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The Knoop hardness of the highly incompressible cubic phase of ruthenium dioxide was found to
be 19-20 GPa from indentation tests. This value scales well with the shear modulus approximated
by the elastic constaii,, of 144 GPa obtained from Brillouin scattering measurements. This work
provides evidence that the shear modulus is a better indicator of hardness than the bulk modulus for
ionic and covalent materials. @001 American Institute of Physic§DOI: 10.1063/1.1401786

Ruthenium dioxide, which has a rutile-type structure un-excitations, in the case of a semi-infinite solid such as RuO
der ambient conditions, transforms into cubic phase with are directly related to the bulk elastic constants of the mate-
modified-fluorite-type structure above 12 GPA.This rial. Analysis of the Brillouin spectra requires a Green's
dense, high-pressure, cubic form of Ry@hich can be re- function approach of the equation of motion of elasticity,
covered at ambient pressure and temperature, was found wehich leads to the spectral density of the perpendicular dis-
have a measured bulk modutusf B=399 GPa, which is placement,(z) of the free surfacéatz=0).1 The scattered
only 10% less than that of diamond, the least compressiblatensity at frequency depends upon the wave vectgrof
and hardest material known. There is a general trend towarthe excitation, wherd, is the k component parallel to the
greater hardness with increasing bulk modulus for ionic andgurface of the sample and is defined by the experimental
covalent materiafs°(Fig. 1). This cubic form of RuQwas  geometry: for backscattering geometry, it becomigs
thus considered a possible candidate as a hard material. The2k; sin6, where k;=2x/\; is imposed by the incident
results ofab initio calculations'*?also indicate a very high wavelength\; of the laser and is the angle between the
bulk modulus for cubic Ru@ranging from 299 to 380 GPa, incident beam and the normal to the sample. The intensity is
which are among the highest values known. The calculatethen proportional td|u,(0)|2), which exhibits a pole abg
value ofC,,= 147 GPa, however, was found to be lower thancorresponding to the Rayleigh surface wave with velocity
that for many hard materials, such as cubic carbides, which
have C,, values of typically 150-270 GPa. We have thus

undertaken to directly measure both the hardndsandC,, 10 b
of cubic RuQ in order to further the understanding of the £ diamond
physical origin of mechanical hardness. s b i
The cubic form of ruthenium dioxide was prepared at 20
GPa and 1100°C in a MA-8 multianvil device described s 0F 1
elsewheré. The recovered samples with volumes of the or- < 60 b i
der of 1 mni were polished prior to further study. Knoop g
hardness measurements were performed using a Shimadzu- S S0r * ]
type M microhardness tester with loads of 490, 980, and = 4w} ¢BN
1960 mN. The resulting hardness values of 19—-20 GPa were § SiC o
independent of the load, and control measurements made on S qu s Si0, 1
an alumina sample were in excellent agreement with previ- 20} ® .
ous studies. Sy, AN ALO,  RuO,
Brillouin spectra were obtained using a six-pass tandem 10 -NaCI MgO 1
Fabry—Peot interferometer. The efficient mechanism for ol
light scattering in opaque materials is the so-called ripple 0 100 200 300 400
mechanism, which involves surface elastic excitations. These Bulk Modulus (GPa)

FIG. 1. Hardness as a function of the bulk modulus for a representative
3E|ectronic mail: leger@cnrs-bellevue.fr selection of ionic and covalent materials.
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FIG. 2. Brillouin spectrum of cubic RuQ The solid line below the spec- olomt o 0 o 0 0,
trum represents the best fit ¢fu,(0)|2) to the Rayleigh line. 0 100 200 300 400 500
Shear Modulus (GPa)

Vr=wgr/k,. Figure 2 shows a typical Brillouin spectrum
and the best fit 0(|u2(0)|2> to the Rayleigh line. The fre- FIG. 3. Har(_ine_ss as a function of the shear modulus for a representative
guency wg is closely related to the transver§g, elastic selection of fonic and covalent materials.
constant, whereas other characteristic elastic features in the
Spectra should in princip|e permit the determinatioqui_ distances of 2.5054 A, which are shorter than in any other
Such additional contributions could not be observed in thexide. These short O-O distances play an important role in
present experiments on this black phase of Bd(]b to the the hlgh bulk modulus of this material. In alumlil'?an con-
relatively poor signal to noise ratio. Our measured value ofrast, the average intrapolyhedral O—O distance is 2.719 A in
Cua, 144 GPa, is in very good agreement with the theoreticathe AlOg octahedron and the bulk modulus is significantly
valué of 147 GPa. The values &, andC,, were obtained lower,*!* B=251GPa. A second major difference, which
from ab initio calculation$! and the value of the Voigt aver- should have an influence on the shear modulus, is that the
aged shear modulu§=(3C 4+ Cy;—C1,)/5, of 140 GPais Polyhedra in cubic Ru®are entirely linked by shared cor-
very close to that ofS,,. In general for cubic materials the Nners, whereas in alumina all polyhedra share faces and edges
shear modulus is slightly lower than the value@y,. Since  and the structure can be expected to be more rigid with re-
the theoretical calculations indicate ti@atis only 5% lower ~ SPect to shear stress. This provides added evidence that the
than C,, in cubic RuQ, the experimental value of,, is  structural topolog$ plays an essential role in determining
used to approximat6 in the following discussion. the hardness of a material in addition to the required short
The measured hardness of cubic Ru@hich ranges interatomic distances.
from 19 to 20 GPa, is very similar to that of alumina, but is Cubic ruthenium dioxide is found to be a hard material
much lower than what might be expected based on the geivith hardness of 19-20 GPa, but it is not as superhard as
eral trend between the hardness and bulk mod(fig. 1). what could be inferred from correlations between hardness
There have been proposa|s that the shear modulus may be’iad the bulk modulus. |nStead, the hardness scales well with
better indicator of hardned.If the values for cubic Ru9  the shear modulus thereby providing evidence that the latter
are added to a plot of hardness as a function of shear modif & better indicator of potential hardness for ionic and cova-
lus (Fig. 3, it can be seen that the point fits in well with the lent materials.
values of other materials. It can be noticed that in this latter
plot that there is less scatter. In the present case, the shear
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