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Good quality extended x-ray absorption fine struct(EXAFS) spectra near the GK edge have been
collected in wide pressure and temperature raiigasiely 0-16 GPa, 298—-498) Kising 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 advaiiciedtio 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.
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I. INTRODUCTION example, Refs. 13,14 The average structure ¢fGa has
been simulated by using realistic interatomic pair pseudopo-

Gallium is a metal which is known to be polymorphic tentials which can explain the asymmetry of t8gg).2>1’
showing several phase transitions and metastable modificétafneret all’ attributed theS(q) anomalous shape of liquid
tions as a function of pressure and temperatuf@he melt-  Ga to a change of the curvature of the pair potential corre-
ing temperature at ambient pressure of the stable pha@& Gasponding to the nearest-neighbor distance. Tsay and
(or a-Ga) is particularly low (T,,=302.9 K) and extreme coworkers®=2°gave a structural interpretation ascribing the
undercooling of the liquid can be easily obtairfédMore-  S(q) anomalies to the simultaneous presence of clusters of
over, gallium is an ice-type element where the density of theatoms of different size and geometry.
liquid phase at ambient pressure exceeds of about 3% that of The only experimental investigations of liquid gallium at
the stable G@) phase. Therefore, gallium melts upon appli- high temperatures and pressures have been performed using
cation of pressure at room temperat(stope of the coexist- x-ray diffractiorf>?? up to 1570 K, 0.07 GP&Ref. 21 and
ence line | liquidsT/ 8P~ —23 K/GPa). It is then possible up to 393 K, 6.1 GPa on the high-pressure $fdehe nearest
to investigate liquid gallium in a broad range of temperaturesieighbor distance turned to be almost constant, whereas the
and pressures without too complicated high-temperatureeoordination number decreases as a function of
high-pressure experimental equipments. temperatur€ and increases as a function of pressire.

In the past, the part of the Ga phase diagram including the For what concerns solid Ga at high pressure, Schulte and
233-423 K temperature and 0—7.5 GPa pressure ranges hislzapfel have interpreted their energy-dispersive x-ray dif-
been explored by differential thermal analysis and x-ray dif-fraction (EDXD) measurements as due to the existence of
fraction measurementd. The liquid-solid G4ll) transition is  various competing phases up to around 15 G&aroom
located at about 2.0 GPa at room temperature. The averagemperature when Ga finally transforms to @G#) phase.
structure of liquid gallium -Ga has been studied at ambi- However, the problem of an unambiguous determination of
ent pressure using neutron and x-ray diffraction as reportethe intermediate pressure regime in Ga is still open as also
in several previous publicationtsee, for example, Refs. indicated by the authors themselves. ThelGBaphase is the
9,10. It was found that the principal peak of the structurestable phase at room temperature from 15 GPa up to about
factor S(q) is asymmetric and has a shoulder on the high- 75 GPa. At very high-pressure, different assignments of the
side just above the melting temperature. This anomalous fe&Ga(lll )-Ga(lV) (fcc) transition ranging from the extrapola-
ture merges into the principal peak increasing its asymmetryion reported in Ref. 775 GPa and recent EDXD measure-
at very high temperature while develops into a well-definednents showing a “continuous” transition above 120 GPa
peak in the supercooled liquid:}?Several computer simula- (Ref. 8 have been suggested.
tions have been performed in a wide range of temperature at So far, no x-ray absorption spectroscdp§AS) measure-
ordinary pressure in order to clarify the origin of the anoma-ments have been performed as a function of pressure and
lies in the observed structure factors and improve the knowltemperature on pure gallium. In recent times, it has been
edge of the electronic properties of liquid galliusee, for  shown that reliable structural information can be obtained by
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XAS data collected using the energy-dispersive setup and 400
diamond anvil cell§DAC's) as pressure devicé$?* Large-
volume cells have been also used in the 0—7 GPa and 300—
1200 K pressure and temperature ranges on standard XAS
beamlines providing very good quality spectra in extreme 350
conditions® The unique short-range sensitivity of the XAS
technique has been exploited providing unambiguous results
about the local structure, complementing those obtained us-
ing diffraction technique&®2° 800N ___ L ____

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 interpretafidine -
ab initio multiple-scattering approach for data analysis con- =50
tained in the GNXAS method can be successfully used to
determine the local two-body and even three-body distribu-
tion functions both in liquid and solid phasésee, for ex- P(GPa)
ample, Refs. 23,26-29

