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High-pressure and high-temperature x-ray absorption study of liquid and solid gallium
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Good quality extended x-ray absorption fine structure~EXAFS! spectra near the GaK edge have been
collected in wide pressure and temperature ranges~namely 0–16 GPa, 298–498 K! using the dispersive setup
installed at the LURE synchrotron radiation facility and diamond anvil cell as pressure device. Energy disper-
sive x-ray diffraction data have been also measured in similar thermodynamical conditions. EXAFS spectra are
shown to be sensitive to phase transitions occurring at high pressures and temperatures. Occurrence of stable
and metastable phases and location of the coexistence lines are discussed in light of the results obtained using
both experimental techniques. The phase diagram of pure gallium has been extended considering present
experimental results. EXAFS data-analysis is performed using advancedab initio methods~GNXAS!. Accurate
information about local structure in solid and liquid gallium at extreme conditions is obtained. The short-range
two-body distribution functions are reconstructed by EXAFS for liquid and solid gallium as a function of
pressure and temperature.

DOI: 10.1103/PhysRevB.65.014114 PACS number~s!: 61.10.Ht, 61.25.Mv, 62.50.1p
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I. INTRODUCTION

Gallium is a metal which is known to be polymorph
showing several phase transitions and metastable modi
tions as a function of pressure and temperature.1–8 The melt-
ing temperature at ambient pressure of the stable phase G~I!
~or a-Ga! is particularly low (Tm5302.9 K) and extreme
undercooling of the liquid can be easily obtained.2,3 More-
over, gallium is an ice-type element where the density of
liquid phase at ambient pressure exceeds of about 3% th
the stable Ga~I! phase. Therefore, gallium melts upon app
cation of pressure at room temperature~slope of the coexist-
ence line I liquiddT/dP;223 K/GPa). It is then possible
to investigate liquid gallium in a broad range of temperatu
and pressures without too complicated high-temperatu
high-pressure experimental equipments.

In the past, the part of the Ga phase diagram including
233–423 K temperature and 0–7.5 GPa pressure range
been explored by differential thermal analysis and x-ray d
fraction measurements.1,4 The liquid-solid Ga~II ! transition is
located at about 2.0 GPa at room temperature. The ave
structure of liquid gallium (l -Ga! has been studied at amb
ent pressure using neutron and x-ray diffraction as repo
in several previous publications~see, for example, Refs
9,10!. It was found that the principal peak of the structu
factor S(q) is asymmetric and has a shoulder on the highq
side just above the melting temperature. This anomalous
ture merges into the principal peak increasing its asymm
at very high temperature while develops into a well-defin
peak in the supercooled liquid.11,12Several computer simula
tions have been performed in a wide range of temperatur
ordinary pressure in order to clarify the origin of the anom
lies in the observed structure factors and improve the kno
edge of the electronic properties of liquid gallium~see, for
0163-1829/2001/65~1!/014114~10!/$20.00 65 0141
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example, Refs. 13,14!. The average structure ofl-Ga has
been simulated by using realistic interatomic pair pseudo
tentials which can explain the asymmetry of theS(q).15–17

Hafneret al.17 attributed theS(q) anomalous shape of liquid
Ga to a change of the curvature of the pair potential co
sponding to the nearest-neighbor distance. Tsay
coworkers18–20 gave a structural interpretation ascribing t
S(q) anomalies to the simultaneous presence of cluster
atoms of different size and geometry.

The only experimental investigations of liquid gallium
high temperatures and pressures have been performed
x-ray diffraction21,22 up to 1570 K, 0.07 GPa~Ref. 21! and
up to 393 K, 6.1 GPa on the high-pressure side.22 The nearest
neighbor distance turned to be almost constant, whereas
coordination number decreases as a function
temperature21 and increases as a function of pressure.22

For what concerns solid Ga at high pressure, Schulte
Holzapfel7 have interpreted their energy-dispersive x-ray d
fraction ~EDXD! measurements as due to the existence
various competing phases up to around 15 GPa~at room
temperature! when Ga finally transforms to Ga~III ! phase.
However, the problem of an unambiguous determination
the intermediate pressure regime in Ga is still open as
indicated by the authors themselves. The Ga~III ! phase is the
stable phase at room temperature from 15 GPa up to a
75 GPa. At very high-pressure, different assignments of
Ga~III !-Ga~IV ! ~fcc! transition ranging from the extrapola
tion reported in Ref. 7~75 GPa! and recent EDXD measure
ments showing a ‘‘continuous’’ transition above 120 G
~Ref. 8! have been suggested.

