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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. Babeidito
calculations it is shown that the high bulk modulus is a result of a strong covalent bonding between ruthenium
d states and oxygep 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 OsO
[S0163-182698)07209-9

Hard materials have been studied for a long time bothstabilize cubic Ru@at ambient conditions, for instance by
experimentally and theoretically due to their wide range ofepitaxial growth on a cubic substrate, could open avenues for
important technological applicatioddAlthough hardness is a ultrahard materials to be used in applications. We have in-
macroscopic phenomena, the microstructure, such as bondestigated this experimental finding on RuBy means of
and atomic size, is very important for the measured strengtfirst-principles calculations, which confirm the experimen-
of a material. As an example, the general explanation fotally found extreme behavior of RyOFurther, we analyze
why diamond is the hardest material observed today is thahe origin of the hard chemical bonds of this material, and
directed covalensp® bonds between the carbon atoms givestudy other related compounds within the same crystal struc
rise to a very rigid and hard structufdven a small defor- ture. Most notably we predict OsQo be very stiff, with a
mation requires a lot of energy due to the strength of thébulk modulus of 411 GPa, which is actually higher than for
carbon-carbon bond. Although diamond is not especiallycubic BN.
close packed it is, due to the rigidity of its covalent bonds, Using a full-potential linear muffin-tin orbital methbd
harder than all other presently known materials. Other ex{FP-LMTO) we have calculated the total energy as a func-
amples of hard materials are the cubic BN and the hexagonéibn of volume for a number of selected transition-metal di-
WC compounds. oxides, which are likely to show a high bulk modulus, in the

The hardness is measured by making an indent in th€ak structure. The calculations were based on the local-
material and measure its size. The difficulty in calculatingdensity approximation(LDA) of the density functional
hardness directly has led scientists to look for an additionatheory. The unit cell was divided around the atoms into non-
measure of hardness. A good and frequently used candidatarerlapping muffin-tin spheres, in which the basis functions
for this is the bulk modulus, which reflects the volume stiff- were expanded in spherical harmonics up to a cutoff in an-
ness of the latticé=3In a plot of hardness versus bulk modu- gular momentuml,,,,=6. The basis functions in the intersti-
lus one sees a strong correlation between the*t®or non- tial region were Neuman or Hankel functions. In the calcu-
cubic systems the shear modulus may be a more precidations for RuQ we included the Ru @, 5s, 5p, and 4
measure of the hardness. However, for cubic systems therbitals and the O € 2p, and 3 orbitals in the basis.
bulk modulus should be a quite good indicator of hardnessSimilar basis sets were used for the other studied systems.

In this paper we investigate a class of candidate hard ma- As a precursor to the main investigation we studied the
terials; transition-metal dioxides in the cubic-Gaffructure. phase stability between the ideal and distorted fluorite
According to experimentsthere is a structural transition in phases. Calculations where the Ru-O distance was optimized
RuG, from the ground state rutile phase to an orthorombicshowed an energy barrier between the fluorite structure
distortion of the rutile phase at a pressure of 8 GPa and au=0.25 and the experimentally obtained distorted fluorite
second transition to the cubic fluorite phase at 12 GPa. In phase (=0.347)® This energy barrier could explain the fact
later papét this structure was reported as a distorted fluoritethat the distorted phase is found in some experiments, and
phase, where the Ru-O distance), is different from the the ideal fluorite in others. Since we have applications in
ideal value 1/4. We have investigated also this phase, and ihind in our study, where hopefully Ry@ould be deposited
will be discussed below. This high-pressure phase is metan a cubic compound, thus making the ideal fluorite possible,
stable at ambient conditions, with a very high bulk moduluswe will for the rest of the paper ignore the distorted phase.
399 GPa(Refs. 4 and bat zero pressure. The possibility to  The fluorite structure has an fcc Bravais lattice with a
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TABLE I. Bulk moduli Byneary and By, for the selected com-
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Diamond 6.70 452 443 200 ¢ .
RuG, 8.9¢ 343 399 0o L |
RuNF 9.08 396 ' -
OSOZ 9.00 411 0.0 L ! . . :
OsNF 9.21 315 o —o.s‘ —?.6 —o.4| -?.2 (I).o 02 04 r y
®From Ref. 9. 08 B.] 0
PFrom Ref. 4. :

1.0

‘The experimental lattice parameter was 8.933 a.u. at 40 GPa ar o }

9.139 a.u. at ambient conditions.
0.4

basis of metal atoms positioned @0,0 and ligand atoms o2
positioned at+ (1/4,1/4,1/4) in units of the lattice constant.
The transition-metal atom has an octahedral environmer*®
with eight ligand atoms as nearest neighbors, while the
ligand atoms are positioned at tetrahedral sites with fou3%° |
metal atoms as nearest neighbors. This structure can in fa
be related to the diamond structure. If the atoms would be 0200 |
the same type, the fluorite structure is constructed from th:
diamond structure by filling its open void at 100
(—1/4—1/4,—1/4) with an extra atom. This leaves the
ligand atoms of the CaFstructure with a diamondlike set of
nearest neighbors whereas the metal atoms have a more clc
packed octahedral surrounding.

