ; later in Sec. IVD.

1.02 E

1.00 -
=

Uniform ]
contraction T 1 2. Comparison with c-GaSb

r(P)/r(0)

To compare the contraction behaviors between the liquid

092 |- . and crystalline states is important for knowing the effect of
i NN the disorder in the atomic arrangement on the contraction.
080 |- . . . Y The following phases are reportedéfGaSh in the pressure
100 098 o086 o4 _ os2 __ oso region below 20 GPa: the zinc-blende structure, the site-
[V(PY Vo] disordered B-Sn structuré®*® the orthorhombic Imma

phase'’ and the orthorhombicAmmm phase® All these
FIG. 6. Normalized position of the peaks gtr), r;(P)/r;(0), phases are considered to show a uniform or an almost uni-
at high pressures as a function[8f(P)/V(0)]*3 Thery, r,, and  form contraction. For example, the zinc-blende structure
r3 mean the positions for the first, second, and third peakgiiy,  contracts uniformly by the application of hydrostatic pres-
respectively. These values are determined by the Gaussian fitting gfure. The orthorhombiemmaphase, which has the degree of
theg(r) in ther region withg(r) > 1+ 9/10 @max—1) forr;and  freedom in two axial ratioskf/a andc/a) and an internal
in ther region withg(r) > 1 for r andr;, wheregma, means the  coordinate, is known to contract almost uniformly without
height of th(_e first peak: The uniform contra}ction model is shown byipe significant change in these parameférslthough the
the dotted line. The thin lines are only guide for the eye. contraction process for GaSb with these structures has not
) . been reported yet, the site-disorde@®n and orthorhombic
this empirical rule, the hump dfGaSb should become less Ammmphases ‘are also expected to contract uniformly from
prominent at the lower pressure thia8i and|-Ge. The per-  ihe resuits for GE The uniform contraction irc-GasSh is
sistence of the hump at the anomalously high pressure ifaqral because the chemical bonding in these structures,
I-GaSb supports the idea that the origin of the humB(®Q)  \yhjch is thesp® hybrid bonding and/or the metallic bonding,
for|-GaSb is somehow different from those felBi andl-Ge. 465 not have dispersion of the bond strength in the chemical
bonds.

C. Contraction process Contrary to the crystalline phasdsGaSbh shows a non-
uniform contraction. Two mechanisms can be considered as
an origin of the nonuniform contraction. One is the deforma-

In order to elucidate the contraction processl-@aSb, tion of the local structure under pressure. In liquid states, the
the peak positions ig(r) are shown against the cube root of wide variation in bond length and bond angle is allowed due
the volume which corresponds to the average interatomigo the absence of the periodicity. Therefore, the local struc-
distance(Fig. 6). Here, each value is normalized by the re-ture can be easily deformed by the variation of the bond
spective value at ambient presstifeFor comparison, the length and bond angle under pressure. The other mechanism
line for the uniform contraction model is also shown. We findis the change in the ratio of several local structures coexist-
that the pressure dependence of the first peak deviates largehg in liquid states. As expressed by two-species model
from the line for the uniform contraction, while those of the (TSM),° |-GaSb may consist of a mixture of several local
second and third peaks lie approximately along the line. Thistructures. Whe$(Q) andg(r) for each local structure are
clearly shows that-GaSb contracts nonuniformly. This be- different from each other and the mixing ratio of the local
havior is completely different from the high-pressure behavstructure changes with pressugQ) andg(r), which com-
ior for liquid alkali metals?’ prise S(Q) and g(r) for each local structure, also change

Since the position of the first peak corresponds to theyith pressure. In such case, the liquid shows the apparently
nearest-neighbor distance, the above result means that th@nuniform contraction. The nonuniform contraction of
nearest-neighbor distance does not change significantly inGaSh is considered to be caused by this mechanism from

spite of the volume contraction. From the pressure depenhe results of the local structure analysis as shown in the
dence of the first peak and that of the mean atomic distancegllowing subsection.

it can be said that the nearest-neighbor distaincecases
with increasing pressure. This picture is supported by the fact
that the pressure-induced increase in the CN, which is usu-
ally accompanied with the increase of the nearest-neighbor Previous studies on liquid group IV elements have sug-
distance, is simultaneously observed in the present studgested that the local structure in the liquids is similar to those
The apparent constancy in the nearest-neighbor distance uim-the high-pressure crystalline phagéd*“?Sincel-GaSb

der pressure, as previously notified, would be explained ats denser than zinc-blende-type GaSb at ambient pressure as
the result of the cancellation between the decrease of thiiguid group IV elements are, the same idea may be appli-

