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Melting of indium at high pressure determined by monochromatic
x-ray diffraction in an externally-heated diamond anvil cell
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The melting behavior of indium at high pressure has been studied in an externally heated diamond
anvil cell (DAC) using x-ray diffraction measurements. Melting at high pressure was identified by
the appearance of diffuse scattering from the melt with the simultaneous disappearance of
crystalline diffraction signals. The observed melting curve is in good agreement with previous
determinations based on resistivity measurements in a piston cylinder apparatus. These results
demonstrate the successful melting experiments in a DAC using the x-ray diffuse scattering as the
melting criterion. © 2001 American Institute of Physic§DOI: 10.1063/1.1374497

Melting is an important phenomenon for solids, charac-viation of 1.9 K. Indium powdef99.999%, Alfa Aesarwas
terized by the loss of long-range order and resistance taded into the rhenium gasket apert(t®0 um in diameter
shear. In recent years, the generation and measurement afid 30um thick). NaCl was used as the pressure transmit-
simultaneous high pressures and high temperatures has uiig medium and the internal calibrant for pressure measure-
dergone rapid development with the diamond anvil cellment.

(DAC) techniquet=3 The amount of available data on melt- The x-ray diffraction experiment was performed at
ing behavior at high pressure is increasing. However, at higliseoSoilEnviro CARS, beamline 13-BM-D at the Advanced
pressures, detection of the onset of melting is challengingPhoton Source. A charge coupled devig@CD) detector
The difficulties lie in the characterization of small samples(Bruker-2K) was used to collect diffraction patterns. The
(e.g., unambiguously melting criteyiand in the measure- monochromatic x-ray beam was produced using a channel-
ment of P and T under extreme conditions. For example, cut crystal(silicon 220 and was fixed at an energy of 29.200
considerable controversy has surrounded the determinatideeV, calibrated by scanning through the tin metal absorption
of the melting temperature of iron &>20 GPa with DAC  edge. The x-ray beam size was controlled by a slit system to
experiment$:® The melting determination in DAC experi- 150x150 um and then focused to a beam size Gfettical
ments has been a subject of many artiéreés. x10(horizonta) wm full width at half maximum by

Recently, x-ray diffraction with the energy dispersive Kirkpatrick—Baez mirrors? Typical CCD exposure times
technique has been combined with the DAC and used fowere 5 min.
melting determination®'® The appearance of diffraction Figure 1 shows recorded diffraction patterns-& GPa
peaks at a certaiP—T condition undoubtedly indicates the near the onset of melting. The two diffraction rings that are
presence of a crystalline phase. However, the loss of thpresent in all three images are NaCl-&00) and (220
diffraction peaks is not necessarily indicative of melting, duelines, respectively. When the temperature was raised to 519
to possible crystal growth at high resulting in few crystal- K, the crystalline nature of indium was still clearly identified
lites in the small sample volume. In this study, angle disper{spotty pattern in Fig. ®]. As the temperature was in-
sive diffraction was employed with an area detector for col-creased to 526 K, we observed that the indium diffraction
lecting the x-ray scattering signals. Using an area detectaspots faded out and diffuse scattering appeared in the vicinity
enables one to identify melting unambiguously by the obseref the indium (101 diffraction [Fig. 1(b)]. When the tem-
vation of diffusion scattering from the melt with the simul- perature was raised to 531 K, the scattered diffuse [&figa
taneous disappearance of all crystalline diffraction peaks. 1(b)] became a homogeneous broad rifigg. 1(c)] accom-

An externally heated DACDXR-7, Diacel) was used in  panied by the disappearance of all diffraction spots from in-
this study. The main feature of the DAC design is the use oflium, indicating a completely molten state. Upon slight cool-
four cartridge heaters inserted in the cell, providing heat tang, to 523 K, the homogeneous broad ring disappeared, and
the whole cell and resulting in a uniform temperature distri-the diffuse scattering was now distributed only in some lo-
bution inside the cell. Temperatures were measured by ealized areas. These diffuse scattering areas persisted down
type-K thermocouple at the gap position between the gaskeo 475 K. Note that this temperature is below the p¢&it9
and the diamond anvil. Prior to the experiment, a secondk) where the crystalline state was observed on increasing
thermocouple was placed at the sample position, and, in thi@mperaturg¢Fig. 1(a)], which indicates some hysteresis dur-
way, the temperature at the sample position was found to bigg the sample solidification. Diffraction spots of indium re-
4.5 K less than that at the gap position with a standard deappeared at temperatures below 475 K.

