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Introduction

Osmium is an hcp metal located in the middle of the 5d transition metal series in the
periodic table. Recent powder x-ray diffraction experiments (Cynn et al. 2002) showed that
the bulk modulus of Os is 462 GPa, exceeding the value for diamond, 443 GPa (Occelli et al.
2003). Since such a high value of bulk modulus is rare for metals, the report stimulated
further experimental and theoretical studies. Here we report the results of our powder x-ray
diffraction experiments with a He-pressure medium and first-principle calculations.

Experimental methods & results

Angle-dispersive  powder x-ray diffraction (a)

experiments have been carried out with a diamond- Os at 65 GPa
anvil cell (DAC) at room temperature. The He- -
pressure medium was loaded to the DAC by using a x
gas-loading apparatus (Takemura et al. 2001). 3 7\%%}2\%\‘
Diffraction patterns were taken on the beam line ~"‘; e
BL13 of the Photon Factory with monochromatic x- @ g

rays with energy of 30 keV and an imaging plate. 2] ¥ g
We have employed a diamond-backing plate for the °°§_ 8
DAC to get better powder statistics (Takemura and 383 vi#‘%@/

Nakano 2003). Pressures were determined on the =
basis of the hydrostatic ruby pressure scale (Zha et 20 %0 40 Enefgy (keve)o 080
al. 2000). More experimental details are given

elsewhere (Takemura 2004). ; : ; : ;
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Two experimental runs were done up to the L Os
maximum pressure of 58.2 GPa. Figure 1
compares the diffraction pattern of Os taken in the
present experiment and that from the literature
(Cynn et al. 2002). The angle-dispersive method
used in the present experiment, combined with the
excellent hydrostaticity of the He-pressure medium,
gives diffraction patterns with high peak resolution.
The lattice parameters a and ¢ were determined 10 15 20 o5 20
with precision of +-0.02%. Ruby fluorescence 26 (deg)
spectra remained sharp up to the highest pressure
investigated, with a negligible change in the R;y-R, peak separation, indicating good
hydrostatic conditions (Chai and Brown 1996).

Intensity (arbitrary units)
T

Fig. 1. Powder x-ray diffraction patterns of

Figure 2 shows the pressure-volume relationship. Os at high pressures by (a) energy

By fitting the Birch-Murnaghan equation of state, the . . .

bulk dul d it derivati dispersive method with an Ar-pressure
ulk modulus and its pressure derivative were medium (Cynn et al. 2002) and (b) angle-

d_etermlned as 395(15) GPa and 4.5(5), respe_ctlve_ly. dispersive method with a He-pressure

Figure 3 shows the change of the c/a axial ratio with medium (Takemura 2004). Difference in

pressure. The axial ratio continuously increases the peak resolution is seen, for example,

from 1.580 to 1.586 without any anomaly. at the circled positions.
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Fig. 2. Experimental equation of state for Fig. 3. The change in the c/a axial ratio of
Os: squares (Cynn et al. 2002), filled circles Os with pressure: squares (Cynn et al.
(Takemura 2004), and open circles (Occelli 2002), filled circles (Takemura 2004), and
et al. 2004). The equation of state for open circles (Occelli et al. 2004). The
diamond (Occelli et al. 2003) is shown by dotted line shows the present calculation in
the broken line. the case B-GGA given in Table 1.

Computational methods & results

We performed first principles calculations on Os within density functional theory
(Hohenberg and Kohn 1964, Kohn and Sham 1965). The exchange correlation energy
functional (Exc) was treated with local density approximation (LDA) or generalized gradient
approximation (GGA). To verify the accuracy, numerical calculations were performed with two
types of computational schemes. The first is the all-electron type calculation, which
incorporates core electrons in the self-consistent computations. We used WIEN2k (Blaha etal.
2001) package, which is based on the APW+lo method. The all-electron scheme has been
considered to be the most accurate. However, it is difficult to evaluate stress directly. We must
fit total energy as a function of volume to obtain the pressure. Thus, determination of bulk
modulus By and its derivative By is less accurate. As another method, we used the
pseudopotential scheme with wavefunctions expanded in plane waves. In this scheme, we
treat valence electrons in first-principles pseudopotentials determined from atomic
calculations. One advantage of the plane-wave pseudopotential (PWPP) method is that
internal stress is directly obtained during the self-consistent calculations. Therefore, the shape
of unit cell can be optimized through iterative methods such as molecular dynamics type
simulations or conjugate gradient method.