1. Comparison with simple liquids

D. Estimation of the local structure
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(a) 1.7GPa

- — Observed
LS o0 Zincblende FIG. 7. (Color) Experimentalg(r) and simu-
% — B -tin lated one for several crystal structuré¢a; at 1.7
SH GPa andb) at 19.6 GPa.
2 r NaCl
| — bcc
1 b AN A2 OO
0
1 2 3 4 5 6 7 8 9 10
r(A)

cable forl-GaSb. In order to estimate the local structure ofline model. The lattice parameters for each structure was
[-GaSb, we compared the experimentally determigéd) estimated from the number density ®fGaSb at high
with those simulated from the crystal structures reported prepressure&® In the simulation ofg(r) for the B-Sn-like, the
viously in group IV elements and I1I-V compounds. To take SH-like, and the orthorhombienmalike local structures, we
the similarity of short-range order between liquid and crys-ysed the previously reported structural parameters, such as
talline states into account, we have simulaggd) for liquid  the axial ratios and the internal coordinaté&!’ When the
by giving a Gaussian-type bond-length distributiong@)  simulatedg(r) could not successfully reproduce the experi-
for the crystalline phasedistorted crystalline model: See mentalg(r), we modified these parameters.
Sec. 1 of the Appendix , The typical results of the analysis are shown in Fig. 7. The
In binary liquids, the chemical short-range order aISOg(r) for the orthorhombidmmalike and Ammmlike struc-
modifies the profile ofS(Q) and g(r). In the simulation, 4,05 are not shown becaugér) for these structures are
I-GaSh is assumed to have no chemical ordering because Qf . /<t the same as those for #Besn-like and SH-like struc-
the small ionic character dfGasb®® Even in the case that . respectively. The simulategr) for the zinc-blende-
[-GaSb had a complete chemical ordering, the effect on thﬁke s,tructure doeé not reproduce the experimegtal) at

profile of S(Q) andg(r) was found to be negligible due to 1.7 GPa in terms of the presence of the hump and the posi-

the small difference in the x-ray atomic scattering factor be-. ol
wween Ga and Sb. tions of the peaks. On the other hadr) for the 8-Sn-like

We first dth . | ith th . structure successfully reproduces the general features of the
€ lirst compared the experlmengs(_r) wi 0S€ simu- experimentalg(r) at 1.7 GPa. This suggests that the local
lated fro.m a smgl_e local structure in se.veral CrySta"'nestructure ofl-GaSb at 1.7 GPa is close to the site-disordered
gig?secisézggsggCé?ivr\goffggle;{:'“ﬁ?ufgggﬂ)erﬁ_?]i;h?dggs' [B-Sn structure, rather than the zinc-blende structure. This is
was originally postulated by Klemetand was éxtended b not so surprising becausesaSh is considered to consist of

ginally p ated by . . Y the denser local structure than the zinc-blende-like one at
Rapoport using statistical mechanics to explain the meltm%mbient pressure
curve maxima under pressurdn Rapoport’s model, the )

fraction of two species are quantitatively related to the exter- Aalthougu 9(r) S|m|uflated for tfhi'g -Sn-like struclture re-
nal parameter® andT. Hereafter, we call his model “Rapo- produces the general features of the experimeg(igl at 1.7

) p o L \ GPa, the slight differences are still observed in the position
port's TSM” to distinguish it from Klement’s TSM. The va- : .
lidity of Rapoport's TSM is confirmed by the good of the peaks and the hump. The difference could not be im

; . . . roved even when we use another axial ratio. The change of
agreement of the experimental electric properties with thos ) . . .
calculated on the basis of the modafs e axial ratios ofc/a andb/a and the internal coordinates

from those for theB-Sn structure, which corresponds to the

simulation using the orthorhombimma structure, does not

improve the fitting results. It may imply th&tGaSb cannot
First of all, we examined the possible existence of thebe described by a single local structure.

local structure similar to the crystalline phases previously When we compare the experimen(r) at 19.6 GPa

reported inc-GaSh. The profile ofy(r) for the liquid with  with that simulated from the zinc-blende structure, a marked

each local structure were simulated by the distorted crystaldifference is observed. Even when we use gh&n-like lo-

1. Analysis by the single-species model

224106-8



STRUCTURE OF LIQUID GaSh AT PRESSURES UP TO.. .. PHYSICAL REVIEWS®& 224106 (2003

cal structure in the simulation, the large difference is ob- 1 NI

served both in the position of the peaks and the height of the R= N E {9obdT1) — Gearc(ri)¥2. (5)
hump. This suggests thkiGaSbh at 19.6 GPa cannot be de- =0

scribed by theB-Sn-like local structure anymore, and that

the local structure of the liquid changes from tAeSn-like ~ Here,rq andr.; are respectively, taken as 2.2[the low+

one into another one with increasing pressure. Since the efimit of the first peak ing(r)] and 10.0 A. Results of the
perimentalg(r) andS(Q) change continuously with increas- fitting are shown in Fig. 8 and Table Il. We obtained a fairly
ing pressure, the change of the local structure is consideregpod agreement between the experimental and simulated
to be gradual. g(r) when we used the pair of th@-Sn and bcc structures,