So far, no x-ray absorption spectroscopy~XAS! measure-
ments have been performed as a function of pressure
temperature on pure gallium. In recent times, it has b
shown that reliable structural information can be obtained
©2001 The American Physical Society14-1
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XAS data collected using the energy-dispersive setup
diamond anvil cells~DAC’s! as pressure devices.23,24 Large-
volume cells have been also used in the 0–7 GPa and 3
1200 K pressure and temperature ranges on standard
beamlines providing very good quality spectra in extre
conditions.25 The unique short-range sensitivity of the XA
technique has been exploited providing unambiguous res
about the local structure, complementing those obtained
ing diffraction techniques.23–25

The capability of the XAS to give quantitative informa
tion on the radial distribution function is considerably im
proved due to the advances in the data interpretation.26 The
ab initio multiple-scattering approach for data analysis co
tained in the GNXAS method can be successfully used
determine the local two-body and even three-body distri
tion functions both in liquid and solid phases~see, for ex-
ample, Refs. 23,26–29!.

In this work, we present energy dispersive XAS and e
ergy dispersive x-ray diffraction measurements on solid
liquid gallium in a wide pressure and temperature dom
~0–16 GPa and 298–498 K!. The main purpose of this pape
is to contribute to clarify the complex scenario of phase tr
sitions of this polymorphic metal and determine the sho
range local structure as a function of pressure and temp
ture both for solid and liquid Ga in extreme conditions.
particular, the XAS determination of the pair distributio
function of liquid gallium under extreme conditions by usin
the long-range constraints of complementary techniq
~such as neutron or x-ray diffraction! is aimed to stimulate
new theoretical and computational study of short-range
tentials and electronic properties for polymorphic metals.

II. EXPERIMENTAL DETAILS

Ga K-edge XAS measurements and EDXD patterns a
function of pressure at room and high temperature were
lected in two separate experiments using the dispersive s
available at LURE~D11 and DW11A beamlines!30,31 and
synchrotron radiation emitted by the DCI storage ring op
ating at 1.85 GeV with typical currents of 300 mA.

XAS spectra covered the 0–8.2 GPa, the 0–11.8 GPa,
0–16 GPa pressure ranges at room temperatureT5378 K
and T5498 K, respectively. A standard diamond anvil c
~DAC! was used as pressure device. The cell was equip
with an external heater for the high-temperature meas
ments. Pure gallium was loaded into the cell equipped w
stainless steel gaskets without pressure-transmitting med
The size of the sample~hole of the gasket! was about
150 mm. Particular care was taken to improve the quality
the spectra minimizing the appearance of strong Bragg pe
from the diamonds by optimizing the position of the cell a
of the two diamonds. Pressure was measured before and
each XAS scan by using the standard ruby fluorescence t
nique with a typical 0.1 GPa error bar for the room tempe
ture measurements. Because of the large broadening o
ruby fluorescence peak at high temperature we also used
pressure calibrant the fluorescence of the Sm21- doped
SrB4O7 which is nearly independent of the temperatu
Temperature was monitored by a thermocouple placed on
01411
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rear of the cell with an estimated uncertainty of 5 K. T
stability of the temperature during the measurements
excellent due to the mass of the cell including the hea
Low noise spectra were obtained by summing five spe
~1024 pixel data!, each recorded with a total integration tim
of about 90 s.

XAS experiments were performed during two separ
runs and the energy scale resulted to be always a linear f
tion of the pixel number:E5a1bn. The energy stepb was
aboutb50.853 eV andb50.670 eV while the parametera
was about a510203.6 eV anda510289.6 for room-
temperature and high-temperature scans, respectively.
scale was obtained comparing theK-edge pure Ga and GaS
spectra at ambient conditions collected using the disper
technique with analogous spectra recorded in the same
ditions on a conventional spectrometer with a channel-
~311! monochromator~beamline D42 at LURE!.

EDXD patterns were recorded at a given angle using
synchrotron radiation emitted by the DCI wiggler~beamline
DW11A!. The angle@u55.151(1)# was measured using th
EDXD pattern of a Cu foil at ambient conditions. Limitin
pressures of the EDXD measurements were around 30,
and 10 GPa at 298, 378, and 498 K temperatures, res
tively.

III. PHASE TRANSITIONS

In Fig. 1, we report the Ga phase diagram presented
Ref. 4 ~thick lines! and the corresponding diagram reco
structed by Bosio1 ~thin lines! illustrating the previous
knowledge about structural transitions of gallium under
effect of temperature and pressure. The phase diagr4

shows the liquid-solidl-Ga~I!, l-Ga~II !, and l-Ga~III ! coex-
istence lines and the solid-solid Ga~I!-Ga~II !, Ga~II !-Ga~III !
phase transitions in the 0–7.5 GPa pressure range up to
K. On the other hand, the phase diagram,1 limited to a nar-
rower region of the pressure and temperature space as
pared to Ref. 4, highlights various metastable equilibriu
phase boundaries (l -b, l -d, l -e, l -g) at low temperatures

FIG. 1. Ga phase diagrams as reported in Refs. 1~thick lines!
and 4~thin lines!.
4-2
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HIGH PRESSURE AND HIGH TEMPERATURE X-RAY••• PHYSICAL REVIEW B 65 014114
~235–265 K!. A difference in the position of the triple poin
L-III-II and a slight variation in the slope of the I-II coexis
ence line is observed comparing the two phase diagrams.
high-pressure part of the phase diagram has been analyz
Ref. 7.

