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Transition-metal dioxides with a bulk modulus comparable to diamond
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Recently it has been reported that a high-pressure cubic phase of ruthenium dioxide has an unusually large
bulk modulus, and consequently is a most interesting candidate as a very hard material. Based onab initio
calculations it is shown that the high bulk modulus is a result of a strong covalent bonding between ruthenium
d states and oxygenp states in combination with the favorable geometry of the orbitals in the fluorite structure.
In addition an even higher bulk modulus is predicted for the isoelectronic and isostructural compound OsO2.
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Hard materials have been studied for a long time b
experimentally and theoretically due to their wide range
important technological applications.1 Although hardness is a
macroscopic phenomena, the microstructure, such as b
and atomic size, is very important for the measured stren
of a material. As an example, the general explanation
why diamond is the hardest material observed today is
directed covalentsp3 bonds between the carbon atoms gi
rise to a very rigid and hard structure.2 Even a small defor-
mation requires a lot of energy due to the strength of
carbon-carbon bond. Although diamond is not especia
close packed it is, due to the rigidity of its covalent bon
harder than all other presently known materials. Other
amples of hard materials are the cubic BN and the hexag
WC compounds.1

The hardness is measured by making an indent in
material and measure its size. The difficulty in calculati
hardness directly has led scientists to look for an additio
measure of hardness. A good and frequently used cand
for this is the bulk modulus, which reflects the volume sti
ness of the lattice.1–3 In a plot of hardness versus bulk mod
lus one sees a strong correlation between the two.4 For non-
cubic systems the shear modulus may be a more pre
measure of the hardness. However, for cubic systems
bulk modulus should be a quite good indicator of hardne

In this paper we investigate a class of candidate hard
terials; transition-metal dioxides in the cubic-CaF2 structure.
According to experiments5 there is a structural transition i
RuO2 from the ground state rutile phase to an orthorom
distortion of the rutile phase at a pressure of 8 GPa an
second transition to the cubic fluorite phase at 12 GPa.
later paper6 this structure was reported as a distorted fluo
phase, where the Ru-O distance (5u), is different from the
ideal value 1/4. We have investigated also this phase, an
will be discussed below. This high-pressure phase is m
stable at ambient conditions, with a very high bulk modu
399 GPa~Refs. 4 and 5! at zero pressure. The possibility t
570163-1829/98/57~9!/4979~4!/$15.00
h
f

ds
th
r
at

e
y
,
-
al

e

al
ate

ise
he
.

a-

c
a
a

e

it
a-
s

stabilize cubic RuO2 at ambient conditions, for instance b
epitaxial growth on a cubic substrate, could open avenues
ultrahard materials to be used in applications. We have
vestigated this experimental finding on RuO2 by means of
first-principles calculations, which confirm the experime
tally found extreme behavior of RuO2. Further, we analyze
the origin of the hard chemical bonds of this material, a
study other related compounds within the same crystal st
ture. Most notably we predict OsO2 to be very stiff, with a
bulk modulus of 411 GPa, which is actually higher than f
cubic BN.

Using a full-potential linear muffin-tin orbital method7

~FP-LMTO! we have calculated the total energy as a fun
tion of volume for a number of selected transition-metal
oxides, which are likely to show a high bulk modulus, in t
CaF2 structure. The calculations were based on the loc
density approximation~LDA ! of the density functional
theory. The unit cell was divided around the atoms into no
overlapping muffin-tin spheres, in which the basis functio
were expanded in spherical harmonics up to a cutoff in
gular momentum,l max56. The basis functions in the interst
tial region were Neuman or Hankel functions. In the calc
lations for RuO2 we included the Ru 4p, 5s, 5p, and 4d
orbitals and the O 2s, 2p, and 3d orbitals in the basis.
Similar basis sets were used for the other studied system