To check the possible existence of another local structuréather than the pair of the zinc-blende ageSn structures
except the high-pressure crystalline phases of GaSb, which are the stable crystalline phases in the pressure range
comparedy(r) with those simulated for the crystal structures of the present study. By using TSM, the fitting is improved
reported previously in group IV elements and other Ill-vV compared to that using the single-species model. The frac-
compounds. The following other structures have been prevition for the g-Sn-like and bcc-like local structures at high
ously reported in Si, Ge, Sn, AlSb, GaAs, GaP, InAs, and InRressures is shown in Fig. 9 and Table I, where the uncer-
in the pressure region below 30 GPa: a bcc structure, a bodyainty of the fraction is estimated from the residuals of the
centered tetragondbct) structure, an orthorhombi€mcm  fitting. The fraction for 8-Sn-like local structure continu-
structure, and NaCl-type structuté®*’~>*The results of the ously decreases and that for the bcc-like one increases with
comparison are shown in Fig. 7. Tl¢r) simulated for the increasing pressure. This indicates that the local structure of
bct and the orthorhombi€mcm structures are not shown 1-GaSb gradually changes from tigeSn-like structure into
becauseg(r) for these structures are almost the same aghe bcc-like one with increasing pressure. This view is con-
those for bcc and NaCl-type structures, respectively. Theistent with the experimentally observed increase in the CN
g(r) simulated for any crystal structures could not reproducérom about 6 at 1.7 GPa to about 10 at 19.6 GPa because the
the experimentag(r). All these analyses using the single- continuous change of the local structure causes the continu-
species model could not explain the experimeméd) at  ous increase of the CN from#42 (Ref. 59 for the 5-Sn-like
19.6 GPa. However, when we see the results of the comparpne into 6+ 8 (Refs. 55 and 56for the bcc-like one.
son more carefully, we find that the experimenggl) at When we assume that the pressure-induced change of the
19.6 GPa is close to the profile averaged between those fd@cal structure is continuous, we can estimate the fraction of
the B-Sn-like and bce-like structures over whaleegion up ~ the bcc-like local structure at ambient pressure by the ex-
to 10 A. Furthermore, when we compare the experimentairapolation of the data at pressures below 4.3 GPa. The re-
g(r) at other pressures with the simulated ones, we find théults show that the fractions for th@ Sn-like and bcc-like
experimental one goes through the intersection points of thiocal structures are, respectively, 1:00.04 and 0.0& 0.04
g(r)’s for B-Sn and bcc-like local structures. This implies at ambient pressure. This implies thaGaSb can be de-
the possibility that the experiment@(r) is expressed by the scribed only by thgg-Sn-like local structure at ambient pres-

linear combination of thosg(r)’s simulated for these two Sure.
crystal structures. In 1-GaSh, the liquid-liquid phase transition with the dis-

continuous volume change at 4—8 GPa, depending on tem-
perature, was suggested from the results of thermobaric
analysis’ and from the discontinuous change in the slope of
Motivated by the above-mentioned results, we analyzedhe melting curvé! The present result shows a slight jump
g(r) assuming that the liquid consists of a mixture of two of the fraction of the high-pressure form,between 4.3 GPa
local structures similar to those observed in crystallineand 4.7 GPa, although the uncertaintyxa comparable to
phases. This does not necessarily mean the existence of twioe jump. The liquid-liquid phase transition reported in Ref.
microcrystallines, but means the existence of two kinds 067 may be related to the discontinuous change of the local
the short-range orders similar to those observed in the crystructure from the3-Sn-like one into bcc-like one.
talline phases. In the analysis using TSM, the existence of bcc-like local
We simulatedy(r) for the liquid with two local structures structure which has not been reportedci@aSb was con-
similar to those in crystalline phases on the basis of the forfirmed. The existence of the bcc-like local structure in liquid
mulas shown in Sec. 2 of the Appendix. As for two crystalstate can be understood by either of the following two
structures, various pairs are used from those realized imechanisms. One is the appearance as a result of the lower-
group IV elements and 1lI-V compounds, which are alreadying of transition pressure frong-Sn-like into the bcc-like
mentioned in the preceding section. To fit the experimentalocal structures in the liquid state due to the preference of the
g(r) by the simulated one, we employed the following pa-coexisting state originating from mixing entropiThe other
rameters:(i) the number density,, which determines the mechanism is the appearance of the simple-liquid metals,
lattice parameters for each structuf@) o, andt, which  rather than the bcc-like local structure. It is found thét)
determine the dispersion for the Gaussi@n) the fraction of  simulated for the bcc-like-local structure with the distortion
the high-pressure formx. We determined these parameterssuccessfully explaing(r) for simple liquids. Therefore, the
by minimizing the average differenc® between the ob- expression of the experimentg(r) by a mixture with the
served and calculategr): bce-like local structure may imply the existence of