Our GaK-edge XAS spectra are presented as a func
of pressure in Fig. 2 atT5298, 378, and 498 K. They hav
been found to be reproducible along the pressure upstr
and downstrokes. The x-ray absorption coefficienta(E) is
reported in the upper panels while differences between X
patternsDa(E) reflecting changes of the local structure a
shown in the lower panels. Large changes in the spectra
associated with phase transitions occurring in the pres
range under investigation. At room temperature~Fig. 2, left
panel! modifications are associated with the solid to liqu
and liquid to solid phase transitions occurring just above
GPa (a-Ga to liquid! and 1.9 GPa~liquid to solid!. Above
this pressure the stable solid phase is Ga~II ! but Ga~III ! crys-
tals have been observed1 to grow in the Ga~II ! stability re-
gion. The evident variation of the XAS signal at 8.2 G
indicates that a structural modification takes place below
pressure.

For what concerns the EDXD measurements, room te

FIG. 2. Upper panels: XAS GaK-edgea~E! spectra of pure
gallium as a function of pressure at room temperature~ambient
pressureP50.3, 0.6, 1.2, 1.4, 1.9, 2.5, 3.4, 5.4, and 8.2 GPa,
panel!, at T5378 K (P50.5, 1.4, 1.7, 4.7, 5.5, 6.0, 6.5, 7.5, 9.
11.3, and 11.8 GPa, central panel!, andT5498 K (P50.3, 1.5, 4,
8, 9, 11, 11.9, and 14.8 GPa, right panel!. Lower panels: difference
signalsDa(E) of XAS spectra recorded at different pressures a
temperatures.
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perature data show the disappearance of theS(q) pattern
above the liquid-solid transition but no detectable Bra
peaks are observed below 5.7 GPa suggesting that a pos
coexistence of different phases could take place in this p
sure region. In Fig. 3 we report some of the EDXD patte
collected in the 5.7–29.8 GPa pressure range. The numb
peaks detected at low pressure is insufficient to identify
ambiguously the lattice structure, however, the energy p
tions can be compared with those predicted by using
Ga~II ! and Ga~III ! crystalline structures reported in the li
erature for these pressures. The peak assignments show
Fig. 3 are based on this comparison. The clear struc
change observed between 10.7 and 19 GPa is naturally
signed to the transformation of the Ga~II ! into the Ga~III !
crystalline phase in agreement with previous observatio7

In the 5.7–10.7 pressure interval the~211!, ~220!, and~422!
interplanar distances assigned to the Ga~II ! phase move pro-
gressively to higher energies as a function of pressure.
terns in the 14–17 GPa pressure range include both G~II !
and Ga~III ! typical Bragg. New EDXD peaks, observe
above 17 GPa, are assigned to the Ga~III ! ~101!, ~002!,~110!,
~112!, ~200!, ~103!, ~211!, and ~202! interplanar distances
Lattice parametersa for the Ga~II ! phase anda andc for the
Ga~III ! phase, derived from present measurements are v
alized and compared with previous results7 in Fig. 4, in the
whole pressure range investigated. Lattice parameters
tained at room and higher temperatures are reported als
Table I.

ft

d

FIG. 3. Room temperature EDXD patterns of solid Ga for
creasing pressure~see arrow!. From the bottom to the top the
EDXD patterns at 5.7, 8.6, 10.7, 14, 17, 19, 20.7, 23.3, 25.5,
29.8 GPa are shown.
4-3
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On increasing the temperature up to 378 K, large mod
cations in the XASDa difference signals have been foun
between 4.7 and 5.5 GPa~Fig. 2, central panel!. These varia-
tions are due to the liquid-solid phase transition, in agr
ment with the phase diagram4,5 as well as with presen
EDXD measurements showing the disappearance of the
uid S(q) above 5 GPa. The phase transitionl-Ga~III ! is
found at a pressure of about 5.4 GPa~at 378 K!. Tiny
changes appearing in the XAS spectra above this pres
suggest that no further solid-solid transitions take place
5.5–11.8 GPa pressure range. The EDXD patterns colle
in the solid region~5.5–14 GPa pressure range! show Bragg
peaks assigned to the Ga~III ! ~101! and ~110! interplanar
distances only above 11 GPa. Numerical values for the
tice parameters are reported in Table I.