In this Work, we present energy dispersive XAS and en- FIG. 1. Ga phase diagrams as reported in REth[bk Iines
ergy dispersive x-ray diffraction measurements on solid an@nd 4(thin lines.
liquid gallium in a wide pressure and temperature domain
(0—16 GPa and 298-498)KThe main purpose of this paper rear of the cell with an estimated uncertainty of 5 K. The
is to contribute to clarify the complex scenario of phase transtability of the temperature during the measurements was
sitions of this polymorphic metal and determine the short-excellent due to the mass of the cell including the heater.
range local structure as a function of pressure and temper&ow noise spectra were obtained by summing five spectra
ture both for solid and liquid Ga in extreme conditions. In (1024 pixel datg each recorded with a total integration time
particular, the XAS determination of the pair distribution of about 90 s.
function of liquid gallium under extreme conditions by using ~ XAS experiments were performed during two separate
the long-range constraints of complementary techniquesuns and the energy scale resulted to be always a linear func-
(such as neutron or x-ray diffractipiis aimed to stimulate tion of the pixel numberE=a+bn. The energy step was
new theoretical and computational study of short-range poaboutb=0.853 eV andb=0.670 eV while the parameter
tentials and electronic properties for polymorphic metals. was abouta=10203.6 eV anda=10289.6 for room-
temperature and high-temperature scans, respectively. The
scale was obtained comparing tkeesdge pure Ga and GaSh
spectra at ambient conditions collected using the dispersive

GaK-edge XAS measurements and EDXD patterns as technigue with analogous spectra recorded in the same con-
function of pressure at room and high temperature were coditions on a conventional spectrometer with a channel-cut
lected in two separate experiments using the dispersive setyg1l) monochromatotbeamline D42 at LURE

Ga Phase—diagram

(X)

T

0 2 4

Il. EXPERIMENTAL DETAILS

available at LURE(D11 and DW11A beamling¥®3! and EDXD patterns were recorded at a given angle using the
synchrotron radiation emitted by the DCI storage ring oper-Synchrotron radiation emitted by the DCI wiggkgreamline
ating at 1.85 GeV with typical currents of 300 mA. DW11A). The angle #=5.151(1) was measured using the

XAS spectra covered the 0—8.2 GPa, the 0—11.8 GPa, arfaDXD pattern of a Cu foil at ambient conditions. Limiting
0-16 GPa pressure ranges at room temperafur878 K  Pressures of the EDXD measurements were around 30, 14,
and T=498 K, respectively. A standard diamond anvil cell @nd 10 GPa at 298, 378, and 498 K temperatures, respec-
(DAC) was used as pressure device. The cell was equipp/ely-
with an external heater for the high-temperature measure-
ments. Pure gallium was loaded into the cell equipped with
stainless steel gaskets without pressure-transmitting medium.
The size of the sampléhole of the gasketwas about In Fig. 1, we report the Ga phase diagram presented in
150 wm. Particular care was taken to improve the quality ofRef. 4 (thick line§ and the corresponding diagram recon-
the spectra minimizing the appearance of strong Bragg pealstructed by Bosib (thin lines illustrating the previous
from the diamonds by optimizing the position of the cell andknowledge about structural transitions of gallium under the
of the two diamonds. Pressure was measured before and afteffect of temperature and pressure. The phase didgram
each XAS scan by using the standard ruby fluorescence teckhows the liquid-solid-Ga(l), 1-G&ll), andI-G&lll) coex-
nigue with a typical 0.1 GPa error bar for the room temperaistence lines and the solid-solid GaGall), Gall)-Galll)
ture measurements. Because of the large broadening of thhase transitions in the 0—7.5 GPa pressure range up to 423
ruby fluorescence peak at high temperature we also used asa On the other hand, the phase diagratimited to a nar-
pressure calibrant the fluorescence of the?Smdoped rower region of the pressure and temperature space as com-
SrB,O; which is nearly independent of the temperature.pared to Ref. 4, highlights various metastable equilibrium
Temperature was monitored by a thermocouple placed on thghase boundaried 3, I-8, I-€, I-y) at low temperatures

Ill. PHASE TRANSITIONS

014114-2



HIGH PRESSURE AND HIGH TEMPERATURE X-RA¥: PHYSICAL REVIEW B 65 014114

T T T T T T T T T T T T 2
I I dth(A)
11.8 GPa 16 CPa 2,4 22 135 1,20
N 1 ' 1 77 1 ' 1
[ ] [ Ga(IID
] B R
— — 2
!\/_/—\— | : : -

aE) (arb. units)

L] p . !
~ ¥ 8 k
0.5 GPa 0.3 GPa 10° H 8~
~~ E 98 ] g
T=298 K T=378 K T=498 K = [ 3 i o
8.2-5.4 GPa 11.8-11.3 GPa N Ll
Jo.0s > Pl N,
w 9.4-7.5 GPa s 10 il X
=4 16.0-14.8 GPa a AN G
g o] ) st
= 1.9-1.4 GPa 75°85 GPa = \ . o
E* I~ 11.9-11.0 GPa : s
.5—6. |~ ] . .
5 14-12cpa| 55750 CPe L0F
= 11.0-9.0 GPa
@ 1.2-0.6 GPa 6.0—5.5 GPa
g 9.0-8.0 GPa
0.6-0.3 GPa o
8-4 GPa 10' |
0.3-0 CPa 1.7-1.4 GPa 3 . . ., . ) .
177
|||||||||||||||||||| 30 50 60
10400 10400 10400 Energy (KCV)