2. Analysis by theTSM

224106-9



T. HATTORI, K. TSUJI, N. TAGA, Y. TAKASUGI, AND T. MORI PHYSICAL REVIEW B68, 224106 (2003

—
19.6 GPa-

FIG. 8. (Color Experimental and simulated
g(r) for I-GaSb at high pressures. The profile of
g(r) is simulated by the linear combination of
g(r) for the B-Sn-like and bcc-like structures,
whereg(r) for each structure is weighted by the
fractional ratio. The difference between the ex-
perimental and simulategl(r) is also shown.

=
oy
| | L | |
2 4 6 8 10
r(A)
the simple-liquid-like structure. The same coexistence of the E. Application of Rapoport's TSM
covalent (3-Sn-like) local structure and the metallibcc- To understand the change of the local structure more

like) one is also suggested by &a and Yonezawdor I-Ge  quantitatively, we analyzed the experimentally determined
on the basis of the simulation studies. PT dependence of the fraction of the high-pressure form by
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TABLE II. Fraction of the 8-Sn-like and bcc-like local struc- 0a5| O obs T T
tures at high pressures and the reliable factor for the fitthg, T % cale =
040 | o3 -
Fraction
0.35 | 5 & -
P (GPa B-Sn bcc R
= 0.30 é 4
1.7(2) 0.921) 0.081) 0.06 g B
3.01) 0.861) 0.141) 0.05 g 0BT 5 ]
©
3.6(1) 0.851) 0.151) 0.05 & g20 L 4
4.3(1) 0.821) 0.181) 0.05 - & ]
4.7(1) 0.771) 0.231) 0.06 N e ]
5.4(1) 0.741) 0.261) 0.04 ool N i
5.51) 0.731) 0.271) 0.04 e} .
0.05 L | L 1 L 1 L 1 L 1 L 1 " 1 " 1 L 1 " 1 "
?03(11()1) 8;:;(3 g:ig ggg c 2 4 6 8 10 12 14 16 18 20 22
: : : : Pressure(GPa)
11.72) 0.641) 0.361) 0.05
16.73) 0.601) 0.401) 0.03 FIG. 10. Results of the fitting of th®T dependence of the
19.63) 0.571) 0.431) 0.04 fraction for the high-pressure form by Rapoport’s TSM. The refined

parameters are shown in Table III.

Rapoport's TSM: In his model, the fraction of the high- isofraction lines for the high-pressure form RiT space on
pressure formy, is related to the pressure and temperaturehe basis of the parameters obtained by the fitting.
by the following equation: The result of the fitting is shown in Fig. 10. THeT
dependence of the fraction of the high-pressure form is suc-
cessfully explained by Rapoport’s TSM, which supports the
applicability of TSM tol-GaSh. The following values are
o determined by the fittingA€®=1.1x10"2° J/atom, AV°
+PAVY). 6) =25 A%atom, AS°=4.7x10 23 (=3.4kg) JIK per atom,
w=1.3x10"2?! (=0.09kgT at T=1000 K) J/atom. These
for the replacement of a like pair of the local structures Withparameters are found to be consistent with available data.
The value ofAV? is expected to take a similar value to the

an unlike pair. The parametefsu®, A€®, AS®, andAV° are .
the differences in the chemical potential, internal energy, en\éo;grEijzrfg c2e gf;\t’;ﬁn(tggfsrg%p?ri aig aer;icimt)ecri;ﬁpe
tropy, and volume between the low- and high-pressure forms | ) . : P y

respectively. These parameters are assumed to be indepedr?-term.Ined valu.e 4\/ =2.5 A_/atom) IS founq to agree
dent of the pressure and the temperature. First, we deteW'th this value within the experimental uncertainty. In Rapo-

mined these parameters through the fitting of the fractions Oport's TSM model, the liquid with the largev value than 2.0

- ; kgT tends to separate into the low- and high-density liquids.
the high-pressure form by this model. Next, we draw theSince we did not observe the phase separation in this study,

w should be smaller than X@T. The experimentally deter-

X
kgT |nm+(1_2X)W:AMO (Aul=Ae—TAS

Here kg is a Boltzmann constant andis the energy needed

T T T T

A A B-tin mined w value (w=0.09kgT at T=1000 K) satisfies this

09 [ An O bece condition.
o o.s.- A ] The isofraction lines for the bcc-like local structure,
R i A ] which are calculated using the above-mentioned parameters,
307F 4 A 7 are shown in Fig. 11. At ambient pressure and the tempera-
% sl 4 A ] ture just above the melting point, most part of the liquid
§ . A consists of theB-Sn-like local structure. With increasing
= 05 . pressure and decreasing temperature, the fraction of the
§ 04l o o ] B-Sn-like local structure decreases and that of bcc-like one
s o f o © ] increases continuously.
-§ 0.3 I O@ o) 1
I:_é 02 i ooo ) F. Pressure-induced change of the local structure

