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We have measured the isothermal equation of state (EOS) of osmium to 75 GPa under hydrostatic
conditions at room temperature using angle-dispersive x-ray diffraction. A least-squares fit of this data
using a third-order Birch-Murnaghan EOS yields an isothermal bulk modulus Ky = 411 = 6 GPa,
showing osmium is more compressible than diamond. Most importantly, we have documented an
anomaly in the compressibility around 25 GPa associated with a discontinuity in the first pressure
derivative of the ¢/a ratio. This discontinuity plausibly arises from the collapse of the small hole-

ellipsoid in the Fermi surface near the L point.
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Recently, there has been much interest the high-
pressure properties of zinc and most specifically the
nature of a possible Lifshitz [1] or electronic topological
transition (ETT) near 10 GPa. This type of phase tran-
sition arises when distortion of the electronic band struc-
ture results in a topological singularity of the Fermi
surface. Interestingly, while the experimental data remain
somewhat ambiguous [2-5], simulations suggest an ETT
indeed exists in this pressure range [6—8]. Recently,
Steinle-Neumann et al. [8] have suggested that the tran-
sition arises from changes in the band structure near the
high-symmetry point K, where three bands cross the
Fermi surface upon compression. This suggests one might
expect other hcp metals to exhibit similar phenomena.
The platinoid 54 transition elements (e.g., Re, Os, and Ir)
are known to be the densest and stiffest metals [9,10],
suggesting they might in fact be poor candidates in which
to look for such effects. However, experimental and theo-
retical results for Os [11,12] have shown the existence of
small local maxima in the band structure just above the
Fermi energy near the L point on the zone boundary [11].
Thus, the potential exists that these structures might upon
compression fall below the Fermi energy and give rise to
an ETT. Furthermore, recent equation of state (EOS)
measurements by Cynn et al [13] have suggested that
Os has a bulk modulus (Kj) and first derivative of the bulk
modulus (K}) equal to 462 GPa and 2.4, respectively, and
is less compressible than diamond (K, = 446 GPa and
K|, = 3) [14]. This conclusion has strong implications
for the nature of the metallic bond in Os and paradoxi-
cally implies that the latter, where bonding electrons are
delocalized, is less compressible than the covalent bond,
where bonding electrons are localized. The difficulty in
supporting such a claim, however, arises due to the fact
that in EOS studies and especially those of low-

095502-1 0031-9007/04/93(9)/095502(4)$22.50

PACS numbers: 61.66.Bi, 07.35.+k, 62.20.Dc, 61.10.Nz

compressibility materials, where the maximum experi-
mental pressures are only a small fraction of the value of
Ky, there exists a strong inverse correlation between the
values of K|, and those of K, in the numerical inversion of
the volume as a function of pressure data. In order to
accurately investigate the magnitude of K and K{) simul-
taneously in materials such as Os, one needs to undertake
a high-resolution study in the low-pressure region (K)
and also obtain high-pressure data to constrain K|, [15].
In order to clarify these points, we have undertaken an
experimental study of the EOS of osmium using angle-
dispersive x-ray diffraction with ultrahigh accuracy.
Great care was taken to compress the samples hydrostati-
cally to obtain the most accurate pressure measurements
and to minimize both the stress distribution on the sample
and the error in the bulk modulus. Pressure on the sample
was measured by ruby fluorescence before and after the x-
ray diffraction data were collected to ensure there was no
pressure drift during the measurement. Of great help in
that endeavor was the extremely short acquisition time
(~ 4 s of x-ray exposure per diffraction pattern) avail-
able on third generation synchrotron sources. The samples
(commercially available osmium with a 325 mesh) were
loaded in three separate membrane actuated diamond
anvils cells (DAC) and one symmetrical Mao-Bell-type
DAC. One cell was set up for very high resolution in the
low-pressure regime (up to 26 GPa; 0.5 GPa per point) to
better constrainKj. In this cell, we used 350 wm diamond
culets, neon as a pressure transmitting medium, and a
stainless-steel gasket [16]. The remaining cells were opti-
mized for higher pressure experiments (up to 75 GPa) by
using 150 um X 350 pwm beveled diamond culets, helium
as the pressure transmitting medium, and rhenium gas-
kets [16]. In our low-pressure run, pressure was measured
using both the NaCl EOS by placing a small amount of
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NaCl in the sample chamber as an internal pressure
marker and by ruby fluorescence [17]. In the high-
pressure runs, pressure was measured using only ruby
fluorescence. Above the BI-B2 phase transition at
29 GPa [18], NaCl can no longer be used reliably as an
internal pressure standard.

