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Bulk modulus of osmium: High-pressure powder x-ray diffraction experiments
under quasihydrostatic conditions
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High-pressure powder x-ray diffraction experiments have been carried out on Os at room temperature under
quasihydrostatic conditions with a He-pressure medium. By fitting the pressure-volume data up to 58 GPa, the
bulk modulus and its pressure derivative are determined t8¢339515) GPa andBy=4.55). The bulk
modulus of Os is smaller than that for diamond, in contrast with the conclusion drawn in a recent-vork
Cynn, et al. Phys. Rev. Lett.88, 135701(2002)].
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Osmium is one of the heavy transition metals located inby using a high-pressure gas-loading system operating at a
the middle of the Periodic Table. It has an hcp structure angjas pressure of 180 MP&After loading helium, the diam-
the highest density among the elements under ambient coeter of the gasket hole decreased to about 70%, but we still
ditions of pressure and temperature. Dense substances aeserved transparent light coming through the area surround-
incompressible, and hence one may expect a large buling the sample. This ensured that enough of an amount of the
modulus for Os. The Friedel model explains that the coheHe-pressure medium filled the gasket hole. We used a dia-
sive energy of Os is high due to the half filling of tlle mond backing-plate for the support of the diamond anvil to
bands, giving rise to a large bulk modufugndeed, recent observe full diffraction ringd! Pressures in the DAC were
experiments by Cynet al? showed that the bulk modulus determined with the ruby luminescence method with preci-
for Os is 462 GPa, higher than that for diamondsion of +0.1 GPa on the basis of the hydrostatic ruby pres-
(442-446 GPR3“ It should be mentioned, however, that the sure scalé? It is known that the pressure in the DAC varies
experiments were done with Ar as a pressure-transmittingvith time due to the relaxation of the gasket deformation
medium, which is known to give large nonhydrostatic stressafter each pressure change. We thus took diffraction patterns
above about 9 GP2E Nonhydrostatic stress produces a sys-at least after 30 min from a pressure change in order to sta-
tematic error in volume determined by powder x-ray diffrac-bilize the pressure. Angle-dispersive powder x-ray diffrac-
tion experimentg:2 Pressures determined by the ruby lumi- tion patterns were taken on the multipole wiggler beamline
nescence method are also affected by the nonhydrostati®l-13A at the Photon Factory, Institute of Materials Struc-
stress’ In this regard, it is important to carry out x-ray dif- ture Science, High Energy Accelerator Research Organiza-
fraction experiments on Os under better quasihydrostatition (KEK). The incident x rays were monochromatized to a
conditions. In the present study we have employed helium awavelengthA=0.4252 (run A) or 0.4248(run B) A, and
a pressure medium, which offers the best quasihydrostaticollimated to the size of 7m (run A) or 15 um (run B) in
conditions. We show that the bulk modulus for Os is actuallydiameter. Diffraction patterns were recorded on imaging
high, but does not exceed the value for diamond. plates, and analyzed with the pattern integration program

High-pressure powder x-ray diffraction experiments werePIP*® Typical exposure times were 2 min. All the experi-
carried out with a diamond-anvil ce{DAC). Two experi- ments were done at room temperature.
mental runs were done up to a maximum pressure of 58 GPa. It is important to achieve hydrostatjor quasihydrostatic
Run A covered the pressure range up to 15 GPa. Althoughonditions in order to get reliable values of bulk modulus
helium solidifies at about 12 GPa at room temperature, thand its pressure derivative. The stress conditions in the
stress conditions can safely be considered as purely hydr@resent experiments are checked in the spectral shape of the
static in this pressure range. We used diamond anvils withuby luminescence lingThe peak width of theR, line and
600 um culet, and a spring steel gasket with a hole oftheR;-R, splitting showed no change with pressure in run A.
250 um diameter and 11@m thickness. Run B extended In run B, the peak width and splitting remained constant up
the pressure to 58 GPa. The stress conditions were quasihie 40 GPa, above which they slowly increased with pressure.
drostatic in this case. The degree of nonhydrostaticity wasThe increase in th&; peak width and ther;-R, splitting
however, found to be negligibly small as explained later. Weamounted to about 25 and 12%, respectively, at 58 GPa.
used diamond anvils with 31@m culet, and a Re gasket These values are considerably small compared with those
with a hole of 100um diameter and 4@m thickness. under nonhydrostatic conditions. With a methanol-ethanol