01 I © ] 1. Comparison with c-GaSb

00 —————— A A When we compare the local structures and the pressure-

0 2 4 6 8 10 12 14 16 18 20 22

p induced structural change betwekGaSbh andc-GaShb, we
ressure(GPa)

find several marked differences. One of the differences is the
FIG. 9. Fraction for the3-Sn-like and bcc-like local structures pressure interval for the structural change. The local struc-
in I-GaSb at high pressures. ture gradually changes over wide pressure regionGash,
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1200 starts at about 0—2 GPa IrGaSh, while the first change
1000 : occurs at 6—7.GPa and the secon_d one does_not_start even by
G i the compression up to 35 GPa @GaSh. This difference
< 800 : may be related to the difference of the stability of each local
5 " structure in the liquid state and in the crystalline state. When
® 600 - we compare the aforementioned three structures, the struc-
2 00/ ture becomes less tolerant for the bond angle variation in the
§ E Zns B-tin or order of the bcc,3-Sn, and zinc-blende structures, due to
200 the related structure more covalent(less metalli¢ character in the chemical
0 L ‘ bonds. Since in liquid states, the bond angle is widely dis-
0 5 10 15 20 tributed due to the large atomic movements and no con-
Pressure (GPa)

straints for periodicity, the liquid would tend to prefer the
FIG. 11. Iso fraction lines calculated for bec-like local structure 10C2! structure which is tolerant for the bond angle variation,
in PT plane forl-GaSb. Phase boundary is drawn in the same waysUch as the bcc-like or the-Sn-like local structure. Because
as shown in the caption of Fig. 1. of this reason, thg-Sn-like and bcc-like local structures are
considered to be observed at much lower pressur&siaSh.

while the local structure suddenly changes at a certain pres-
sure inc-GaSb. The wide pressure interval for the liquid 2. Comparison with |-Si

would be related to the large stability of the coexisting state |, I-Si, it is reported that the local structure changes dras-
of the several local structures in liquid. This can be under-t

t00d in t A ints. One is th Il interfacial ically within a relatively narrow pressure range. This behav-
zr?gr mat ?rrlrgsbgun(\;\lz:r pr(‘)emizﬁ bgﬁN:asen ?W(S)T:calmster[i?t(ﬂ?eior is considerably different from that dfGaSb, in which
energy y reg . the local structure gradually changes over a wide pressure
in liquid states. When several local structures coexist, the

potential energy increases due to the mismatch of the bong 9O _Althp_ugh_ the detailed m_echanlsm of _the drastic
length and bond angle at the boundary region. However, thghange in-Si is still unknown, the different behavior may be
liquid state can avoid it by the slight modification in the €XPlained by the anomalously narrow stable pressure range
geometry of each local structure with the help of the flexibil-for the B-Sn-like local structure in-Si compared to that in

ity in the bond length and bond angle. On the other hand, thGasb. It is reported that the crystalline Si shows the fol-
crystalline states can not avoid it because the local structu®Wing high-pressure sequence in the pressure range below
cannot change the bond length and bond angle freely due #0 GPa: the diamond structure transforms igt®n struc-

the restriction of the translational symmetry. The second reature at 12 GPa, and then into the orthorhomlipitna phase

son is the large mixing entropy for liquid state with severalat 13 GPa, and then into the SH structure at 16 GP30>3
local structures. At high temperature, the entropy term This sequence is typical among the tetrahedrally bonded ma-
—TSplays an important role as well as the potential and thderials, such as Ge and other 1ll-V compounds. However, the
PV terms. When we consider the entropy of mixing severaktable pressure range for th&Sn and the relatedmma
local structures, it would be much larger in liquid states tharphases is known to be anomalously narrow in Si

in crystalline states since the various arrangements of the~4 GPa) compared to Ge~70 GPa(Refs. 39 and 60

local structure are possible in liquid states due to the wideynd GaSb[~13 GPa (Ref. 4]. Assuming that the local
distribution of the bond length and bond angle. From thestructure changes in the similar way to crystalline phases,
above-mentioned reasons, the |IC]U|d with several local Strug=Ssj may drastica”y Change its local structure from a low-
tures is considered to be stabilized because the gain of theressure form into another high-pressure ¢gpbably SH

free energy by mixing several local structures is larger tharstructure passing through thg-Sn-like local structure since

the increase of the interfacial energy caused by the bonghe stable region for thg-Sn phase is narrow.

disorder. On the other hand, the crystalline phase with sev-

eral local structures is not possible due to the less gain in free ) o .