Finally, at 498 K~Fig. 2, right panel! we have found an
appreciable difference between the absorption coefficien
9 and 11 GPa certainly related to the liquid-solid transitio
This transition is confirmed by EDXD data which shows t

FIG. 4. Lattice parametersa, c for Ga~III ! and a for Ga~II !
crystalline structures determined by EDXD patterns at room te
perature and compared with previous results~Ref. 7!.
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disappearance of the liquidS(q) at 10.2 GPa but no evidenc
for Bragg peaks. We were not able to reconstruct the crys
line structure which is likely to be again Ga~III ! as found at
lower temperatures.4,5

Changes in the shape of experimental XAS data relate
structural variations are better visualized looking at t
kx(k) XAS structural signals~wherek is the wave vector of
the photoelectron!. Experimental XASkx(k) structural sig-
nals of solid and liquid Ga at room temperature are presen
in the whole pressure range in Fig. 5. The lower most sig
was collected atT;310 K andP;0 GPa using a conven
tional step-to-step XAS spectrometer.

The dashed line aroundk;7 Å21 is only a guide to the
eye and allows us to highlight the clear changes of the os
lation frequency, related to modifications of the firs

-

FIG. 5. Room temperature experimental XAS signals compa
with best-fit calculated spectra for liquid and solid Ga at differe
pressures.
sure.
TABLE I. Lattice parameters determined by EDXD patterns for solid gallium as a function of pres

T ~K! P ~GPa! Phase a(GaII) (Å) a(GaIII) (Å) c(GaIII) (Å)

298~5! 5.7~1! Ga~II ! 5.74560.008
8.6~1! Ga~II ! 5.69560.008

10.7~1! Ga~II ! 5.64860.008
14.0~1! Ga(II)1Ga(III) 5.58860.008 4.30360.006
17.0~1! Ga(II)1Ga(III) 5.54260.008 2.68560.009 4.30260.006
19.0~1! Ga~III ! 2.68160.009 4.17260.005
20.7~1! Ga~III ! 2.69760.009 4.16260.005
23.3~1! Ga~III ! 2.66760.009 4.12060.005
25.5~1! Ga~III ! 2.65960.009 4.09660.005
29.8~1! Ga~III ! 2.63660.009 4.02960.005

378~5! 12.0~1! Ga~III ! 2.75460.009 4.29760.006
14.0~1! Ga~III ! 2.73360.009 4.28460.006
4-4
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neighbor distances, obtained aboveP51.9 and 5.4 GPa. The
first sudden variation is obviously related to the liquid-so
phase transition occurring at about 2.0 GPa (T;298 K).
The liquid-solid transition is revealed both by the enhan
ment of the amplitude and by the change of frequency of
XAS spectra. A further frequency shift of the XAS signal
the solid phase as a function of pressure above 5.4 GPa
been discovered. This second change obtained is not
pected because Ga~II ! is supposed to be a stable phase up
about 15 GPa at room temperature.

Experimental XASkx(k) structural signals of solid and
liquid Ga at 378 and 498 K are shown in Fig. 6 as a funct
of pressure. The structural transitions corresponding to
evident change of frequency of the XAS spectra occur ab
4.7 and 9.0 GPa atT;378 and 498 K, respectively. Th
vertical lines drawn in Fig. 6 are a guide to the eye wh
helps to better visualize the frequency shift.

In Fig. 7, the whole set of new measurements presente
this paper is reported and the limits of the diagram shown
Fig. 1 have been extended to include present limiting pr
sures and temperatures. The dotted region depicted in F
in the 2.5–5.4 GPa pressure range at room temperature
cates a metastability region where gallium has been foun
crystallize in different solid phases,1 including the Ga~III !
one, depending on the thermal and pressure history. In
present experiment we have not been able to detect any
fraction peak in that pressure range, however XAS data
compatible with the local environment typical of the Ga~III !
phase~see next section!.

In the high-temperature part of the phase diagram,
liquid-solid Ga~III ! phase transition is placed in the 5.4~1!–
5.5~1! GPa and 9.0~1!–10.2~1! GPa pressure ranges at 37
and 498 K, respectively. The dashed oblique lines indic
the uncertainty in the liquid-solid coexistence curve.

FIG. 6. Experimental XAS signals compared with best-fit c
culated spectra for liquid and solid Ga as function of pressure at
~left panel! and 498 K~right panel!.
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Finally, the high-pressure side of the phase diagram s
stantially confirms the previous results obtained in Ref.
Curves in the 14–17 GPa pressure range include a re
where both Ga~II ! and Ga~III ! typical Bragg peaks have bee
found. In this work we provide an estimate of the latti
parameters of both phases in the coexistence region~see Fig.
4 and Table I!.

IV. AVERAGE LOCAL STRUCTURE IN HIGH-PRESSURE
PHASES

A. XAS data analysis of solid gallium

Data analysis has been carried out using theGNXAS

package.26 Phase shifts for photoabsorber and backscatt
atoms have been calculated for crystalline gallium structu
using tangent muffin-tin spheres. The relevantg (2) ~two-
body! andg (3) ~three-body! multiple scattering signals hav
been calculated.26 Fitting was performed directly on the ab
sorption data without any noise filtering or preliminary bac
ground subtraction. The dominant contribution is always
first-neighbor two-atomg (2) signal even at high pressure
due to the relatively large structural disorder. Doub
electron KM-type contributions were found in Ga~Ref. 27!
and have been properly considered in the present data a
sis. The importance of accounting for double-electron ex
tations has been widely emphasized elsewhere.32–34 If not
properly considered, these additional structures determ
evident distortions of thex(k) signal, which generate very
short-distance Fourier transform~FT! peaks without struc-
tural meaning.