Th? calculated. total enerdy as a funcuqn of volgmé/ FIG. 1. The total and projected density of states for Rulhe
was fitted to an integrated form of the Biftkquation of  Feymilevel is indicated by a vertical dotted liéd) shows the total
state, from which the bulk modulus was extracted asHos, (B) the p-projected Ru DOS(C) shows thed-projected Ru
B=V0(d2E/dV2)VO, whereV, is the equilibrium volume. DOS, (D) shows thes-projected O DOS, andE) shows the

The calculated bulk modulus and lattice parameter fo-projected O DOS.

RuG, are in accordance with experiment, as can be seen in

Table |. Deviations can be understood from the limitations of = S

the LDA approximatiort® To explain the high values for the pi(r)= enso<en

bulk modulus we investigate the bonding character of the : :

material. The electronic structure of Ru@ governed by a whereV; ande¢; are the eigenvector and eigenvalue of the
strong hybridization between the Ruand Op states as can statei, respectively, andrAj and €p, are the lower and upper
be seen in the calculated density of sta®®©S) shown in  energy limits defining théth region in the DOS. The sum of
Fig. 1. The total DOS consists of energy bands separated intie orbital densities from the three lowest regions is identical
four groups. The two lowest[(—0.7)—(—0.4) and to the valence charge density. The orbital densities show the
(—0.4)-(—0.1) Ry], containing 6+6 states, are dominated local space variation of the orbitals forming the electronic
by O character but have a significant Rueontribution, ~ bands in the different parts of the energy spectrum. The two
while the two higher lying peaks are dominated by thedRu- lowest lying regions have similar orbital densities, which
states with a rather small contribution from thepCstates, ~both show the bonding between the O and Ru sites. The
especially in the highest lying unoccupied bands. We havélifference between these two can best be seen in the region

found that the two lowest features may be viewed as th@etween the two oxygen neighbors. Since the lowest region
bonding part of the hybridization complex formed by the shows more O-O bonding orbital density and the second re-

: - : gion shows a tendency towards a node between the O sites,
nearest neighbor bonding p-and Rueltzg states, while the the energy difference between these two regions might be

unoccupied highest lying feature is the corresponding antiyiewed as an 0-O bonding antibonding splitting. The third
bonding part. The next highest lying narrow peak, which isregion shows a large density concentration around the Ru
the highest occupied regidif—0.1)—(0.0) RY, is formed  sjtes with orbitals pointing along the cubic crystal axes, not
mainly by the, to first approximation, nonbonding BY-  towards the O sites. This is in accordance with a density
states, and contains four states. formed by Iocaldeg orbitals. Finally, the fourth orbital den-
This analysis is confirmed by the four orbital densitiessity shows a clear node between the Ru and O sites typical
plotted in Fig. 2 for &110 cut through both the Ru and O for antibonding orbitals. In this orbital density we can also
sites. The orbital densities were defined as observe two additional features. The density between the
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FIG. 2. The charge density for RyQ(l) includes the valence
charge derived from the energy region (0.7) to (0.4) Ry below the r 1100
Fermi energy, i.e. region | in Fig. 1. In the same w#y and (lll) 50r i
show the valence charge derived from regionsi0(4) to (—0.1) /J\/L\ A s
Ry arld Il (—=0.1) to(0.0 Ry, respectively(IV) shows the orb|t_a| 00 06 04 2 00 02 0408 06 04 202 0"0 0z oz %0
density for the energy region 1V frorf®.0) to (0.4) Ry. The plot is
made in the(110) plane. (E-Ep
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FIG. 3. The total and projected density of states for RUNF. The
next nearest, i.e., oxygen, sites show an even more presermilevel is indicated by a vertical dotted lirf&) shows the total
nounced antibonding character than that of region Il, and theos, (B) the s-projected N DOS/(C) shows thep-projected N
orbital density around the O site has a clear tetrahedral forrmos, (D) shows thes-projected F DOS, andE) shows the
with lobes pointing in directions away from the Ru sites. Onep-projected F DOS.
sees from symmetry that it is possible to form a density
pointing towards the oxygen sites along the body diagonaionic contribution to the bonding iMO, is smallest forM
from local linear combinations of Rdfzg orbitals, which  =Ru, and increases when going either to the left or to the
then can form directed bonds with the O states. right in the 4 series. We have also calculated the com-