energy by mixing than the increase of the interfacial energy. - Comparison with liquid C<(I-Cs) and liquid Te(I-Te)
Another difference betweehGaSb andc-GaSb is the The pressure dependence of the fraction for the high-

pressure where the structural change starts. Now, we thinpressure form has been investigated s andl-Te**°

that both states take basically the same high-pressure s€ompared to these results, it is found that much higher pres-

quence in the local structures from the zinc-blende structuresure is required for the complete conversion from the low-

which is considered to exist @tnaginary negative pressure pressure form into the high-pressure oné-®aSb. Actually,

in 1-GaSb, into theB-Sn-like and/or the related structures, the application of the pressure of about 20 GPa only induced

and then into the bcc-like local structure. However, the presthe change of the fraction from 0.0 to about 0.5 fgsaSh,

sure range showing this sequence shifts toward the lowerhile the application of only 5 GPa and 1.5 GPa is large

pressure in-GaSb compared to-GaSh. For example, the enough for the almost complete conversionlt@s and-Te,

first structural changéfrom the zinc-blende structure into respectively. This difference can be understood by the small

the 3-Sn one has already completed at ambient pressure andalues ofAV® andw for I-GaSb. The conversion rate of the

the second changéom the 8-Sn structure into the bcc one  local structure at the constafitis expressed Hy
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TABLE lll. Parameters of Rapoport’s TSM fd¢rGaSb,|-Cs, andl-Te.

w
Material A€ (J/atom AVO (A3/atom AS® (J/Kper atom w (J/atom keT
I-Gask? 1.1x10° % 2.5 4710 % 1.3x10°% 0.097
I-Cs® —2.0x10°% 5.7 —-7.0x10°% 1.0x10°%° 1.5
I-Ted 2.9x10 22 25 1.1x 10" 2.0x10 20 2.0P
&This study.
®The values for-GaSb,|-Cs, andl-Te are calculated at the temperatures of 1000 K, 493 K, and 737 K,
respectively.
‘Recalculated using the parameters in Ref. 44,
dRecalculated using the parameters in Ref. 45.
AVO H. Contraction mechanism
( ax) B kgT @ 1. Contraction of -GaSb
P/ 1w As already mentioned, two main mechanisms are consid-
X(1—=x) kgT ered for a nonuniform contraction of liquids. One is the non-
uniform contraction originating in the deformation of the lo-
At x=0.5, the value takes a maximum cal structure due to the dispersion in the strength of the
chemical bonds. The other is the nonuniform contraction
AVO originating in the pressure-induced change in the fraction of
P T the several local structures. The nonuniform contraction ob-
(_X (atxzo_azL_ (8)  served inl-GaSb is considered to be caused by the latter
P a2 mechanism.
kgT In the present study, the nonuniform contractioh-®&aSh

is confirmed from an anisotropic change of the profiles of
This value becomes a good scale for measuring the conve$(Q) andg(r) under pressure and the different pressure de-
sion rate. Small values ohV° andw lead to the gradual pendence in the positions of the first, second, and third peaks
change of the local structure. The comparison of these valuga g(r). As evident in Fig. 7, the profiles &(Q) andg(r)
(Table 1) reveals thatAV® and w for |-GaSb are in fact are different between theé-Sn-like and bcc-like local struc-
smaller than those fol-Cs andl|-Te, and explains gradual tures. Since the toteB(Q) and g(r) are expressed by the

change of local structure fdrGaSb against pressure. linear combination of those for two local structures, the
pressure-induced change of the fraction causes the modifica-
G. Origin of the hump of S(Q) tion of S(Q) andg(r) under pressure. The different pressure

i ~dependence of peak positions is also explained by this
From the analysis of the local structure, we have estiynechanism. As shown in Fig. 7, each peak positiog(in) is

mated the origin of the hump i8(Q) for I-GaSh. The com- gjferent between th@-Sn-like and bee-like local structures.
parison of the experiment&(Q) at 1.7 GPa and 19.6 GPa Therefore, when the fraction of the local structure changes
with those simulated for thg8-Sn-like and bcc-like struc-  with pressure, the positions of first, second, and third peaks
tures weighted by the determined fraction is shown in Figsin g(r) also show the different pressure dependence. The
12(a) and 12b). Here, the horizontal axis is scaled by the aforementioned two evidences for the non-uniform contrac-
position of the first peak. The comparisons3fRQ) at other  tion of I-GaSb can be explained by the pressure-induced
pressures are not shown because similar results are obtainggange in the fraction of the high-pressure form. Therefore,
We can find that the hump in the experimerQ) comes  the nonuniform contraction if-GaSb is considered to be
from that of S(Q) for the g-Sn-like local structure both at caused by the gradual change of the local structure from the