A fine powder of Os with stated purity of 99.8+¢Alfa mixture, for example, the increase becomes 5-10 times
Aesal was used without further treatment. The average parlarger at the same pressure. We therefore conclude that good
ticle size was less than Bm. A small amount of the Os quasihydrostatic conditions are maintained in the present ex-
powder was put in the gasket hole together with tiny rubyperiments.
spheregless than 4um in diametey for pressure measure- Figure 1 shows the two-dimensional diffraction pattern
ment. Helium was loaded to the DAC at room temperatureand the integrated diffraction profile taken at the highest
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(a) TABLE I. Structural d@ta of Os under high pressure. The lattice
parameters and the axial ratio at atmospheric pressure are taken
from Ref. 14: a=2.73489)A, c=4.31936)A, and c/a
=1.57946). The errors img, c, c/a, andV/V, given in parentheses
are from least-squares fits. The run AD indicates the data taken on
decreasing pressure.
PGPg a(h) c(A) cla VIV, Run
1.21) 2.73131) 4.315%2) 1.580Q1) 0.99661) A
2.(1) 2.72861) 4.31191) 1.58021) 0.99381) A
3.01) 2.72681) 4.30942) 1.58041) 0.99191) A
4.01) 2.72491) 4.30681) 1.58061) 0.98991) A
5.1(1) 2.72281) 4.303%1) 1.580%1) 0.98761) A
6.21) 2.72021) 4.300Qql) 1.58081) 0.985@1) A
7.31) 2.71821) 4.29711) 1.58091) 0.98281) A
8.1(1) 2.71641) 4.29461) 1.581@1) 0.981Q1) A
(b) 9.1(1) 2.71291) 4.289%2) 1.58121) 0.97731) A
: : : : : 10.01) 2.71191) 4.28781) 1.58111) 0.97611) A
5 11.Q1) 2.710Ql) 4.28472) 1.581%1) 0.97411) A
2 [ 5 0 S . 11.91) 2.70771) 4.28171) 1.58131) 0.97171) A
= 13.01) 2.70561) 4.278%1) 1.58131) 0.96951) A
g 582 GPa 14.01) 2.7031) 4.27591) 1.581%1) 0.96751) A
2 15.11) 2.70131) 4.27261) 1.58171) 0.96511) A
8 9.61) 2.71221) 4.288%1) 1.58111) 0.97641) AD
g | o8 N i 3.01) 2.72781) 4.30981) 1.580@1) 0.99271) B
& 2 a 2 8 _ 8. 8.41) 2.71581) 4.293%1) 1.58091) 0.98021) B
=1 Mﬁ 13.61) 2.704%1) 4.27761) 1.58161) 0.968%1) B
ST 2 NSS! 18.41) 2.695%1) 4.26441) 1.582@1) 0.95911) B
1'0 1'5 2'0 2'5 3‘0 22.31) 2.68771) 4.25321) 1.5825%1) 0.95111) B
29.31) 2.67521) 4.23573) 1.58331) 0.93841) B
20 (deg) 3421) 2.66691) 4.22332) 1.58361) 0.92991) B
FIG. 1. Powder x-ray diffraction pattern of Os at 58.2 GPa. The 39.31) 265791 4.21121) 1.58441) 0.92091) B
x-ray wavelength was 0.4248 Aa) Two-dimensional diffraction 44.01) 2.65061) 4.19961) 1.58441) 0.91341) B
pattern taken on an imaging plate afiml the integrated diffraction ~ 48.92)  2.64311) 4.18912) 1.58491) 0.90591) B
profile. 53.62) 2.63581) 4.17832) 1.58541) 0.89871) B
58.23) 2.629%1) 4.16933) 1.58561) 0.89231) B

pressure. Sharpness of the diffraction peaks is another indi-
cation of good quasihydrostaticity. The lattice parameters

and c are determined with precision of £0.02% from the . i . L
well-resolved twenty reflections. Table | lists the lattice pa_stramed by fitting all the data in runs A and B. The fit gives

rameters, axial ratio, and relative volume as a function offo=3992) GPa andB;=4.51). The values fitted with the
pressure. Vinet-type EOS® agree with these within the fitting errors.