Angle-dispersive x-ray diffraction measurements were
recorded at ID09A of the European Synchrotron
Radiation Facility, Grenoble, France [19]. A total of 33
diffraction patterns were recorded between 0 and 20 GPa,
and 10 more points between 20 and 75 GPa. Figure 1
shows typical diffraction patterns from our experiment;
the narrow diffraction lines even at the highest pressure
indicate the near absence of nonhydrostatic stresses and
pressure drift during the measurement. No less than 12
reflections from osmium are resolved on each pattern,
enabling us to minimize the errors on the lattice parame-
ters using a crystal structure refinement procedure. The
Rietveld structural refinements were performed using
GSAS (General Structural Analysis System) [20]. Over
this pressure range, our data confirm that no first order
structural phase transition occurs. The errors on the vol-
umes derived from our data are at most 5 X 1073 A3,

Our new EOS is shown in Fig. 2 using the third-order
Birch-Murnaghan [21]equation; P =3/2K,[(V/V,) /> —
(V/ Vo) PR +3/4(K) — H[(V/Vy) "3 — 11}, where V is
the volume, V, is the zero pressure volume, K, is the
isothermal bulk modulus, and K(’) is the first pressure
derivative of the isothermal bulk modulus. The least-
squares fit to our data yields K, = 411 = 6 GPa, K|, =
4.0 £0.2, and V, = 27.941 = 0.008 AS. Using a stochas-
tic minimization algorithm on the third-order Birch-
Murnaghan EOS, which gives a more robust estimate of
the parameters as well as the correlation matrix, we find
Ky =4109 = 1.2 GPa, K[ =397 £0.04, and V,=
27.949 + 0.002 A3. Further, the refined values of Vi in
osmium obtained in this study are equal to the reference

Rl

L ' | |

‘ HH‘ | I | Fu 75.5 GPa

_Jr‘ e LM

|

_ ‘ i

“ “ | \‘ H‘ ”1

| “\ i H‘\
i Ll

\_J’.J |

‘\ { w\\ ’” ‘ \J{ I )
N ‘u‘ NaCl | NaCl ‘ “ —
L 220 “‘ 222 ‘\ -l

58 3 (JPa

315 GPA

I(a.u.)

| 1V N | SR (-
4 100 101 102 110 103, 12005 202 104
002 200 2n

T T T T T T

10 12 14‘1 16 18 20 22 24
20 (degrees)

FIG. 1 (color online). Integrated angle-dispersive diffraction
patterns recorded at various pressures. The experimental data
are represented by a + symbol, and the curves are obtained
from a Rietveld structural refinement of the data. The osmium
reflections are labeled on the lowermost spectrum. NaCl re-
flections are labeled on the second spectrum.
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value given by ICSD (Inorganic Crystal Structure
Database) (V, = 27.958 A®) within 20, and our new
results show that contrary to the conclusions of Cynn
et al. [13], the bulk modulus of osmium is actually 8%
smaller than that of diamond, with K(’) close to 4 as is
expected for a well-behaved incompressible material.
Indeed, the most surprising result of the previous study
of Cynn et al. [13] was the extremely low value of K, in
Os (K{, =2.4) obtained using a third-order Birch-
Murnaghan EOS. Indeed, theory suggests that this value
should be close to 4 in stiff materials [21]. Furthermore,
the Birch-Murnaghan formulation itself is valid only
where this value is sufficiently close to 4. To date then,
diamond remains the most incompressible material
known.

As a further check on our experimental results, we
have performed first-principles pseudopotential plane-
wave total-energy calculations within the local density
(LDA) and generalized gradient approximations (GGA-
PWO1) to electronic exchange and correlation on hcp-
osmium and diamond-carbon crystal structures [23—
26]. Table I shows our new calculations, which agree
with the theoretical results presented by Cynn et al
[13]. Interestingly, while our conclusions are at odds
with those published by Cynn et al [13], they are in
qualitative agreement with the theoretical calculations
presented in that same study. In the latter, the theoretical
bulk modulus of osmium was determined to be lower than
the theoretical bulk modulus of diamond (cf. Table I), and
K} is in good agreement with our new experimental and
theoretical results. The explanation of the differences in
the conclusions of the present study with those of Cynn
et al. [13] stems from the fundamentally different experi-
mental approaches taken in the two studies. In their work
on the EOS of osmium, Cynn et al [13] used energy
dispersive x-ray diffraction. This technique relies on the
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FIG. 2 (color online). The isothermal equation of state of
Osmium at 300 K. The different symbols correspond to the
three independent loadings (the size of the symbol is greater
than the experimental errors both on pressure and volume). The
solid curve is a third-order Birch-Murnaghan fit to the data
yielding Ky =411*6 GPa, K,=40x02, and V,=
27.941 = 0.008 A>.
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TABLE L