E (eV)
FIG. 3. Room temperature EDXD patterns of solid Ga for in-
FIG. 2. Upper panels: XAS G&-edge a(E) spectra of pure creasing pressurésee arrow. From the bottom to the top the
gallium as a function of pressure at room temperat@®@bient EpXD patterns at 5.7, 8.6, 10.7, 14, 17, 19, 20.7, 23.3, 25.5, and
pressureP=0.3, 0.6, 1.2, 1.4, 1.9, 2.5, 3.4, 5.4, and 8.2 GPa, leftog 8 GPa are shown.

pane), at T=378 K (P=05, 1.4, 1.7, 4.7, 5.5, 6.0, 6.5, 7.5, 9.4,
11.3, and 11.8 GPa, central paneindT=498 K (P=0.3, 1.5, 4,
8,9, 11, 11.9, and 14.8 GPa, right pané&lower panels: difference
signalsA a(E) of XAS spectra recorded at different pressures and
temperatures.

perature data show the disappearance of $f@) pattern
above the liquid-solid transition but no detectable Bragg
peaks are observed below 5.7 GPa suggesting that a possible
coexistence of different phases could take place in this pres-
sure region. In Fig. 3 we report some of the EDXD patterns
(235-265 K. A difference in the position of the triple point collected in the 5.7—-29.8 GPa pressure range. The number of
L-1lI-Il and a slight variation in the slope of the I-1l coexist- peaks detected at low pressure is insufficient to identify un-
ence line is observed comparing the two phase diagrams. Thenbiguously the lattice structure, however, the energy posi-
high-pressure part of the phase diagram has been analyzedtions can be compared with those predicted by using the
Ref. 7. Gall) and Galll) crystalline structures reported in the lit-
Our GaK-edge XAS spectra are presented as a functiorerature for these pressures. The peak assignments shown in
of pressure in Fig. 2 at =298, 378, and 498 K. They have Fig. 3 are based on this comparison. The clear structure
been found to be reproducible along the pressure upstrok&hange observed between 10.7 and 19 GPa is naturally as-
and downstrokes. The x-ray absorption coefficie{E) is  signed to the transformation of the @a into the Galll)
reported in the upper panels while differences between XASrystalline phase in agreement with previous observations.
patternsA «(E) reflecting changes of the local structure areln the 5.7—10.7 pressure interval tt#l1), (220), and(422)
shown in the lower panels. Large changes in the spectra airterplanar distances assigned to th€lGghase move pro-
associated with phase transitions occurring in the pressumgessively to higher energies as a function of pressure. Pat-
range under investigation. At room temperat(fég. 2, left  terns in the 14—17 GPa pressure range include bothl Ga
pane) modifications are associated with the solid to liquidand Galll) typical Bragg. New EDXD peaks, observed
and liquid to solid phase transitions occurring just above 0.&bove 17 GPa, are assigned to thelEa(101), (002),(110),
GPa (@-Ga to liquid and 1.9 GP4dliquid to solid. Above (112, (200, (103, (211), and (202 interplanar distances.
this pressure the stable solid phase iglBdut Gdlll) crys-  Lattice parametera for the Gdll) phase ané andc for the
tals have been observetb grow in the Gdl) stability re-  Galll) phase, derived from present measurements are visu-
gion. The evident variation of the XAS signal at 8.2 GPaalized and compared with previous reslits Fig. 4, in the
indicates that a structural modification takes place below thisvhole pressure range investigated. Lattice parameters ob-
pressure. tained at room and higher temperatures are reported also in
For what concerns the EDXD measurements, room temTable I.
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FIG. 4. Lattice parameters, ¢ for Galll) and a for Gall) e s

crystalline structures determined by EDXD patterns at room tem- 4 6 8 10 12 14
perature and compared with previous restRsf. 7). K (A_l)

On increasing the temperature up to 378 K, large modifi- FIG. 5. Room temperature experimental XAS signals compared
cations in the XASA « difference signals have been found with best-fit calculated spectra for liquid and solid Ga at different
between 4.7 and 5.5 GREig. 2, central pangl These varia-  pressures.
tions are due to the liquid-solid phase transition, in agree-
ment with the phase diagrdm as well as with present disappearance of the liquB(q) at 10.2 GPa but no evidence
EDXD measurements showing the disappearance of the lior Bragg peaks. We were not able to reconstruct the crystal-
uid S(q) above 5 GPa. The phase transitibGalll) is  line structure which is likely to be again GH) as found at
found at a pressure of about 5.4 GRat 378 K. Tiny lower temperature’®
changes appearing in the XAS spectra above this pressure Changes in the shape of experimental XAS data related to
suggest that no further solid-solid transitions take place irstructural variations are better visualized looking at the
5.5—-11.8 GPa pressure range. The EDXD patterns collectey (k) XAS structural signal$wherek is the wave vector of
in the solid region5.5—-14 GPa pressure rangdow Bragg the photoelectron Experimental XASky(k) structural sig-
peaks assigned to the (Bh) (101) and (110 interplanar nals of solid and liquid Ga at room temperature are presented
distances only above 11 GPa. Numerical values for the latin the whole pressure range in Fig. 5. The lower most signal
tice parameters are reported in Table I. was collected aT~310 K andP~0 GPa using a conven-

Finally, at 498 K(Fig. 2, right panelwe have found an tional step-to-step XAS spectrometer.
appreciable difference between the absorption coefficients at The dashed line arourki~7 A~!is only a guide to the
9 and 11 GPa certainly related to the liquid-solid transition.eye and allows us to highlight the clear changes of the oscil-
This transition is confirmed by EDXD data which shows thelation frequency, related to modifications of the first-

TABLE |. Lattice parameters determined by EDXD patterns for solid gallium as a function of pressure.