1.7 GPa and 19.6 GPa. This implies that the hum8(Q)  g-Sn-like one and bcc-like one under pressure.
for |-GaSb originates in th@-Sn-like local structure at any

pressure.
As already shown in Fig. 4, the normalized position of the
hump for liquid group IV elements is slightly deviated from It is reported that-Si contracts uniformly in the pressure
that for I-GaSh. Consequently, the position of the hump ofregion below 8 GPa and above 14 GRdowever,|-Si also
S(Q) for the B-Sn-like local structure does not show a goodseems to contract nonuniformly becau€y/Q; value,
agreement with that for liquid group IV element. To explain which is expected to be constant regardless of pressure for
the origin of the hump for liquid group IV elements, we needthe uniform contraction, changes with pressurel-te, the
to consider the large deformation from ti#eSn-like local  profiles forS(Q) andg(r) also change with increasing pres-
structure or the existence of another local structure. sure, together with the change@%/Q; ratio® These results

2. Comparison with liquid group IV elements
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3 T
(a) 1.7 GPa obs
— 0.92p3-tin+0.08bcc
— B-tin
— bce
2 - -

FIG. 12. (Color) Experimental S(Q) for

S— I-GaSh(a) at 1.7 GPa an¢b) at 19.6 GPa and the
G 0 simulated S(Q) for the B-Sn-like and bcc-like
E; structures weighted by the fractional ratio. The
(b) 19.6 GPa 8%37 —tin+0.43b horizontal axis is normalized by the wave number
' _B tin+0.43bce of the first peakQ,. The profile ofS(Q) which is
B-tin generated by the linear combination of those for
— becc the B-Sn-like and bcc-like structures is also
2 L — shown.
1+ =
i
0 | 1
1 2 3
Q/'Q

1

suggest that both liquids show a nonuniform contraction The liquid chalcogens, such as liquid SeSe andl-Te,
similar to that forl-GaSb. Although the detailed contraction consist of one-dimensional chains. Each atom is tightly
mechanisms for these liquids are still unknown, these liquid$onded to two neighbors within a chain by the covalent
are also considered to contract nonuniformly through thehonds, while each chain is bonded to the adjacent chains by
pressure-induced change in the fraction of the high-pressui@uch weaker bond. With increasing pressure, the weaker in-
local structure by considering the similarity of Si and Ge totrachain bond contracts selectively. The nonuniform contrac-
Gasb in the nature of the chemical bond and the hightjon of the liquid chalcogen is considered to be caused by the
pressure sequences in the crystalline phases. Though, the %‘lsotropic contraction of the local structure.

tailed mechanism of the contraction for these liquids should 114 similar contraction mechanism is applicable for lig-
be investigated through the quantitative analysis of the Ioca]!Iid halogerf The liquid lodine consists of the molecule of

structure. the paired atoms. Each atom is tightly bonded to a neighbor
atom with the covalent bonding, while the molecules are
loosely bonded to each other by a much weaker bond. With
Previously, the contraction processes of liquid chalcogerncreasing pressure, the weaker intermolecular bond con-
and liquid Halogen have been investigatéf'~%These lig-  tracts selectively. The nonuniform contraction in liquid io-
uids form a low-dimensional network due to the small CN.dine is also caused by the anisotropic contraction of the local
These liquids are also known to contract nonuniformly undestructure. As observed in these examples, the liquids with a
pressure. The mechanism of the nonuniform contraction folow-dimensional network contract nonuniformly due to the
these liquids, however, seems to be different from that fodispersion in the strength of the chemical bonds. This mecha-
[-GaSbh. nism is completely different from that of nonuniform con-

3. Comparison with the liquids with a low-dimensional network
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traction in the liquid of tetrahedrally bonded materials with 1 N
less dispersion in the strength of the chemical bonds. Jerystal ) =——5— > s(r—ry), (Al)
4r 2p0 i=1
V. CONCLUSION wherer; is the interatomic distance tdh atom from the

In order to elucidate the local structure and the pressure'%gn;vceergteeriira:b%r:?jlglls?tthligrutr;gerrgsfe?t/oartrilzh%ﬁhs —
induced change for the liquids of tetrahedrally bonded mateb f tg i ?f the f IFI) . dition:
rials, we have investigated the structurelgbaSh at high er of atomsgysia(r) satisfies the following condition:
pressures up to 20 GPa by synchrotron x-ray-diffraction "

measurements. We have revealed the contraction process of f A71?poQcrystal 1) Ar =N. (A2)
[-GaSb from the precisely determingdr). We also identi- 0

fied the local structure and its pressure-induced change by . . o . )
applying the distorted-crystalline model and TSM to the ex- !N the simulation ofg(r) for liquid, we give a Gaussian-
perimentalg(r) quantitatively We also applied Rapoport's type fluctuation to the interatomic distance for expressing the