As a precursor to the main investigation we studied
phase stability between the ideal and distorted fluo
phases. Calculations where the Ru-O distance was optim
showed an energy barrier between the fluorite struct
(u50.25! and the experimentally obtained distorted fluor
phase (u50.347).6 This energy barrier could explain the fa
that the distorted phase is found in some experiments,
the ideal fluorite in others. Since we have applications
mind in our study, where hopefully RuO2 could be deposited
on a cubic compound, thus making the ideal fluorite possi
we will for the rest of the paper ignore the distorted phas

The fluorite structure has an fcc Bravais lattice with
4979 © 1998 The American Physical Society
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4980 57BRIEF REPORTS
basis of metal atoms positioned at~0,0,0! and ligand atoms
positioned at6(1/4,1/4,1/4) in units of the lattice constan
The transition-metal atom has an octahedral environm
with eight ligand atoms as nearest neighbors, while
ligand atoms are positioned at tetrahedral sites with f
metal atoms as nearest neighbors. This structure can in
be related to the diamond structure. If the atoms would be
the same type, the fluorite structure is constructed from
diamond structure by filling its open void a
(21/4,21/4,21/4) with an extra atom. This leaves th
ligand atoms of the CaF2 structure with a diamondlike set o
nearest neighbors whereas the metal atoms have a more
packed octahedral surrounding.

The calculated total energyE as a function of volumeV
was fitted to an integrated form of the Birch8 equation of
state, from which the bulk modulus was extracted
B5V0(d2E/dV2)V0

, whereV0 is the equilibrium volume.

The calculated bulk modulus and lattice parameter
RuO2 are in accordance with experiment, as can be see
Table I. Deviations can be understood from the limitations
the LDA approximation.10 To explain the high values for th
bulk modulus we investigate the bonding character of
material. The electronic structure of RuO2 is governed by a
strong hybridization between the Ru-d and O-p states as can
be seen in the calculated density of states~DOS! shown in
Fig. 1. The total DOS consists of energy bands separated
four groups. The two lowest @(20.7) – (20.4) and
(20.4) – (20.1) Ry#, containing 616 states, are dominate
by O-p character but have a significant Ru-d contribution,
while the two higher lying peaks are dominated by the Rud
states with a rather small contribution from the O-p states,
especially in the highest lying unoccupied bands. We h
found that the two lowest features may be viewed as
bonding part of the hybridization complex formed by t
nearest neighbor bonding O-p and Ru-dt2g

states, while the

unoccupied highest lying feature is the corresponding a
bonding part. The next highest lying narrow peak, which
the highest occupied region@(20.1) – (0.0) Ry#, is formed
mainly by the, to first approximation, nonbonding Ru-deg

states, and contains four states.
This analysis is confirmed by the four orbital densiti

plotted in Fig. 2 for a~110! cut through both the Ru and O
sites. The orbital densities were defined as

TABLE I. Bulk moduli Btheory and Bexp for the selected com-
pounds. Lattice parameteratheory.

Material atheory ~a.u.! Btheory ~GPa! Bexp ~GPa!

Diamond 6.70 452 443a

RuO2 8.99c 343 399b

RuNF 9.08 396
OsO2 9.00 411
OsNF 9.21 315

aFrom Ref. 9.
bFrom Ref. 4.
cThe experimental lattice parameter was 8.933 a.u. at 40 GPa
9.139 a.u. at ambient conditions.
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eAj

<e i<eBj

uC i~rW !u2, ~1!