T (K) P (GPa Phase aany (A) acany (A) Cicany (R)

2985) 5.7 Gall) 5.745+-0.008
8.6(1) Gall) 5.695-0.008
10.71) GAll) 5.648+0.008

14.01) Ga(ll)+ Ga(lll) 5.588+0.008 4.3030.006

17.01) Ga(ll)+ Ga(lll) 5.542+0.008 2.685-0.009 4.302-0.006

19.01) Galll) 2.681+0.009 4.172-0.005

20.711) Galll) 2.697+0.009 4.162-0.005

23.31) Galll) 2.667+0.009 4.126:0.005

25.51) Galll) 2.659+0.009 4.096:0.005

29.91) Galll) 2.636+0.009 4.0290.005

3785) 12.01) Galll) 2.754+0.009 4.2970.006

14.02) GAalll) 2.733+0.009 4.284-0.006
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tainty in the liquid-Gdll) coexistence line.
FIG. 6. Experimental XAS signals compared with best-fit cal-

culated spectra for liquid and solid Ga as function of pressure at 378 . . .
(left pane) and 498 K(right pane). Finally, the high-pressure side of the phase diagram sub-

stantially confirms the previous results obtained in Ref. 7.
neighbor distances, obtained abd¥e 1.9 and 5.4 GPa. The Curves in the 14-17 GPa pressure range include a region
first sudden variation is obviously related to the liquid-solid Where both Gél) and Galll ) typical Bragg peaks have been
phase transition occurring at about 2.0 GPa~@98 K). found. In this work we provide an estimate of the lattice
The liquid-solid transition is revealed both by the enhanceparameters of both phases in the coexistence regiea Fig.
ment of the amplitude and by the change of frequency of thé and Table ).

XAS spectra. A further frequency shift of the XAS signal of

the solid phase as a function of pressure above 5.4 GPa has

been discovered. This second change obtained is not exV. AVERAGE LOCAL STRUCTURE IN HIGH-PRESSURE
pected because @h) is supposed to be a stable phase up to PHASES

about 15 GPa at room temperature.

Experimental XASky(k) structural signals of solid and
liquid Ga at 378 and 498 K are shown in Fig. 6 as a function Data analysis has been carried out using thexAs
of pressure. The structural transitions corresponding to apackage® Phase shifts for photoabsorber and backscatterer
evident change of frequency of the XAS spectra occur abovatoms have been calculated for crystalline gallium structures
4.7 and 9.0 GPa at~378 and 498 K, respectively. The using tangent muffin-tin spheres. The relevait) (two-
vertical lines drawn in Fig. 6 are a guide to the eye whichbody) and y®) (three-body multiple scattering signals have
helps to better visualize the frequency shift. been calculate® Fitting was performed directly on the ab-

In Fig. 7, the whole set of new measurements presented igorption data without any noise filtering or preliminary back-
this paper is reported and the limits of the diagram shown irground subtraction. The dominant contribution is always the
Fig. 1 have been extended to include present limiting presfirst-neighbor two-atomy(?) signal even at high pressure,
sures and temperatures. The dotted region depicted in Fig.due to the relatively large structural disorder. Double-
in the 2.5—5.4 GPa pressure range at room temperature inddectron KM-type contributions were found in GRef. 27
cates a metastability region where gallium has been found tand have been properly considered in the present data analy-
crystallize in different solid phasésincluding the G4ll) sis. The importance of accounting for double-electron exci-
one, depending on the thermal and pressure history. In th@tions has been widely emphasized elsewf&r¥. If not
present experiment we have not been able to detect any diproperly considered, these additional structures determine
fraction peak in that pressure range, however XAS data arevident distortions of the«(k) signal, which generate very
compatible with the local environment typical of the (Gl short-distance Fourier transfor(®T) peaks without struc-
phase(see next section tural meaning.