Figure 2 shows the pressure-volume relationship of OsSecond, we allow the relative volume at atmospheric pres-
Runs A and B give consistent results. The scatter of th@éure to be variable. We then obtain the valuBg
present data is much smaller compared with the previous4084) GPa,By=4.22), andV/V,=0.99942) for the data
data? The pressures by Cyret al. are systematically higher set from runs A and B. By considering the differences in the
than the present ones by about 2—4 GPa. The bulk moduld#st and second fitting procedures, we estimate the maximum
B, and its pressure derivatii) at atmospheric pressure are uncertainty inBg to be about £15 GPa. The final value of the
determined by fitting the Birch-Murnaghan equation of statédoulk modulus of Os is henc®&,=39515 GPa with B
(EOS to the present data. First, the relative volume at atmo=4.5(5), which is considerably smaller than the previous de-
spheric pressure is fixed to 1, as is frequently done in théermination[B,=46212) GPd.? The bulk modulus of dia-
EOS fitting. If we fit the data under hydrostatic conditions upmond and its pressure derivative have recently been deter-
to 15 GPa(run A), we obtain By=3849) GPa andB) mined to be By=4461) GPa and B)=3.01) with a
=5.817). The errors in parentheses simply indicate the fit-He-pressure mediudf. The EOS for diamond calculated
ting errors. The pressure derivatig contains large uncer- with these values is shown in Fig. 2. It is clear that Os is
tainty due to the small pressure range fitted. It is better conmore compressible than diamond.
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FIG. 2. Pressure-volume relationship for Os. Solid triangles and FIG. 3. The change in the/a axial ratio of Os with pressure.
circles represent the present data in runs A and B, respectivel\Golid symbols show the present data and have the same meaning as
Open circles are the data by Cyenal. (Ref. 2. The experimental in Fig. 2. Open circles are the data by Cyenal. (Ref. 2. Open
errors in volume and pressure in the present data are smaller thaguare indicates the value at atmospheric pres®eé 14. Solid
the size of the symbols. Solid curve is a fit of the Birch-Murnaghancurve is a guide to the eyes.

EOS to the present data wiBy=395 GPa and;=4.5. The broken

curve shows the EQOS for diamond calculated with the Vinet fOf-atmospheric pressure from the literature. Tia axial ratio

mula with By=446 GPa and;=3.0 (Ref. 16. increases with pressure, in qualitative agreement with the
_ _ _ _ previous results.

. Since helium atom is SO small, it would .be necessary 0 |nthe powder x-ray diffraction experiments with a DAC,
discuss whether the helium-pressure medium diffuses intgyk moduli determined under nonhydrostatic conditions are
the Os lattice and eventually affects the equation of statgrger than those obtained under hydrostatic conditions. This
Unlike hydrogen, the solubility of helium in metals is ex- js due to the combined effects of the anisotropic deformation
tremely low:” As seen in Table I, the lattice parameters ob-of the crystal lattice under nonhydrostatic stress and the par-
tained at low pressures smoothly connect the values at atm@gjar x-ray diffraction geometr{f Cynn et al. reported an
spheric pressure from the literature. The data taken OQnusually small pressure derivative of the bulk modukjs
decreasing pressure agree with the data taken on increasin® 4 This is seen in Fig. 2 as the approach of their data to
pressure. These facts indicate that no diffusion occurs at leagie present ones in the high-pressure region. Similar trends
at low pressures. A high-pressure experiment on forsteritey o often observed in the pressure-volume curves measured
however, suggests that the helium-pressure medium possibjy,qer nonhydrostatic conditions. One of the plausible expla-
diffuses into the crystal lattice at high pressutef.we as-  nations is the decrease of nonhydrostatic stress in the sample
sume that the diffusion of helium also occurs for Os above:hamper due to the elastic deformation of diamond anvils at
some critical pressure, the volume of Os above the Pressuifigh pressures. We infer that the experiments by Gstra 2

should become systematically larger than that without hegffered from nonhydrostatic stress, yielding a systematically
lium diffusion. It follows that the presently determined bulk large bulk modulus and small pressure derivative.

modulus is larger than the “correct” one, and Os without

hypothetical helium diffusion is even more compressible The author thanks T. Kikegawa, K. Sato, and S. Nakano

than diamond. for their help in the synchrotron radiation experiments. The
Figure 3 shows the change in tleda axial ratio with  present work has been done under Proposal Nos. 2001G225

pressure. The present data smoothly connect the value ahd 2003G200 of the Photon Factory.
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