The computational conditions are listed in Table 1. The case A is the computation with our
own program code which implements the PWPP method with an optimized pseudopotential
(Troullier and Martins 1991, Kobayashi 2001) in a separable form (Kleinman and Bylander
1982) and partial core correction (PCC) (Louie et al. 1982). The case B and C are the
computations with ABINIT and WIEN2k packages. For all cases, calculated results were well
converged about the number of k-points and the cut-off energy of wavefunctions.

Table 1. The computational conditions.

Case Type Program Exc
A PWPP our own(kobayashi 2001) LDA
B PWPP ABINIT LDA and GGA
C all-electron WIEN2K LDA and GGA
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The calculated lattice properties are listed in Table 2. The equilibrium volumes are slightly
scattered depending on the computational schemes. The deviations may be regarded as
numerical errors contained within these calculations. However, the agreement of bulk
modulus between calculations is rather good. We obtained the bulk modulus as 440~450
GPa with LDA and ~400 GPa with GGA. The LDA gives about 10% larger bulk modulus than
that of GGA. It is well known that the LDA overestimates the cohesive energy and chemical
bonding in solids. Therefore, the LDA gives larger bulk modulus. The calculated bulk modulus
for GGA s close to the experimentally determined value 395 GPa (Takemura 2004). We have
calculated lattice properties of diamond with the same computational condition for case B and
C. It is found that diamond shows 5-10% larger bulk modulus than that of Os for all
computational conditions. These results agree with experiment (Takemura 2004).

Table 2. Calculated equilibrium properties of hcp Os. Volume, c/a ratio, bulk modulus By, and its
pressure derivative By' are tabulated for each calculation conditions.

Exc Case V (A%atom) c/a B, (GPa) By
A 14.15 1.583 441 4.77
LDA B 13.79 1.577 451 4.82
C 13.70 1.582 444 4.93
B 14.65 1.578 392 4.90
GGA c 14.26 1580 404 4.67
The pressure derivative of bulk modulus By' of 100 T
hcp Os is calculated as 4.67-4.90, which is higher
than that of diamond. The higher By' means that Os I = S;mond
may be less compressible than diamond at high 0.95 ]

pressures as shown in Fig. 4. As pressure
increases, the calculated curves of diamond and
Os cross at around 100 GPa.

VIV,

Finally, relative stability of different crystal
structures is evaluated by comparing hcp, fcc, and
bcc Os. We found that the hcp structure is most
stable as shown in Table 3. This is consistent with L
the experimental observation but not with the °© 20 40 € B0 100
previous calculations (Hebbache and Zemzemi P (GPa)

2004). The fcc structure shows similar bulk
modulus with the hcp but that of bce is about 10%
smaller than those for hcp and fcc.

0.85- 4

Fig. 4. The normalized volumes are
plotted as a function of pressure for hcp
Os (closed circle) and diamond (open
circle). The results are taken from case B
with GGA.

Table 3. Calculated equilibrium properties of Os with different crystal structures. Relative total energy
(AE) from the hcp structure, unit cell volume V, bulk modulus By, and its pressure derivative B,' are
tabulated for each crystal structure. The computations were performed with case A.

AE (eV/atom) V (A’/atom) By (GPa) | By
hcp 0 14.15 440.5 477
fcc 0.15 14.21 432.6 475
bce 0.96 14.65 392.5 475
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Discussion