Data analysis of solid Ga at high pressure was perform
using different models for the local structure: Ga III, Ga
and a simple twelve neighbors shell model~asymmetric
G-like distribution, see Refs. 35–37, and references there!.

The latter model is defined by the expression

-
8

FIG. 7. Extension of Ga phase diagrams reported in Refs.
taking in account our new EDXD and XAS dispersive measu
ments. The dashed region at high temperature indicates the u
tainty in the liquid-Ga~III ! coexistence line.
4-5
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n~r !5
2N

subuG~4/b2! S 4

b2 1
2~r 2R!

sb D 4/b221

3expF2S 4

b2 1
2~r 2R!

sb D G , ~1!

where the radial distributionn(r ) depends upon three struc
tural quantities:35 the average bond lengthR, the bond vari-
ances2, and the skewnessb @N5*n(r )dr512#.

Detailed analysis of the XAS results, reported in Ref. 3
shows that the local structure of solid Ga up to 5.4 GPa is
compatible with Ga II~eight first neighbors at;2.78 Å and
four at about 3.33 Å,P52.6 GPa, 313 K! while it is in
substantial agreement with that of Ga III~four first-neighbor
atoms around 2.81 Å and eight around 2.98 Å, 2.8 G
298 K!. This result is in accord with previous observatio
by Bosio1 where gallium was found to crystallize in differen
solid phases in the Ga II stability domain~see Fig. 7, dotted
region!. At higher pressures (P.5.4 GPa) we have found
that the local structure is compatible with the Ga II mod
This is in agreement with the observation of the Ga II Bra
peaks identified in the EDXD patterns above 5.7 GPa~see
previous section!, as well as with the observed change in t
XAS spectra between 5.4 and 8.2 GPa.

We have verified that theG-like asymmetric model is able
to reproduce the XAS experimental data at high pressure
temperature within the noise. The short-range radial distri
tion function defined by Eq.~1! has been found to reproduc
that of the known crystalline phases using always the sa
parametrization in the various thermodynamicP, T condi-
tions presented in this work. The best-fit calculated XA
signals using theG-like asymmetric model~thick lines! are
compared with experimental data~thin lines! at room and
higher temperatures in Figs. 5 and 6, respectively. Exp
mental points shown as small dots in Fig. 5~see region
around 9 Å21) contain spurious structures related to we
Bragg peaks coming from the diamonds of the cell and h
not been considered in the refinement process. The g
agreement between theoretical and experimental signa
evident in the whole pressure and temperature ranges.

XAS data analysis allowed us to obtain the best-fit valu
of the structural parametersR, s2, andb defining theG-like
distribution. The results of the fitting procedure are repor
in Table II. At a given temperature, the average bondlengtR
decreases by increasing the pressure following the na
contraction of the unit cell. Conversely, at a given press
the average first-neighbor distance slightly increases w
temperature~thermal expansion!. The bond length variance
s2, associated to thermal and static configurational disor
shows a dramatic temperature dependence. In the pre
pressure range, the decrease of the variance upon applic
of pressure is slightly less important. The skewnessb, asso-
ciated with an asymmetry of the radial distribution~i.e., an-
harmonic terms!, increases with temperature and decrea
with pressure. The increase ofb is particularly evident at
T5498 K. The effect on the XAS data is a decrease of
leading frequency on increasing the temperature that, a
has been shown in several recent publications~see, for ex-
01411
,
ot

a,

.
g

nd
-

e

i-

e
od
is

s

d

ral
e
th

r,
ent
ion

s

e
it

ample, Refs. 36–39! is related to the asymmetry of the firs
neighbor distribution and not to an anomalous decrease
the average distance.

Present XAS structural data on solid gallium can be be
rationalized by reconstructing the corresponding radial d
tribution n(r ) functions. Even in presence of mixture o
phases the short-rangen(r ) presented in Fig. 8 have th
precise physical meaning of measuring the average lo
structure of solid Ga in that range of pressure. Then(r )
reconstruction is very accurate in the short-range side of
peak but the uncertainty increases at longer distances.