In the high-temperature part of the phase diagram, the Data analysis of solid Ga at high pressure was performed
liquid-solid Ga(lll') phase transition is placed in the Bl  using different models for the local structure: Ga lll, Ga |l
5.51) GPa and 9.)-10.21) GPa pressure ranges at 378 and a simple twelve neighbors shell modelsymmetric
and 498 K, respectively. The dashed oblique lines indicatéd -like distribution, see Refs. 35—-37, and references thgrein
the uncertainty in the liquid-solid coexistence curve. The latter model is defined by the expression

A. XAS data analysis of solid gallium
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2N 4 2(r—-R) 482-1 TABLE 1l. First-shell parameters determined by XAS data
nN=———=—-|-5+ ) analysis using thd -like asymmetric model for solid gallium at
a|BIT(418%) \ B opB room temperatureT ~398 and 498 K as a function of pressure.
4 2(r—R
Xexp[_([?+ (;B )” m TR  P©EPa  R(A) o (A) B
2985) 2.51) 2.8935) 0.0352) 0.40Q05)
S 3.4(1) 2.891(5) 0.0332) 0.395)
where the radial distribution(r) depends upon three struc- 5.4(1) 2.8635) 0.0302) 0.325)
tural quantities® the average bond lengf the bond vari- 8.2(1) 2.8225) 0.0292) 0.595)
> - " : . . .
ancec*, and the skewnes8 [N=fn(r)dr=12]. 3985) 5.51) 2.9255) 0.0442) 0.495)

Detailed analysis of the XAS results, reported in Ref. 38,
shows that the local structure of solid Ga up to 5.4 GPa is not
compatible with Ga I eight first neighbors at2.78 A and
four at about 3.33 AP=2.6 GPa, 313 Kwhile it is in
substantial agreement with that of Ga {ibur first-neighbor
atoms around 2.81 A and eight around 2.98 A, 2.8 GPa,
298 K). This result is in accord with previous observations
by Bosid" where gallium was found to crystallize in different 498(5)

6.0(1) 2.9145) 0.0422) 0.46(5)
6.5(1) 2.8875) 0.0402) 0.30(5)
7.51) 2.8775) 0.0382) 0.255)
9.4(1) 2.8525) 0.0352) 0.1605)
11.31) 2.84055) 0.0342) 0.155)
11.91) 2.8345) 0.0332) 0.145)
11.01) 2.8495) 0.0482) 0.56(5)

solid phases in the Ga Il stability domaisee Fig. 7, dotted 11.93) 2.8435) 0.0482) 0.545)
region. At higher pressuresR>5.4 GPa) we have found 14.81) 28105  0.0442) 0.415)
that the local structure is compatible with the Ga Il model. 16.01) 2.7925) 0.0412) 0.355)

This is in agreement with the observation of the Ga Il Bragg

peaks identified in the EDXD patterns above 5.7 GBee  ample, Refs. 36—39s related to the asymmetry of the first-
previous sectiop as well as with the observed change in theneighbor distribution and not to an anomalous decrease of
XAS spectra between 5.4 and 8.2 GPa. the average distance.

We have verified that thE-like asymmetric model is able Present XAS structural data on solid gallium can be better
to reproduce the XAS experimental data at high pressure andtionalized by reconstructing the corresponding radial dis-
temperature within the noise. The short-range radial distributribution n(r) functions. Even in presence of mixture of
tion function defined by Eq.1) has been found to reproduce phases the short-ranggr) presented in Fig. 8 have the
that of the known crystalline phases using always the samprecise physical meaning of measuring the average local
parametrization in the various thermodynanfic T condi-  Structure of solid Ga in that range of pressure. Ti{e)
tions presented in this work. The best-fit calculated XASreconstruction is very accurate in the short-range side of the
signals using thd -like asymmetric modeithick lineg are ~ Peak but the uncertainty increases at longer distances.
compared with experimental datthin lines at room and In Fig. 8 we present the complete setngf) functions for
higher temperatures in Figs. 5 and 6, respectively. Experiso!'d Ga as afunctlon of_ pressures an.d temperatur_es,_denved
mental points shown as small dots in Fig.(&e region YSing the asymmetri¢’-like twelve-neighbors distribution.
around 9 A1) contain spurious structures related to weak '€ Position of the maximum is shortened from 2.84 to

- : bout 2.75 A on increasing the pressure from 2.5 to 8.2
Bragg peaks coming from the diamonds of the cell and hav S .
not been considered in the refinement process. The goq Pa. The peak height increases from about 25.9 to 29 in the

agreement between theoretical and experimental signals pAMe pressure range. While the amplitude increase is roughly

evident in the whole pressure and temperature ranges. Ero_portignal to |t|he ;?]ressure cgange, theGshape Of(;he distrié
XAS data analysis allowed us to obtain the best-fit value ution drastically changes above 5.4 GPa. As discusse