Third-order Birch-Murnaghan isothermal EOS

parameters for osmium and diamond from various studies.

ture around 25 GPa. Two distinct compression regimes
can be identified, below and above ~25 GPa. Attempts to
fit ¢/a versus pressure with either a single linear, qua-

22?8;:)1 K 2;?232;1 K, dratic, or cubic fun.ction.all yielded highly coirre.lated

errors. Only a two-piece linear fit provides a statistically

) €Xp 411 4.0 valid description of the data. Importantly, these two re-
This study  LDA 4373 4.46 4640 365 gimes are not resolvable as a function of volume
GGA 382.3 4.60 431.2 3.68 [Fig. 3(b)] but only as a function of pressure [Fig. 3(a)].

Cynnetal ‘Ii);])DA 426428 ij 4671 26 When plotted as a function of volume, the c/a ratio
‘ : ’ ) exhibits a monotonically increasing behavior [Fig. 3(b)]

Occelli et al 446 3.0 and can be approximated by a unique linear function. This

use of an intense white beam, and while it was necessary
for high-pressure diamond anvil experiments on second
generation synchrotron sources, it results in low-accuracy
volume refinements which are the critical parameter in
EOS studies and even more crucial in the study of low-
compressibility materials. Poor resolution on the volume
refinements is further exacerbated by the use of stiff
pressure media (such as argon above 30 GPa) that produce
large pressure gradients and thus increase the error
bounds. The quantitative discrepancy between these two
studies, albeit small, does have drastic consequences on
the physical interpretation of the nature of the chemical
bond in osmium.

Aside from the straightforward determination of the
EOS of osmium, our new data present a most surprising
and novel result; although a simple analysis of the EOS
indicates that there are no first order structural transi-
tions, a more detailed analysis of the c/a ratio as a
function of pressure [Fig. 3(a)] shows an interesting fea-
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means that the modulus, namely 6P/8V, must also ex-
hibit the same discontinuity as seen in the function
c/a(P). This further implies that V(P) should also display
this anomaly, and, in that respect, two independent Birch-
Murnaghan EOS were fitted to the data below and above
25 GPa, as reported in Fig. 2. In that case, the reduced y?
drops by 60%, and using an F-test comparison the two-
phase model is statistically significant at the 96% con-
fidence level, strengthening our assumption (for a phase
transition) from a statistical standpoint. It is noteworthy
that in the latter case, both bulk moduli (392 = 2 GPa and
400 = 5.5 GPa for low-pressure and high-pressure data,
respectively) are still lower than that of diamond, and
actually lower (but within error bars) than the one ob-
tained with one EOS fit of the entire data set.

These structural changes likely arise from changes in
the electronic structure on compression and could be the
signature of a Lifshitz transition, where the first deriva-
tive of the compressibility presents a discontinuity at the
transition pressure and the second derivative is not de-
fined. Such transitions arise by passage of the Fermi
surface through a topologic singularity [1]. In the most
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FIG. 3 (color online). The c¢/a ratio of osmium versus pressure (a) and volume (b). The symbols are the same as in Fig. 2. The
linear fits to the c/a versus pressure data yield c¢/a = 1.57993 + 1.25049 X 10~* P + O(P?) over the pressure range 0 to 25 GPa
and c/a = 1.58071 + 8.65348 X 107> P + O(P?) from 25 GPa to the highest pressure achieved in the study. The linear fit to the
c/a versus reduced volume data yields ¢/a = 1.63504 — 0.0552(V/V,) + O(V?).
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studied example of zinc [8], recent calculations show that
the transition arises from changes in the band structure
near the high-symmetry point K where three bands,
which lie above the Fermi level at zero pressure, cross
the Fermi level upon compression. In the case of osmium,
we suggest that the anomaly likely arises from the pas-
sage of the maxima in band /i, below the Fermi energy
with compression resulting in the collapse of the small
hole ellipsoid. While nontrivial, this hypothesis can now
be experimentally verified either by single-crystal high-
pressure inelastic x-ray scattering measurements or de
Haas—van Alphen measurements with recently devel-
oped diamond anvil techniques [27,28]. Finally, our find-
ings prove the importance of ultrahigh accuracy
measurements in the lattice constants in conjunction
with close to ideal pressure conditions and shows how
these types of studies can help pinpoint, isolate, and even
unveil peculiar behaviors in materials that could other-
wise not be observed.

We thank Jagan Akella, Michael Krisch, Kevin Moore,
and Quentin Williams for helpful reviews. We acknowl-
edge the European Synchrotron Radiation Facility for
provision of synchrotron radiation facilities. Work per-
formed under the auspices of the U.S. Department of
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