The B, and By' values of Os determined by 9.0
various experiments and theoretical ; Hebbache (calc)—
calculations are summarized in Table 4, and ot Os 1
plotted in Fig. 5. The present experimental and 70 b 1
computational results are in excellent ; This work (calc.) ]

agreement with those by Occelli et al. (2004), in 60 b el (caley)
which the experiments were also done with the _ 1
He-pressure medium. It should be noted that @ i
Cynn et al. (2002) used argon as a pressure a0 b
medium, which is known to develop sizable ETakemura(exp.) oy o) ]
nonhydrostatic stress at high pressures (Bell sor oosell (exp) *

and Mao 1981). Nonhydrostatic stress distorts 20 [ /
the crystal lattice, and hence the volume ; diamond (exp.) ]
determined for such a distorted lattice can be o
different from the hydrostatic case (Singh et al. 360 380 400 420 440 460 480 500
1998). Another point to be mentioned is that Bo (GPa)

the value of By' by Cynn etal. is 2.4, which is

unusually small for metals. Since By' and By

are strongly correlated in the fitting procedure, derivative B of Os b ; ) ts and
a small change (increase) of By' in their fit will ~ SSMVaive Bo OIS by various expeiments an
theoretical calculations. The values for

easily lower the By value close to the present o0 ng are from Occelli et al. (2003). The
one and that by Occelli et al. Joshi et al. (2003) ellipsoid roughly indicates the most probable
actually reanalyzed the data by Cynn etal. by  region of By and By’ for Os.

assuming By' = 4, and obtained B, = 434 GPa.

Theoretical calculations of the bulk modulus of Os by different groups are mostly in
reasonable agreement as seen in Fig. 5. However, the recent calculation by Hebbache and
Zemzemi (2004) significantly differs from others. In their calculation, By' and By are strongly
dependent on the volume range to be fitted; larger the volume range, both By' and B, become
smaller. In our present calculation, we also observed the similar trend in the fitted values,
although the variation of By' and By was much smaller. This may indicate the inadequacy of
the conventional equation of state formula for Os, suggesting further detailed investigations.

Cynn (calc.) ]

o ]
V— Joshi (calc.) b

Fig. 5. Bulk modulus By, and its pressure

Finally, we like to mention that our experimental data do not support the suggestion by
Ocecelli etal. (2004) that an electronic topological transition takes place in Os at about 25 GPa,
evidenced by the change in the pressure derivative of the axial ratio. As seen in Fig. 3, the c/a
ratio smoothly changes with pressure without any discontinuity. Our theoretical calculation of
the change in the axial ratio qualitatively agrees with the experiment.

Table 4. Bulk modulus By, its pressure derivative By', and the equilibrium volume V, at atmospheric
pressure of Os by experiments and theoretical calculations. The volumes in square brackets indicate
the values from the literature, which were used to calculate the relative volume. The values by
Hebbache and Zemzemi are for the volume range 0.8-1.2. The values in the present calculation are
from B-GGA in Table 2.

B, (GPa) By Vo (A%atom)
Experiment (Cynn et al. 2002) 462(12) 2.4(5) [13.978]
Experiment (Takemura 2004) 395(15) 4.5(5) [13.988]
Experiment (Occelli et al. 2004) 411(6) 4.0(2) 13.971
Theory, LDA (Cynn et al. 2002) 444.8 4.4 13.749
Theory, GGA (Joshi et al. 2003) 443 4 14.336
Theory, GGA (Occelli et al. 2004) 382.3 4.60
Theory, GGA (Hebbache and Zemzemi 2004) 489 8.2
Theory, GGA (This work 2005) 392 4.90 14.65
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Conclusion

We have determined the bulk modulus and its pressure derivative of Os as By = 395(15)
GPa and By'= 4.5(5), respectively, by powder x-ray diffraction experiments with a He-pressure
medium. These values are in excellent agreement with those obtained by independent
experiments with the He-pressure medium (Occelli etal. 2004). Our first-principles calculation
with the FLAPW method gave values of By and By' consistent with these results. We thus
conclude that Os is actually stiff, but its bulk modulus does not exceed the value for diamond.

Acknowledgement

Part of the present results has been obtained through the use of the ABINIT code, a
common project of the Université Catholique de Louvain, Corning Incorporated, and other
contributors (URL http://www.abinit.org). K. T. thanks T. Kikegawa, K. Sato, and S. Nakano for
their help in the synchrotron radiation experiments. Powder x-ray diffraction experiments at
the Photon Factory have been done under Proposal Nos. 2001G225 and 2003G200.

References

Bell P. M., Mao H. K., 1981. Degrees of hydrostaticity in He, Ne, and Ar pressure-transmitting
media. Carnegie Inst. Washington Publ. 80, 404-406.