TSM to the PT dependence of the fraction of the high- wide distribution in the bond length and bond angle in liquid.

pressure form from the experimentg(r). These results 1he contribution of theth atom at a distancs to g(r) is
were compared with those farGaSb, liquid group IV ele- €xPressed by

ments, and the liquid with a low-dimensional network. The A

main results of this study are listed below. g(r)= . j e‘(’—fj)Z/ZtT,-z, A3)
VETTO;
(i) The I-GaSh contracts nonuniformly, which is com- !

pletely different from a uniform contraction for simple lig- whereo; is the dispersion of the Gaussian distribution jftsr
uids. atom, andA is a scaling factor. The factor is determined from
(ii) The local structure of-GaSb is described by the mix- the following condition for the preservation of the number of
ture of the local structuresgtSn-like and bcc-like local an atom:
structure$ similar to the high-pressure phases @aSh,
rather than that similar to an ambient form, zinc-blende °°4 2 dr=1
structure. The fraction of the high-pressure form continu- o 7 pog;(r)dr=1.
ously increases as the pressure is raised.
(iii ) Two local structures coexist over a wide pressure reBy solving this equation, we obtain the following scaling

(A4)

gion below 20 GPa. factor:
(iv) The local structures of the high-pressure phases ob-
served inc-GaSb (3-Sn-like and bcc-like local structures 1

appear at much lower pressureliGaSh. (A5)

(v) The pressure and temperature dependence of the local
structures is successfully explained by Rapoport's TSM.  |n order to include the gradual decrease in the short-range
order with the increase of the interatomic distance, the dis-
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APPENDIX g(r)=j2,l 9i(r)- (A7)

1. Method for simulating g(r) for liquids: Distorted

: The similar methods have been reported previously in Refs.
crystalline model

64 and 65. Compared to the formula in Ref. 64, the param-
It is natural to consider that a short-range order in liquidetert is kept as a variable in this study. It is because this

states is similar to those in the crystalline states. Taking thiparameter can not be determinadriori due to the uncer-

into consideration, we simulagyr) for the liquid from that tainty of the decay rate for the order in the bond length and

for the crystalline phase. in bond angle. Compared to the formulas in Ref. 65, the
The pair distribution functiomg(r) for a crystalline phase scaling factorA; is improved in our formulas because the
is expressed by 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 form&PF and HPFis expressed by
9(r)=(1=x)°gipr.pHT) + X*Grpr.rpi )
+2X(1=X)9Lpr-HpHT ).

Here, x is the fraction of the HPF, andy prpHr),
Oupe-updr), andg, peppdr) are the partiab(r) for the pair

(A8)

between LPF’s, HPF’s, and LPF-HPF, respectively. When we

assume that the partial(r) between different forms is ex-
pressed by the average of the pargi@l)’s between the same
forms as

gipr-Lre M) + OHpE-HPHT)
Oipr-HPHT) = 2 )

(A9)

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

9(r)=(1=x)gipr-Lp ") + XGupr-pi ). (AL0)

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

Here, even if the approximation expressed by &Q) is
not correct, the general feature of formul&l0) does not

change so much regardless of the model used. For example,
if the different forms do not have any short-range order, i.e.,

g(r) between different forms is constant independent,of
the totalg(r) can be expressed by

9(r)=(1-x)? giprLpH") +X°Unpr-ppi ) +2X(1-X).
(A11)
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FIG. 13. Weight factors fogQ pe. pe (W) and for gupenpee
(wyy) as function of the fraction of the high-pressure fosmfor
the model ofy = 0, 1/2, 1(see text

gipr-npA M) =(1=Y) Oipripdl) Y Ouprrpdl),

(A12)
theg(r) can be expressed by
g(r)=wi giprLpdl) + WhnGnprnpd ), (AL3)
Wi =(1—x3)—2x(1—X)y, (A14)
W= X2+ 2x(1—X)y. (A15)

Here, w;, and wyy are the weights forg prpdr) and
Oupe-upr), respectively. In the case =0, which corre-
sponds tog pr.HpHl') =Jiprpdr), Wi and wyy, become
(1—x?) and x?, respectively. In the case of=1, which
corresponds t@ pr.ypd) = 9pprrpk ), Wi andwyy be-

Even in this caseg(r) can be expressed by the combinationcome (1-x)? and 1—(1—x)?, respectively. In any cases,

of g pe.Lpdr) andgupe.updr) although the coefficient is not
a linear one. In another case,gfpr.updr) is expressed by
the linear combination ofl pe. p(r) andguyprnpdl) With a
different weighty as shown by the following equation,

theg(r) can be expressed by the combinatiorgpfg_ p(r)
andguprnpdr), While the coefficients are slightly modified.
In Fig. 13, the dependences wf, andw,y againstx are
shown for the models of=0, 1/2, 1.
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