5 . X Sbove, the XAS spectra in an intermediate pressure range
of the structural parameteR o, andg defining thel'-like 5 5_5 4 Gpa are compatible with a Ga Il structure while at

distribution. The results of the fitting procedure are reporteds » gpa the average local structure is compatible with that of
in Table II. At a given temperature, the average bondlefgth Ga ||, observed by EDXD(see Sec. Ill. For the high-
decreases by increasing the pressure following the naturgmperature data, we present ti{e) functions calculated in
contraction of the unit cell. Conversely, at a given pressurehe 5.51)—11.81) GPa(Fig. 8, middle panéland 11.01)—

the average first-neighbor distance slightly increases with6.01) GPa(Fig. 8, right panel pressure ranges at 378 and
temperaturegthermal expansion The bond length variance 498 K, respectively. On increasing the pressure the height of
o2, associated to thermal and static configurational disordethe firstn(r) peak increases while the mean value of the
shows a dramatic temperature dependence. In the presetistance decreasésee symbols in Fig.)8At the same time,
pressure range, the decrease of the variance upon applicatitre foot and the most probable value of the distribution func-
of pressure is slightly less important. The skewn@sasso- tions shift toward shorter distances on increasing the tem-
ciated with an asymmetry of the radial distributiire., an- ~ perature. A longer tail indicating a larger asymmetry is also
harmonic terms increases with temperature and decrease§asily observed increasing the temperature.

with pressure. The increase @f is particularly evident at ) o )

T=498 K. The effect on the XAS data is a decrease of the B. XAS data analysis of liquid gallium

leading frequency on increasing the temperature that, as it The most important contribution to the XAS structural
has been shown in several recent publicatitsee, for ex- signal is associated with the first-neighbor peak and therefore
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30_L|l|l|ll|||l||| |l||lll||ll|||l |||||||l||l|l||
T=298K T=378 K T=498 K

I 2.5-8.2 GPa 5.5-11.8 GPa 11.0-16.0 GPa

FIG. 8. Reconstruction af(r) radial distribu-
tion functions by XAS data analysis for solid gal-
lium at high temperature. Left panei(r) func-
tions determined at room temperature in the 2.5—
8.2 GPa pressure rangB€ 2.5, 3.4, 5.4, and 8.2
GPa. Middle panel:n(r) functions calculated in
the 5.5-11.8 GPa at 378 KE5.5, 6.0, 6.5, 7.5,
9.4, 11.3, and 11.8 GPaRight paneln(r) func-
tions calculated in the 11.0-16.0 GPa pressure
range at 498 KiP=11, 11.9, 14.8, and 16 GRa
Average values of first-shell interatomic distances
are indicated by the symbols.

20 —

pressure

n(r)

10 —

25 3 35 25 3 35 25 3 35
r(4)

theky(k) is extremely sensitive to its shape. Several recenthese constraints, the shapes of the first and second peaks are
papers(see, for example, Refs. 29,35,36,39,4@ve shown not independent. XAS data analysis at room temperature has
that it is convenient to decompose tipg) into a short-range been performed using those constraints in the 0.6-1.9 GPa
peak and a long-range t&fl.In this way theg(r) long-range  pressure range and the resulting best-fit calculated signals are
asymptotic behavior, obtained I$(q) diffraction data or by in excellent agreement with the corresponding experimental
computer simulations, is retained while the short-range pargignals as already shown in Fig. 5.
can be refined. Data analysis of XAS spectra of liquid gal- Structural data-analysis dfGa at high temperature has
lium has been performed considering the constraints imposeaeen performed using the same procedure used for the room-
by the long-range behavior of thg(r) functions obtained temperature data. In this case the decomposition ogthg
from neutron and x-ray diffraction experimert©A suitable  obtained from neutron diffraction experiments into a short-
decomposition of thg(r) curve into a short-range peak and range part and a long-range tail has been made taking ac-
a long-range tail has been made. The first-neighbor peak afount of different macroscopic densities for each temperature
theg(r) obtained by neutron diffraction has been modeled a$n order to define the proper constraints for the coordination
a sum of twal -like® functions(see Fig. 9, due to its largely EE————SS
asymmetric shape. The decomposition of the fi(st) peak L | | | | J
into two components has been found to bg necessdrj@'@_ u o o o ret. [9] i
for achieving both an accurate reproduction of the original 3= s @ & ref. [10] —|
g(r) and an optimal best fit of the XAS structural signal. L ]
In Fig. 10 (left pane) the ky?) signals related to the L i
I'-like functions ky? and ky{?)), and the tailky!? are L)L i
shown for the spectrum at 1.9 GPa and room temperaturt LY -
The total structural signal obtained by summing the three 21— —
ky(®) terms is compared with the experimerkal(k) of I-Ga L ¢ L -
at various pressures. The amplitude and phase of the signal~
. : )
almost exactly reproduced but, looking at the residual curve
a refinement is still necessary. The short-range refinement «
[-Ga has been performed floating the parameters of th
I'-like distributions and considering the tafFig. 10, right
pane). As shown in Ref. 28, a correct reconstruction of the
short-rangeg(r) can be performed only taking into account
for the compressibility sum rule and asymptotic behavior al
long distances. For the particular case of tWofunctions
reproducing the firsg(r) peak the introduction of two con-
straints in the refinement process is required. The first one i
the coordination number constraid{N;+N,)=0, and the
3?09”0' _one IS _the constraint on the second momentzof the FIG. 9. Pair distribution functiog(r) as reported in Refs. 9,10.
distribution which corresponds to the equatidiNi(Ri  The decomposition of the first-neighbor peak into tivdunctions
""T%)‘*' Nz(R§+U§)]:01 whereN;, Ry, U'i andN, Ry, is shown(solid lineg. The residualtail) curve accounting for the
cr§ are the parameters of two peaks, respecti?eBy using  medium and long-range correlations is also shown.