whereC i and e i are the eigenvector and eigenvalue of the
statei , respectively, andeAj

andeBj
are the lower and upper

energy limits defining thej th region in the DOS. The sum of
the orbital densities from the three lowest regions is identica
to the valence charge density. The orbital densities show th
local space variation of the orbitals forming the electronic
bands in the different parts of the energy spectrum. The tw
lowest lying regions have similar orbital densities, which
both show the bonding between the O and Ru sites. Th
difference between these two can best be seen in the regi
between the two oxygen neighbors. Since the lowest regio
shows more O-O bonding orbital density and the second re
gion shows a tendency towards a node between the O site
the energy difference between these two regions might b
viewed as an O-O bonding antibonding splitting. The third
region shows a large density concentration around the R
sites with orbitals pointing along the cubic crystal axes, no
towards the O sites. This is in accordance with a densit
formed by localdeg

orbitals. Finally, the fourth orbital den-
sity shows a clear node between the Ru and O sites typic
for antibonding orbitals. In this orbital density we can also
observe two additional features. The density between th

nd

FIG. 1. The total and projected density of states for RuO2. The
Fermi level is indicated by a vertical dotted line.~A! shows the total
DOS, ~B! the p-projected Ru DOS,~C! shows thed-projected Ru
DOS, ~D! shows thes-projected O DOS, and~E! shows the
p-projected O DOS.
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next nearest, i.e., oxygen, sites show an even more
nounced antibonding character than that of region II, and
orbital density around the O site has a clear tetrahedral f
with lobes pointing in directions away from the Ru sites. O
sees from symmetry that it is possible to form a dens
pointing towards the oxygen sites along the body diago
from local linear combinations of Ru-dt2g

orbitals, which
then can form directed bonds with the O states.

The obtained tetrahedrally formed orbital density can
be obtained fromp states alone, but it is well known thatsp3

hybrids form such densities. This fact leads directly to co
parisons with diamond. However, they should not be carr
too far, since, e.g., the bonding states which are respons
for the hard bonds have much weakers character. One par
allel is, however, that RuO2 as well as diamond has an opt
mal number of valence electrons to occupy the bond
states, while leaving the antibonding states unoccupied
the case of RuO2 there is also an optimal energy separati
between the O-p and Ru-d states to produce strong bond
without having to invoke a substantial charge transfer.

Besides studying RuO2 we have performed similar calcu
lations for the isostructural seriesMO2 ~M5all 4d elements
plus selected 5d elements!. The best covalent bonding prop
erties are obtained for RuO2, because from this system a
bonding states are filled. In the other 4d dioxides either an-
tibonding states are filled~in the compounds to the right in
the Periodic Table from Ru! or bonding or nonbonding state
are drained~in the compounds to the left from Ru!, which
gives a parabolic trend inB for the 4d dioxides. This can be
compared to the pure transition metals where the maxim
bonding occurs in the middle of the series. In addition

FIG. 2. The charge density for RuO2. ~I! includes the valence
charge derived from the energy region (0.7) to (0.4) Ry below
Fermi energy, i.e. region I in Fig. 1. In the same way~II ! and~III !
show the valence charge derived from regions II (20.4) to (20.1)
Ry and III (20.1) to ~0.0! Ry, respectively.~IV ! shows the orbital
density for the energy region IV from~0.0! to ~0.4! Ry. The plot is
made in the~110! plane.
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ionic contribution to the bonding inMO2 is smallest forM
5Ru, and increases when going either to the left or to
right in the 4d series. We have also calculated the co
pounds RuXY ~X,Y5all pairs ofB to F!. The result of these
calculations is that the most favorable separation into bo
ing or antibonding is found for compounds isoelectronic
RuO2, this is discussed below.

Of special interest are the following two isovalent com
pounds: OsO2 and RuNF. In the latter case the nitrogen a
fluorite atoms occupy one each of the two originally identic
ligand sites. Both these materials have a larger bulk modu
than RuO2. In the case of OsO2 the physical picture is very
much in parallel to the one above for RuO2. The calculated
lattice constants and bulk moduli are given in Table I, a
we note that OsO2 is an even better candidate as a ha
material. The electronic structure of RuNF is seen from
DOS in Fig. 3. The two lowest bonding peaks are now f
ther split, compared to RuO2. The lower in energy~region I
in Fig. 3! comes from Ru-d– F-p hybridization and the othe
~region II in Fig. 3! comes from the hybridization of Ru-d
and N-p atomic orbitals. This picture is also verified from a
orbital density plot, such as the one for RuO2, but since the
plot is very similar to RuO2 it is not shown here. Changing
from Ru to Os increased the bulk modulus for the dioxid
and changing O2 into NF also improved the bulk modulus.
would then be natural to assume that this last change wo