In Fig. 8 we present the complete set ofn(r ) functions for
solid Ga as a function of pressures and temperatures, der
using the asymmetricG-like twelve-neighbors distribution
The position of the maximum is shortened from 2.84
about 2.75 Å on increasing the pressure from 2.5 to
GPa. The peak height increases from about 25.9 to 29 in
same pressure range. While the amplitude increase is rou
proportional to the pressure change, the shape of the di
bution drastically changes above 5.4 GPa. As discus
above, the XAS spectra in an intermediate pressure ra
2.5–5.4 GPa are compatible with a Ga III structure while
8.2 GPa the average local structure is compatible with tha
Ga II, observed by EDXD~see Sec. III!. For the high-
temperature data, we present then(r ) functions calculated in
the 5.5~1!–11.8~1! GPa~Fig. 8, middle panel! and 11.0~1!–
16.0~1! GPa~Fig. 8, right panel! pressure ranges at 378 an
498 K, respectively. On increasing the pressure the heigh
the first n(r ) peak increases while the mean value of t
distance decreases~see symbols in Fig. 8!. At the same time,
the foot and the most probable value of the distribution fu
tions shift toward shorter distances on increasing the te
perature. A longer tail indicating a larger asymmetry is a
easily observed increasing the temperature.

B. XAS data analysis of liquid gallium

The most important contribution to the XAS structur
signal is associated with the first-neighbor peak and there

TABLE II. First-shell parameters determined by XAS da
analysis using theG-like asymmetric model for solid gallium a
room temperature,T;398 and 498 K as a function of pressure.

T ~K! P ~GPa! R (Å) s2 (Å 2) b

298~5! 2.5~1! 2.893~5! 0.035~2! 0.40~5!

3.4~1! 2.891~5! 0.033~2! 0.39~5!

5.4~1! 2.863~5! 0.030~2! 0.32~5!

8.2~1! 2.822~5! 0.029~2! 0.59~5!

398~5! 5.5~1! 2.925~5! 0.044~2! 0.49~5!

6.0~1! 2.914~5! 0.042~2! 0.46~5!

6.5~1! 2.887~5! 0.040~2! 0.30~5!

7.5~1! 2.877~5! 0.038~2! 0.25~5!

9.4~1! 2.852~5! 0.035~2! 0.16~5!

11.3~1! 2.840~5! 0.034~2! 0.15~5!

11.8~1! 2.835~5! 0.033~2! 0.14~5!

498~5! 11.0~1! 2.849~5! 0.048~2! 0.56~5!

11.9~1! 2.843~5! 0.048~2! 0.54~5!

14.8~1! 2.810~5! 0.044~2! 0.41~5!

16.0~1! 2.792~5! 0.041~2! 0.35~5!
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FIG. 8. Reconstruction ofn(r ) radial distribu-
tion functions by XAS data analysis for solid ga
lium at high temperature. Left panel:n(r ) func-
tions determined at room temperature in the 2.
8.2 GPa pressure range (P52.5, 3.4, 5.4, and 8.2
GPa!. Middle panel:n(r ) functions calculated in
the 5.5–11.8 GPa at 378 K (P55.5, 6.0, 6.5, 7.5,
9.4, 11.3, and 11.8 GPa!. Right panel:n(r ) func-
tions calculated in the 11.0–16.0 GPa press
range at 498 K (P511, 11.9, 14.8, and 16 GPa!.
Average values of first-shell interatomic distanc
are indicated by the symbols.
en

a
a
s

d
k
a

na

ur
re

a
rv
t
th

he
nt
a

-
e

t

s are
has

GPa
s are
ntal

s
om-

rt-
ac-

ture
ion

.

the kx(k) is extremely sensitive to its shape. Several rec
papers~see, for example, Refs. 29,35,36,39,40! have shown
that it is convenient to decompose theg(r ) into a short-range
peak and a long-range tail.28 In this way theg(r ) long-range
asymptotic behavior, obtained byS(q) diffraction data or by
computer simulations, is retained while the short-range p
can be refined. Data analysis of XAS spectra of liquid g
lium has been performed considering the constraints impo
by the long-range behavior of theg(r ) functions obtained
from neutron and x-ray diffraction experiments.9,10A suitable
decomposition of theg(r ) curve into a short-range peak an
a long-range tail has been made. The first-neighbor pea
theg(r ) obtained by neutron diffraction has been modeled
a sum of twoG-like35 functions~see Fig. 9!, due to its largely
asymmetric shape. The decomposition of the firstg(r ) peak
into two components has been found to be necessary inl-Ga
for achieving both an accurate reproduction of the origi
g(r ) and an optimal best fit of the XAS structural signal.

In Fig. 10 ~left panel! the kg (2) signals related to the
G-like functions (kg I

(2) and kg II
(2)), and the tailkgT

(2) are
shown for the spectrum at 1.9 GPa and room temperat
The total structural signal obtained by summing the th
kg (2) terms is compared with the experimentalkx(k) of l-Ga
at various pressures. The amplitude and phase of the sign
almost exactly reproduced but, looking at the residual cu
a refinement is still necessary. The short-range refinemen
l-Ga has been performed floating the parameters of
G-like distributions and considering the tail~Fig. 10, right
panel!. As shown in Ref. 28, a correct reconstruction of t
short-rangeg(r ) can be performed only taking into accou
for the compressibility sum rule and asymptotic behavior
long distances. For the particular case of twoG functions
reproducing the firstg(r ) peak the introduction of two con
straints in the refinement process is required. The first on
the coordination number constraintD(N11N2)50, and the
second one is the constraint on the second moment of
distribution which corresponds to the equationD@N1(R1

2

1s1
2)1N2(R2

21s2
2)#50, whereN1 , R1 , s1

2 and N2 , R2 ,
s2

2 are the parameters of two peaks, respectively.28 By using
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these constraints, the shapes of the first and second peak
not independent. XAS data analysis at room temperature
been performed using those constraints in the 0.6–1.9
pressure range and the resulting best-fit calculated signal
in excellent agreement with the corresponding experime
signals as already shown in Fig. 5.