The CCD images were integrated using the software
aE| - . FIT2D as a function of diffraction angle2 The broad diffuse
ectronic mail: shen@cars.uchicago.edu

bAlso at: Department of Geophysical Sciences, University of Chicago, chifing is clearly seen in_ the integrated pattern asa broad band
cago, lllinois 60637. centered near 9°@[Fig. 1(d)]. The area of this broad peak
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FIG. 1. (Color X-ray scattering images and their integrated pattern at the onset of melting of indium at about 2 GPa. Two sharp rings are the diffraction of
NacCl. (a) Crystalline indium shows a spotty patteth) The indium diffraction spots fade out and diffuse scattering appé&ara. clear homogeneous diffuse

ring of the melt can be seefd) Integrated patterns byt2p for images from(a) to (c). A broad diffuse band can be clearly seen in the vicinity of indium

(10D).

was calculated by using a peak-fitting progréPaAKFIT). A tended to a temperature of about 50 K below the melting
linear background and Voigt function for the band were usegoint. Since it is generally assum@dhat the melt consists

in the fitting. Figure 2 shows the area of the diffuse band a®f a randomly close-packed lattice with about 10% vacancies
a function of temperature near the melting point. As the temwith respect to the crystal lattice, the hysteresis could arise
perature is increased, there is a sharp increase in intensity &bm diffuse scattering due to the significant number of va-
the diffuse scattering upon melting over a temperature intereancies sustained upon cooling. It could be also a kinetic
val of about 6 K. Upon slight cooling, the intensity of the effect due to difficulty of nucleating crystals.

diffuse scattering drops rapidly in the same region where the  The melting of indium at high pressure has previously
sharp change occurred on increasing temperature. Thiseen studied based on an observation of a sharp change in
means that the solid—liquid transition is reversible with neg-resistivity using piston cylinder apparattfs® Our result is
ligible hysteresis within the temperature precision of thisshown in Fig. 3 compared to the results of Dudley and Hall
study. Therefore, the sharp change in intensity signifies meland McDaniel and co-worker€. At pressures near 3 GPa,
ing and the temperature interval over which the transitionour data show a slightly higher melting temperature than
takes place is a measure of the uncertainty in the meltinghose of Dudley and Half As pointed out in a later worl
point determination. As the temperature was further dethe pressure scale in Dudley and Hall's wrkeeds to be
creased, we found that indium did not show crystalline dif-revised downward in accordance with the fixed points of
fraction immediately below melting point. Some hysteresissolid—solid transitions obtained by Kennedy and LaM®ri.

in the intensity occurred at the bottom of the sharp change a&fter pressure correction, the melting curve of Dudley and
can be seen from Fig. 2. From x-ray scattering images, thelall’® is almost identical to that of McDaniel and
diffuse scattering was neither a broad homogeneous ringo-workers'’ Clearly, our data support the correctith.

from the meltFig. 1(c)] nor a sharp crystalline pattefFig. In conclusion, we have demonstrated that the melting of
1(a)], instead showing scattered intensity in some areasamples in the DAC can be clearly detected by the appear-

around the ring[similar to Fig. 1b)]. The hysteresis ex- ance of diffuse x-ray scattering from the melt and the simul-
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FIG. 2. Intensity change of the diffuse scattering band at the onset of meltf!G- 3. High pressure melting curves for indium. Symbols are the resuits of
ing. Solid circles are the data upon heating; while the crosses are those ¢fiS study with error bars comparable or less than the symbol size. The data
cooling. A sharp change in intensity occurs in the same temperature regiofdree well with those of Dudley and HaRRef. 16 (after pressure correc-
upon both heating and cooling, indicating the transition is reversible. Linedion, see textand McDaniel and co-worker&Ref. 17 based on resistivity

are freehand fits to the heating and cooling paths. The hysteresis of complef@®asurements in piston cylinder apparatus.

solidification appears at the low temperature side of the sharp transition.
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