014114-7



COMEZ, DI CICCO, ITIE AND POLIAN PHYSICAL REVIEW B 65 014114

T | T T T T | T T | T T T T | § 6 LI T 17T | LI | T T | LI
k7(2) Peak I - T=298 K 1
i P=2.5 GPa ]
5 — P=1.9-0.6 GPa_|
L L i
k’](a) Peak II k.y(z) Peak II i é?\r + 4+ + ref. [9] ]
L g T ~~_ ooo ret. [10] i
ky® Tail ky® Tail A N\ ]
a0 L / N\ i
J:n/ ND model 0038 - Fit i ‘ ]
. " Expt | / IO \\ 1
=4 . — 33— /J"++ \\ —
,§< 3 \L} i /t‘:‘ \ 7]
; Q0 i /D ]
. | L ] - 4 S L i
WA L 2= g & \ ]
v A S . B 7 N
i ] N K L / 4
" Residual, Residual . L D% i
I | T I | I 1 | - I I | 1 1 /
5 10 5 10 oy S
k A7 L ]
. . . . (2) . . 0 " 1 1 1 | 11 1 1 | 11 1 | | | I | | L1 1
FIG. 10. Left panel: pair contributiorisy'’ associated with the 24 28 2.8 3 3.9

two first-neighbors shells describing the figtr) peak and the
long-range tail. The totaky(®) signal is compared with thiey (k) r(R)
experimental spectrum of liquid Ga at 1.9 GPa. The residual curve
indicates that a structural refinement is necessary. Right panel: Best- F|G. 11. Pair distribution functiong(r) of I-Ga atP=0.6, 1.2,
fit ky(*) signals for thé-Gakx(k) spectrum at 1.9 GPa. The agree- 1 4, and 1.9 GPa compared with data of Refs. 9,10 and a typical
ment with experimental data is excellent. solid Ga first-shell peak reconstructed by XAS data analysis at
room temperature and 2.5 GPa.
numbers. Realistic densities ¢fGa have been evaluated
starting from the usual linear approximation for liquid met- tances. The slight pressure dependence of the first-neighbor
als: p=pm+A(T—T,), where p,,=6.103 (16 Kgm™3), peak in liquid Ga corresponds to amplitude variations in the
A=(dpldT),=—6.2 (10* Kgm 3K™!) (Ref. 4) and original XAS signals(see also Refs. 43,44
T,=302.9 K. We did not consider variations @& as a The height of the first-neighbor peak is affected both by
function of temperaturéand pressunethat we expect to be temperature and pressure parameters. In Fig. 12 we report
negligible in the present ranges. In Fig. 6 best-fit calculationghe short-rangg(r) functions forl-Ga as a function of tem-
(thick lines are compared with the experimental spectraperature at given pressures. The peak height decreases from
(thin lines in the 0.5-4.7 GPaT=378 K) and in 0.3-9.0 about 3.8 to 3.0 temperature from 298 to 498 K at about 1.5
GPa pressure range$ £ 498 K). The good agreement be- GPa(right pane). At lower pressuregaround 0.5 GPathe
tween theoretical and experimental signals is evident. same trend is observddecrease from 3.5 to 2.9 increasing
the temperature, see left pandlooking at Fig. 12 we ob-
serve that the shape of the pair distribution function is
strongly affected by varying the temperature. The strong de-
The pair distribution g(r) functions have been pendence on the temperature was previously observed by
reconstructed for liquid gallium starting from the structural neutron diffraction measurements at ambient pressure. In
parameters determined by means of XAS datafact, comparing they(r) at room temperature and at about
analysis’®4%42|n Fig. 11 the pair distributiog(r) functions 959 K at ambient pressursee Fig. 12° one can see that
calculated by XAS are shown for liquid Ga at room tempera-the first rise of theg(r) moves toward shorter distances, the
ture. In the same figure, we also show th@) functions at  height decreases dramatically, and an increased asymmetry
ambient pressure reported in Refs. 9,10 and a typical solidf the distribution is obtained. We observe a similar behavior
Ga first-shell peaksee Sec. IV Afor comparison. The typi- on ourg(r) distributions at higher pressure. The position of
cal error bar on the reconstructg@r) functions is of about the peak maximum does not move appreciably as a function
0.1 on the first-peak rise and increases for longer distancesf temperature in agreement with previous findifys.
(see Refs. 29,39, and references thereiie height of the In Fig. 13 we present our reconstructed short-rag@g
first-neighbor peak in liquid Ga increases slightly with pres-functions forl-Ga as a function of pressure at given tempera-
sure while no detectable distance changes are found. Thares. A slight enhancement of the peak is obtained increas-
g(r) peak height increases from about 366 GPa to 3.8  ing the pressure. Thg(r) peak intensity increases from
(1.9 GPaat 298 K. The position of the maximum is at about about 3.1(0.5 GPato 3.3(4.7 GPaat 378 K(left pane) and
2.76 A. In solid Ga at moderate press2e5 GPa, shown from about 2.8(0.3 GPa to 3.0 (9.0 GPa at 498 K (right
for comparison in Fig. 11, the peak is shifted to longer dis-pane). Moreover, the position of the maximum of the distri-