Blaha P., Schwarz K., Luitz J., 2001. WIEN2k, An Augmented Plane Wave + Local Orbitals
Program for Calculating Crystal Properties (Tech. Univ. Wien, Vienna) ISBN 3-9501031-1-2.

Ceperley D. M., Alder B., 1980. Ground state of the electron gas by a stochastic method.
Phys. Rev. Lett. 45, 566-569.

Chai M., Brown J. M., 1996. Effects of static non-hydrostatic stress on the R lines of ruby
single crystals. Geophys. Res. Lett. 23, 3539-3542.

Cynn H., Klepeis J. E., Yoo C.-S., Young D. A., 2002. Osmium has the lowest experimentally
determined compressibility. Phys. Rev. Lett. 88, 135701.

Fuchs M., Scheffler M., 1999. Ab initio pseudopotentials for electronic structure calculations of
poly-atomic systems using density-functional theory. Comput. Phys. Commun. 119, 67.

Gonze X. etal., 2002. First-principles computation of material properties : the ABINIT software
project., Comp. Mat. Sci. 25, 478.

Hebbache M., Zemzemi M., 2004. Ab initio study of high-pressure behavior of a low
compressibility metal and a hard material: osmium and diamond. Phys. Rev. B. 70, 224107.

Hohenberg P., Kohn W., 1964. Inhomogeneous electron gas. Phys. Rev. 136, B864-871.

Joshi K. D., Jyoti G., Gupta S. C., 2003. On compressibility of osmium metal. HighPress. Res.
23, 403-408.

Kleinman L., Bylander D. M., 1982. Efficacious form for model pseudopotentials. Phys. Rev.
Lett. 48, 1425-1428.

Kobayashi K., 2001. A Database for Norm - Conserving Pseudopotential (NCPS2K):
Application to rare gas atoms. Mater. Trans. 42, 2153-2156.

Kohn W., Sham L. J., 1965. Self-consistent equations including exchange and correlation
effects. Phys. Rev. 140, A1133-1138.

Louie S. G., Froyen S., Cohen M. L., 1982. Nonlinear ionic pseudopotentials in spin-density-
functional calculations. Phys. Rev. B 26, 1738-1742.

Occelli F., Loubeyre P., LeToullec R., 2003. Properties of diamond under hydrostatic
pressures up to 140 GPa. Nature Materials 2, 151-154.

Ocecelli F., Farber D. L., Badro J., Aracne C. M., Teter D. M., Hanfland M., Canny B., Couzinet
B. 2004. Experimental evidence for a high-pressure isostructural phase transition in osmium.
Phys. Rev. Lett. 93, 095502.



Joint 20" AIRAPT - 43" EHPRG, June 27 - July 1, Karlsruhe/Germany 2005

Perdew J., Zunger A., 1981. Self-interaction correction to density-functional approximations
for many-electron systems. Phys. Rev. B 23, 5048-5079.

Singh A. K., Balasingh C., Mao Ho-kwang, Hemley R. J., Shu J., 1998. Analysis of lattice
strains measured under nonhydrostatic pressure. J. Appl. Phys. 83, 7567-7575.

Takemura K., Sahu P. Ch., Kunii Y., Toma Y., 2001. Versatile gas-loading system for
diamond-anvil cells. Rev. Sci. Instrum. 72, 3873-3876.

Takemura K., Nakano S., 2003. Performance of a synthetic diamond backing-plate for the
diamond-anvil cell at ultrahigh pressures. Rev. Sci. Instrum. 74, 3017-3020.

Takemura K., 2004. Bulk modulus of osmium: High-pressure powder x-ray diffraction
experiments under quasihydrostatic conditions. Phys. Rev. B 70, 012101.

Troullier N., Martins J. L., 1991. Efficient pseudopotentials for plane-wave calculations. Phys.
Rev. B 43, 1993-2006.

Zha Chang-Sheng, Mao Ho-kwang, Hemley R. J., 2000. Elasticity of MgO and a primary
pressure scale to 55 GPa. Proc. Natl. Acad. Sci. 97,13494-13499.