Structural data-analysis ofl-Ga at high temperature ha
been performed using the same procedure used for the ro
temperature data. In this case the decomposition of theg(r )
obtained from neutron diffraction experiments into a sho
range part and a long-range tail has been made taking
count of different macroscopic densities for each tempera
in order to define the proper constraints for the coordinat

FIG. 9. Pair distribution functiong(r ) as reported in Refs. 9,10
The decomposition of the first-neighbor peak into twoG functions
is shown~solid lines!. The residual~tail! curve accounting for the
medium and long-range correlations is also shown.
4-7



d
t-

on
tra

-

ra
at

ra

ol

c

s
T

ut

is

hbor
the

by
port

from
1.5

g

is
de-

by
. In
ut
t
e
etry
ior
of
tion

ra-
as-

i-

rv
e

e- ical
at

COMEZ, DI CICCO, ITIÉ, AND POLIAN PHYSICAL REVIEW B 65 014114
numbers. Realistic densities ofl-Ga have been evaluate
starting from the usual linear approximation for liquid me
als: r5rm1L(T2Tm), where rm56.103 (103 Kg m23),
L5(]r/]T)p526.2 (1021 Kg m23K21) ~Ref. 41! and
Tm5302.9 K. We did not consider variations ofL as a
function of temperature~and pressure! that we expect to be
negligible in the present ranges. In Fig. 6 best-fit calculati
~thick lines! are compared with the experimental spec
~thin lines! in the 0.5–4.7 GPa (T5378 K) and in 0.3–9.0
GPa pressure ranges (T5498 K). The good agreement be
tween theoretical and experimental signals is evident.

C. XAS g„r … reconstruction in liquid gallium

The pair distribution g(r ) functions have been
reconstructed for liquid gallium starting from the structu
parameters determined by means of XAS d
analysis.28,40,42In Fig. 11 the pair distributiong(r ) functions
calculated by XAS are shown for liquid Ga at room tempe
ture. In the same figure, we also show theg(r ) functions at
ambient pressure reported in Refs. 9,10 and a typical s
Ga first-shell peak~see Sec. IV A! for comparison. The typi-
cal error bar on the reconstructedg(r ) functions is of about
0.1 on the first-peak rise and increases for longer distan
~see Refs. 29,39, and references therein!. The height of the
first-neighbor peak in liquid Ga increases slightly with pre
sure while no detectable distance changes are found.
g(r ) peak height increases from about 3.5~0.6 GPa! to 3.8
~1.9 GPa! at 298 K. The position of the maximum is at abo
2.76 Å. In solid Ga at moderate pressure~2.5 GPa!, shown
for comparison in Fig. 11, the peak is shifted to longer d

FIG. 10. Left panel: pair contributionskg (2) associated with the
two first-neighbors shells describing the firstg(r ) peak and the
long-range tail. The totalkg (2) signal is compared with thekx(k)
experimental spectrum of liquid Ga at 1.9 GPa. The residual cu
indicates that a structural refinement is necessary. Right panel: B
fit kg (2) signals for thel-Gakx(k) spectrum at 1.9 GPa. The agre
ment with experimental data is excellent.
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tances. The slight pressure dependence of the first-neig
peak in liquid Ga corresponds to amplitude variations in
original XAS signals~see also Refs. 43,44!.

The height of the first-neighbor peak is affected both
temperature and pressure parameters. In Fig. 12 we re
the short-rangeg(r ) functions forl-Ga as a function of tem-
perature at given pressures. The peak height decreases
about 3.8 to 3.0 temperature from 298 to 498 K at about
GPa~right panel!. At lower pressures~around 0.5 GPa! the
same trend is observed~decrease from 3.5 to 2.9 increasin
the temperature, see left panel!. Looking at Fig. 12 we ob-
serve that the shape of the pair distribution function
strongly affected by varying the temperature. The strong
pendence on the temperature was previously observed
neutron diffraction measurements at ambient pressure
fact, comparing theg(r ) at room temperature and at abo
959 K at ambient pressure~see Fig. 12!,10 one can see tha
the first rise of theg(r ) moves toward shorter distances, th
height decreases dramatically, and an increased asymm
of the distribution is obtained. We observe a similar behav
on ourg(r ) distributions at higher pressure. The position
the peak maximum does not move appreciably as a func
of temperature in agreement with previous findings.21