C. XAS g(r) reconstruction in liquid gallium
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4

g(r)

FIG. 12. Left panel: Pair distribution functiong(r) recon-
structed by XAS data analysis ftiGa at 298 K and 0.6 GPa, 378
K and 0.5 GPa, 498 K and 0.3 GPa. T ) function at ambient
pressure and =959 K reported in Ref. 10 is also shown for com-
parison. Right panel: Pair distribution functions leGa at 298 K

| |— 298 K, 0.6 GPaX\
— 378 K, 0.5 GPa
— 498 K. 0.3 GPa
*959 K, 0 GPa ref. [10]

|IIII|IIIA"

— 298 K, 1.4 GPA
— 378 K, 1.4 GPa
— 498 K, 1.5 GPa

2.5 3

r(&)

2.5 3

and 1.4 GPa, 378 K and 1.4 GPa, 498 K and 1.5 GPa.

bution moves toward shorter distances from about 2072
GP3a to 2.70(4.7 GPa (see left panel in Fig. )3at 378 K
and from about 2.720.3 GPa to 2.68 (9 GPa (see right
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V. CONCLUSIONS

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

EDXD patterns have been also collected confirming the
occurrence of phase transitions at the same pressures found
using the XAS technique. Gl&) and Galll ) cell parameters,
identified taking into account previously published diffrac-
tion data, have been measured up to about 30 GPa. By com-
bining XAS and EDXD data we have shown that at room
temperature liquid Ga does not nucleate into the accepted
stable phase GH) by increasing the pressure. This phase is
observed at higher pressureB+5.7 GPa) and a second
transition from G&l) to G&lll) is obtained above 10.7 GPa
in a range of about 4 GPa.

XAS data analysis has been performed using the ad-
vanced GNXAS multiple-scattering method. XAS data of
solid Ga have been found to be particularly sensitive to the
short-range side of the first-neighbor distributionI'Alike
asymmetric model depending on the average first-neighbor
bond lengthR, bond distance variance® and skewnes@
has been found to describe accurately the first-neighbor dis-
tribution. The trend of th&®, o2, B structural parameters are
presented in wide pressures and temperatures ranges. Recon-
structed radial distribution functiongr) have been found to

panel in the same figurat 498 K. The slight decrease of the be largely asymmetric especially near the melting curves.
distance on increasing the pressure is in qualitative agreg-he increased asymmetry of the distribution, associated with

ment with previous results obtained using x-ray diffractién.

g(r)

FIG. 13. Pair distribution functiong(r) calculated by XAS data
analysis forl-Ga shown as a function of pressurelat 378 K (left

T T T | T T T T T T T T T T | T T T T | T T T
= T=378 K T=498 K
i 0.5—-4.7 GPa 0.3-9.0 GPa
L [H] [

- -
- 5

A a
- (] [

- -
o [e
1 1 | 1 1 1 1 | 1 1 1 1 1 | 1 1 1 1 | 1 1 1

2.5 3 2.5 3

r(&)

pane) and 498 K(right pane).

the increase of vibrational amplitudes and anharmonic con-
tributions, has been shown to explain the lowering of the
leading XAS oscillation in presence of the thermal expansion
at a given pressure.

XAS data analysis of liquid Ga has been performed using
constraints provided by neutron, x-ray diffraction, and den-
sity data. The short-range pair distribution functigfr) for
I-Ga has been reconstructed for the first time in a wide range
of pressures and temperatures. The local average structure of
I-Ga under pressur@ip to 1.9 GPaat room temperature is
found to be compatible with that &fGa at ordinary pressure
measured by neutron diffraction. The maximum of the first-
neighbor distribution is slightly shifted toward short dis-
tances and its height increases with the pressure. At higher
temperatured-Ga has been measured up to 9 GPa and both
a slight contraction of distances and enhancement of the
first-neighbor peak have been observed. By increasing
the temperature the height of the first-neighbor peak de-
creases while the first rise in thggr) functions moves to
shorter distances showing a modification in the average local
structure for the liquid phase as function of temperature, in
agreement with previous results obtained at ambient pres-
sure.

The accurate determination of short-range pair distribu-
tion functions presented in this work can stimulate new the-
oretical and computational studies of short-range potentials
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and electronic properties for gallium under extreme condi+esults are found to be fully compatible with x-ray diffraction
tions. Present results show also the potentialities of the x-raglata and therefore the technique is shown to provide useful
absorption spectroscopy in the study of polymorphic metalgomplementary information about the average structure in
in high-pressure and/or high-temperature conditions. XASrdered and disordered phases.
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