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Molar volumes of molten indium at high pressures measured in a diamond
anvil cell
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Molar volumes of molten indium have been measured in an isothermal compression up to 8.5 GPa
at 7133) K in an externally heated diamond anvil cell. The measurement is based on the x-ray
diffraction and x-ray absorption of materials using a synchrotron monochromatic x-ray microbeam.
The fit to the results with the Birch—Murnaghan equation of state gives parametevg of
=16.80 cni, K,=23.9(6) GPa, assuming th&’=4. This method should be applicable for
measuring molar volumes of liquids and other amorphous materials in the diamond anvil cell.
© 2002 American Institute of Physic§DOI: 10.1063/1.1499737

The liquid—liquid (LL) or the amorphous—amorphous to a beam size of 5(verticak5(horizontal) «m at the full
(AA) phase transitions for a pure substance have been ofidth at half maximum{(FWHM) by Kirkpatrick—BaezZKB)
interest recently in condensed matter phy$icEExperimen-  mirrors® The x-ray intensity before and after the DAC was
tal studies have suggested first-order LL or AA phase transimonitored by an ion chamber and a photodiode, respectively.
tions, e.g., for molten phosphorfisupercooled watérden-  The photodiode reading reflects the x-ray absorption of the
sified porous silicori,and liquid carbori.A first-order phase sample and the DAC, while the reading from the ion cham-
transition should involve discontinuities in the first deriva- ber is used for normalization.
tives of free energy: volume and entropy. Therefore, molar  As shown in Fig. 1), x-ray transmission intensities of
volume is an appropriate order parameter for describing suctihe sample(indium) and the calibran{NacCl) can be pre-

LL or AA phase transitions. While the molar volume of crys- cisely determined. According to the absorption law, the trans-
talline phases can be determined by x-ray diffraction to ul-mission intensity can be written asy=1qyexp(—uapala
trahigh pressures, molar volume measurements on melts anduppplp), wherel, the normalized incident intensity, the
amorphous materials at high pressures are limited in a fewnass absorption coefficienp, the density,l the thickness,
system&”® using large volume presses. Recently, an effortsubscriptA representing NaCl, rhenium, and indium, and
has been made with the diamond anvil ¢BIAC) for molar ~ subscriptD diamond anvils. Since the changegef andlp is
volume and structure measurements of high pressure fluigdegligible and the change irpg-lp) is even smaller, the
(water and argonup to 1.1 GP4.In this letter, we introduce absorption of diamond anvils can be considered to be con-
a method for measuring the molar volume of amorphoustant throughout the experiment. Therefore, we can rewrite
materials in a DAC and report the results on molten indiumthe equation asla=1gexp(—uapal), where lg=Ioexp

in an isothermal compression at 710 K up to the solidifica-
tion pressurd8.5 GPa. Indium was chosen for the first ex-
periment because of its relatively low melting temperatures
and the absence of significant handling problems.

A rhenium gasket was preindented to about &® in
thickness with diamond anvils of 5060m in culet diameter.
Two holes with 100um diam were drilled at the positions
equidistant from the centefFig. 1(a)]. Indium powder
(99.999%, Alfa Aesarwas loaded into one of the holes; the
other hole was loaded with NaCl that serves as a thickness
and absorption calibrant. Another NaCl chip5 um in di-
mension was put at the corner of the chamber with indium
sample for the pressure measureniéig. 1(a)].