In Fig. 13 we present our reconstructed short-rangeg(r )
functions forl-Ga as a function of pressure at given tempe
tures. A slight enhancement of the peak is obtained incre
ing the pressure. Theg(r ) peak intensity increases from
about 3.1~0.5 GPa! to 3.3~4.7 GPa! at 378 K~left panel! and
from about 2.8~0.3 GPa! to 3.0 ~9.0 GPa! at 498 K ~right
panel!. Moreover, the position of the maximum of the distr

e
st- FIG. 11. Pair distribution functionsg(r ) of l-Ga atP50.6, 1.2,
1.4, and 1.9 GPa compared with data of Refs. 9,10 and a typ
solid Ga first-shell peak reconstructed by XAS data analysis
room temperature and 2.5 GPa.
4-8
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bution moves toward shorter distances from about 2.72~0.5
GPa! to 2.70 ~4.7 GPa! ~see left panel in Fig. 13! at 378 K
and from about 2.72~0.3 GPa! to 2.68 ~9 GPa! ~see right
panel in the same figure! at 498 K. The slight decrease of th
distance on increasing the pressure is in qualitative ag
ment with previous results obtained using x-ray diffraction22

FIG. 12. Left panel: Pair distribution functionsg(r ) recon-
structed by XAS data analysis forl-Ga at 298 K and 0.6 GPa, 37
K and 0.5 GPa, 498 K and 0.3 GPa. Theg(r ) function at ambient
pressure andT5959 K reported in Ref. 10 is also shown for com
parison. Right panel: Pair distribution functions ofl-Ga at 298 K
and 1.4 GPa, 378 K and 1.4 GPa, 498 K and 1.5 GPa.

FIG. 13. Pair distribution functionsg(r ) calculated by XAS data
analysis forl-Ga shown as a function of pressure atT5378 K ~left
panel! and 498 K~right panel!.
01411
e-

V. CONCLUSIONS

A detailed investigation of the high-pressure and hig
temperatureK-edge x-ray absorption spectra of solid and li
uid gallium has been carried out. Phase transitions occur
in the 0-16 GPa range of pressures under investigation
detected at three different temperatures. The Ga phase
gram has been extended at high temperature showing
liquid to solid phase transition at about 500 K occurring
the 9–10.2 GPa pressure range.

EDXD patterns have been also collected confirming
occurrence of phase transitions at the same pressures f
using the XAS technique. Ga~II ! and Ga~III ! cell parameters,
identified taking into account previously published diffra
tion data, have been measured up to about 30 GPa. By c
bining XAS and EDXD data we have shown that at roo
temperature liquid Ga does not nucleate into the accep
stable phase Ga~II ! by increasing the pressure. This phase
observed at higher pressures (P;5.7 GPa) and a secon
transition from Ga~II ! to Ga~III ! is obtained above 10.7 GP
in a range of about 4 GPa.

XAS data analysis has been performed using the
vanced GNXAS multiple-scattering method. XAS data
solid Ga have been found to be particularly sensitive to
short-range side of the first-neighbor distribution. AG-like
asymmetric model depending on the average first-neigh
bond lengthR, bond distance variances2 and skewnessb
has been found to describe accurately the first-neighbor
tribution. The trend of theR, s2, b structural parameters ar
presented in wide pressures and temperatures ranges. R
structed radial distribution functionsn(r ) have been found to
be largely asymmetric especially near the melting curv
The increased asymmetry of the distribution, associated w
the increase of vibrational amplitudes and anharmonic c
tributions, has been shown to explain the lowering of t
leading XAS oscillation in presence of the thermal expans
at a given pressure.

XAS data analysis of liquid Ga has been performed us
constraints provided by neutron, x-ray diffraction, and de
sity data. The short-range pair distribution functiong(r ) for
l-Ga has been reconstructed for the first time in a wide ra
of pressures and temperatures. The local average structu
l-Ga under pressure~up to 1.9 GPa! at room temperature is
found to be compatible with that ofl-Ga at ordinary pressure
measured by neutron diffraction. The maximum of the fir
neighbor distribution is slightly shifted toward short di
tances and its height increases with the pressure. At hig
temperatures,l-Ga has been measured up to 9 GPa and b
a slight contraction of distances and enhancement of
first-neighbor peak have been observed. By increas
the temperature the height of the first-neighbor peak
creases while the first rise in theg(r ) functions moves to
shorter distances showing a modification in the average lo
structure for the liquid phase as function of temperature
agreement with previous results obtained at ambient p
sure.

The accurate determination of short-range pair distri
tion functions presented in this work can stimulate new t
oretical and computational studies of short-range potent
4-9
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and electronic properties for gallium under extreme con
tions. Present results show also the potentialities of the x
absorption spectroscopy in the study of polymorphic me
in high-pressure and/or high-temperature conditions. X
ys

,
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results are found to be fully compatible with x-ray diffractio
data and therefore the technique is shown to provide us
complementary information about the average structure
ordered and disordered phases.
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