e

FIG. 3. The total and projected density of states for RuNF. T
Fermi level is indicated by a vertical dotted line.~A! shows the total
DOS, ~B! the s-projected N DOS,~C! shows thep-projected N
DOS, ~D! shows thes-projected F DOS, and~E! shows the
p-projected F DOS.
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4982 57BRIEF REPORTS
improve also the Os compound. However, this was not
case, the bulk modulus decreased. This decrease ca
traced back to the fact that the volume has been consider
increased.

Moreover, our theoretical analysis shows that the bo
are not ionic since, compared to the neutral atom, oxyge
the solid haslost some of its electrons to the bond betwe
Ru and O. The occupation numbers in our first-princip
theory should, however, not be taken too literally since th
depend on how we define the base geometry~muffin-tin ra-
dii! of the system. However, for trends one can make us
these numbers. This, and the above discussion, demons
covalent nature of the bonds.

Our findings presented here are to be compared with
calculations made for hexagonal WC, where Liuet al.1 ana-
lyzed the bonds as metallic between the metal atoms
partially ionic between the metal and the ligand. This co
clusion was drawn when comparing the bcc W metal w
the hexagonal WC crystal. In our present case, we find
for RuO2 such a description does not lead to a proper pictu
By analyzing our own calculations for WC, we find aga
that there is a considerable amount of covalent characte
the bonding. This leads to a general consensus regar
how to achieve a large bulk modulus in transition-me
compounds.

~1! Optimal filling of the bonding orbitals formed byd-p
hybridization in the metal-ligand system. Note that the re
tive positions of thed and p bands are important for a
effective hybridization. Possible nonbonding states may
ignored.

~2! Little ionicity in the bonding. This could be under
stood from the fact that an ionic bond involves an ex
degree of freedom, the charge transfer, which may cha
under pressure, relaxing the energy, and thereby soften
bond.

~3! The crystal structure should have as few internal
rameters as possible. Since again, extra degrees of free
B
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which the system can use to relax and lower the total ene
when subjected to compression, counteract high bulk mo
lus. Ideally good candidates should have, as the cubic
tems studied here, an isotropic and symmetric~e.g., cubic!
crystal structure.

As mentioned in the introduction, the ruthenium com
pound RuO2 is metastable in the cubic fluorite structure
ambient pressure. Nevertheless it should not be too diffi
to grow such a material. Due to the remarkable developm
in thin film fabrication and epitaxial growth, we specula
that it may be possible to stabilize films of these materials
means of growth on cubic substrates. If this could
achieved one would have a technologically very interest
system, a cubic substrate with a very hard coating on
The fact that these materials are hard in a cubic phas
important also from the view point that this most often r
sults in many different planes of deformation, ensuring go
plastic behavior.

In summary we have calculated the electronic structure
a number of transition-metal dioxides in the fluorite structu
and found that they have a very high bulk modulus. T
optimal bulk modulus is found for the material OsO2. This
can be understood from the favorable conditions for stro
covalent bonds for these materials. The calculated prope
of RuO2 are in good agreement with experiments. The hig
est bulk modulus found for materials in the CaF2 structure is
predicted to be 411 GPa for OsO2. Since this material is
closely related to RuO2 it would be interesting to see if i
transforms to the fluorite structure at high pressure. The h
bulk modulus together with the fact that the fluorite structu
is cubic, make this family of compounds particularly wort
while for further studies, in the search for hard materials

This project has been financed by the Swedish Natu
Science Research Council~NFR!, and Materials Consortium
No. 9 ~SFS!.
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