The x-ray diffraction and absorption measurements were
performed at GeoSoilEnviroCARS, beamline 13-ID-D at the
Advanced Photon Sourd@PS). The x-ray beam size was
controlled by a slit system to 150150 wm and then focused

¥Electronic mail: shen@cars.uchicago.edu FIG. 1. (a) Dual hole configuration of a rhenium gasket between two dia-

YAlso at: Department of Earth and Planetary Science, University of Tokyomond anvils.(b) X-ray transmission profile measured by a photodiode with
Bunkyo-ku, Tokyo 113-0033, Japan. a monochromatic x-ray beam at 29.200 keV. Profile was obtained by scan-

9Also at: Department of the Geophysical Sciences, University of Chicagoning the sample position in a step of &m with x-ray beamsize of 5
Chicago, lllinois 60637. X5 um at the FWHM.
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(= mppplp)- If we assume thatu, is the same for solids and 49——— L — —
liquids of the same substance and is independent of pressul ] +
and temperature, i.e., the monochromatic x-ray energy is fal ] i
away (>1 keV) from any absorption edges, the thicknélgs 48 N
can then be expressed by ] + -

Thickness of indium

I =In(Inaci/Ire)/ (RePRE™ MNaCPNaC) - 1 47—: + —

The quantities in the right side of E¢l) are either known

values(u) or measurablép and1). The x-ray transmission

(1) can be directly measured as shown in Figh)1the mass

absorption coefficientsu) at 29.200 keV are obtained from a
report! by the National Bureau of StandardMIST); the 45 i
densities of NaCl and rhenium are obtained by x-ray diffrac- 1 * + -
tion measurements since these two materials were in crystal ]
line states in the pressure—temperature range of this study 4, ] i
By assuming the same thickness across the indium and th ] + i
calibrant, we obtain the density of indium to be

46| -

Thickness, micrometer

T T T T T T T

pin= [N aci/ i) + fnacionact 1 tainl - ?) w1 ; . 5 10

It should be noted that the distance between two dia- Pressure, GPa
mond _anVIIS Is not always the same across the _CUIet areﬁlG. 2. Thickness of indium sample as a function of pressure in the dia-
E;pemglly at presgurzes over 3Q GPa, deformat'qn OCCUIRond anvil cell at 71(8) K. Pressures were determined by the x-ray dif-
with diamond anvil$? resulting in an uneven thickness fraction on the NaCl piece located at the corner of the indium sample cham-

across the sample chamber. Equatiéhsand (2) should be  ber (Fig. 1. Thickness was measured according to 9. Error bars are
then expressed as mainly from uncertainties in the transmission measurements.

N -

Ire=[IN(Inaci/Ire) + naciPNacl Nacll RePRe: (3)  x-ray transmission intensities. The relative erradM/V) by
—[In(lyuei/1 1) + | acll ) @) the absorption method is 1.4% compared to that of 0.2% by
Pin NaCl* Hin) T HNaCPNaCF NacLl/ Ainlin - diffraction. The molar volume difference between the two

wherel yacr, |1, andl ze are the thicknesses of NaCl, indium, methods is 0.106 cinwhich is within the standard error of
and rhenium, respectively. To the first-order approximation0.21 cni by the absorption method. We found that the main
we assume the sanig,c across the NaCl areé@which is  source of errors with the absorption method is in the mea-
usually much less than the culet gizeve can gefly,c by  surement of transmission intensities. A proper choice of
applying Eg.(1) and the average transmission of rheniummonochromatic x-ray energy and materidigasket, cali-
around the NaCl area. Uncertainties due to the averagingrany should help to have an optimal intensity contrp®t
process are found to be less than 1.2%. A two-dimensionakIn(l,/I)<4] among materials involved.
thickness profile can be obtained by applying E3). with From Eqs(1)—(4), the sample thickness can be obtained
the two-dimensional data df;. and pre across the anvil's together with molar volumes of crystalline and noncrystal-
culet area. Data ofge, as in Fig. 1b), are measured by line materials. The method introduced here could be appli-
absorption and can be obtained in a reasonable time periazhble to other DAC measurements where the thickness of the
of ~30 min, while the full profile ofpre requires diffraction  sample is an important experimental parameter, e.g., ultra-
data from more than 5000 positions and could take a longonic interferometry? refractive index* and conduction
time and much effort. In practice, because of the radial symmeasurements. Figure 2 shows the measured thickness in an
metrical configuration in the DAC experiment, datam@f,  isothermal compression at 7B) K. The thickness decreases
along two lines perpendicular with each other across the ceralmost linearly with pressure in this pressure range. Typical
ter can be used to construct a reasonable radial symmetrarror in thickness is~0.2 um, which is estimated from un-
profile of pgre across the whole culet area. In the presentcertainties in x-ray transmission intensities and in densities
study, the pressure range was below 10 GPa, and the anwf crystalline materials by x-ray diffraction. The accuracy of
deformation was found to be negligible. The thickness at theéhe thickness measurement should be tied to the accuracy of
sample area is the same as that at the calibitdaCl) area  absorption coefficients used in this studyCalibration for
within experimental errors. Molar volumes were calculatedabsolute values is possible for crystalline materials with a
from densities according to ER). known thickness and a molar volume measured by x-ray
Below the sample’'s melting points, molar volumes candiffraction. In this study, we verified the absorption coeffi-
be determined by x-ray diffraction. This gives us a goodcient of rhenium at 29.200 keV. A rhenium gasket with mea-
opportunity to cross check the results of the present methosiured thickness of 44) um was placed at the sample posi-
based on absorption. At 3.4 GPa and 448 K, where the intion. X-ray intensities with and without the gasket were
dium was at a crystalline state, we obtained a molar volumeneasured to be 70458) and 7759232), respectively, result-
of 14.97631) cn?® from the x-ray diffraction measurement, ing in a thickness of 44(8) using the literature datau(e
and of 14.8721) cm?® from the absorption measurement, =25.484 cri/g).!* Since the agreement between two mea-
where the standard errors were estimated by the uncertaintissrements is within experimental errors, the literature data of

in molar volume measurements by x-ray diffraction and inabsorption coefficients were used without correction. This
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K for crystalline indiumt®?° both the bulk modulus and its
Compression of molten indium at 710(3) K pressure derivative are larger than those for molten indium.
Clearly, the melt is more compressible than that of the cor-
responding solid, a result consistent with the coordination
number increase as pressure increases.

In conclusion, we have introduced a method for measur-
ing molar volumes of melts and other noncrystalline materi-
als in a diamond anvil cell. With a dual hole configuration
(Fig. 1), a sample can be loaded equidistantly from the center
i with a selected material that serves as a thickness and ab-
sorption calibrant. Molar volumes were measured by the
contrast of transmission intensities among the sample, the
calibrant, and the gasket with a monochromatic x-ray micro-

3

Molar volume, cm’

V =16.80 c’ S . . .
1S3 Q(G)C;a beam. Data of molten indium have been obtained in an iso-
s thermal compression at 7@ K up to the solidification

pressure of 8.5 GPa in an externally heated diamond anvil
cell. The current method provides data on the pressure—
1 ‘ ’ J volume—temperature equation of state for amorphous mate-
° 2 ¢ ° ’ " rials and should be applicable to studies of melts and liquids
including the first-order LL or AA phase transitions recently
FIG. 3. Molar volumes of molten indium at 7@ K at high pressures. The  suggested=> The method also allows for measurements of
line is the fit with the third-orc?er Birch—Murnaghan equqtion of s_,tate with long-sought pressure—volume—temperature equations of
Lﬁzgg;n:/ﬁzgﬁgvggij;;rfrglr%hggﬁslsg_re data are consistent with the r°°_§‘ﬂa_te of melts for materialge.g., liquid iron, silicate melis
inside the Earth and other planets.

Pressure, GPa

is also supported by the fact that the molar volume difference  This work is supported by NSF-EAR 0001149. GSE-
between the x-ray diffraction method and the absorptiolCARS sector is supported by the N8Farth Science Instru-
method was found to be within the standard errors by thenentation and Facilities Progranand DOE (Geoscience
absorption method. Progran).
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