The obtained tetrahedrally formed orbital density cannofpounds RXY (X,Y=all pairs ofB to F). The result of these
be obtained fronp states alone, but it is well known thep®  calculations is that the most favorable separation into bond-
hybrids form such densities. This fact leads directly to com-ing or antibonding is found for compounds isoelectronic to
parisons with diamond. However, they should not be carriedRuG,, this is discussed below.
too far, since, e.g., the bonding states which are responsible Of special interest are the following two isovalent com-
for the hard bonds have much wealsecharacter. One par- pounds: Os@and RuNF. In the latter case the nitrogen and
allel is, however, that Rufas well as diamond has an opti- fluorite atoms occupy one each of the two originally identical
mal number of valence electrons to occupy the bondindigand sites. Both these materials have a larger bulk modulus
states, while leaving the antibonding states unoccupied. Ithan RuQ. In the case of Os©the physical picture is very
the case of Ru@there is also an optimal energy separationmuch in parallel to the one above for RuGrhe calculated
between the Q» and Rud states to produce strong bonds lattice constants and bulk moduli are given in Table I, and
without having to invoke a substantial charge transfer. we note that Os@is an even better candidate as a hard

Besides studying RuQwe have performed similar calcu- material. The electronic structure of RuNF is seen from the
lations for the isostructural seridéO, (M =all 4d elements DOS in Fig. 3. The two lowest bonding peaks are now fur-
plus selected & elements The best covalent bonding prop- ther split, compared to RuOThe lower in energyregion |
erties are obtained for RyQbecause from this system all in Fig. 3) comes from Rud—F-p hybridization and the other
bonding states are filled. In the othed 4lioxides either an- (region Il in Fig. 3 comes from the hybridization of Rdi-
tibonding states are fille¢in the compounds to the right in and Np atomic orbitals. This picture is also verified from an
the Periodic Table from Rwr bonding or nonbonding states orbital density plot, such as the one for Ry®ut since the
are drained(in the compounds to the left from Ruwhich  plot is very similar to Ru@it is not shown here. Changing
gives a parabolic trend iB for the 4d dioxides. This can be from Ru to Os increased the bulk modulus for the dioxide,
compared to the pure transition metals where the maximurand changing @into NF also improved the bulk modulus. It
bonding occurs in the middle of the series. In addition thewould then be natural to assume that this last change would
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improve also the Os compound. However, this was not thevhich the system can use to relax and lower the total energy
case, the bulk modulus decreased. This decrease can ten subjected to compression, counteract high bulk modu-
traced back to the fact that the volume has been considerablys. Ideally good candidates should have, as the cubic sys-
increased. tems studied here, an isotropic and symmefeig., cubi¢
Moreover, our theoretical analysis shows that the bondgrystal structure.

are not ionic since, compared to the neutral atom, oxygen in - As mentioned in the introduction, the ruthenium com-
the solid hadost some of its electrons to the bond betweenpoyng Ruq is metastable in the cubic fluorite structure at
Ru and O. The occupation numbers in our first-principles; mpient pressure. Nevertheless it should not be too difficult
theory should, however, not be taken too literally since theyq 416\ such a material. Due to the remarkable development
dgpend on how we define the base geométyffin-tin ra- in thin film fabrication and epitaxial growth, we speculate
dii) of the system. However, for trends one can make use Qtgat it may be possible to stabilize films of these materials by

these numbers. This, and the above discussion, demonstrate . .
means of growth on cubic substrates. If this could be
covalent nature of the bonds.

Our findings presented here are to be compared with thgchieved one \.NOUId have a .technologically very .interesting
calculations made for hexagonal WC, where Etal ana- system, a cubic substrate_wnh a very h_ard coatl_ng on top.
lyzed the bonds as metallic between the metal atoms anfihe fact that these materials are hard in a cubic phase is
partially ionic between the metal and the ligand. This con/Mportant also from the view point that this most often re-
clusion was drawn when comparing the bcc W metal Withsults_ln many.dlfferent planes of deformation, ensuring good
the hexagonal WC crystal. In our present case, we find thatlastic behavior.
for RuO, such a description does not lead to a proper picture. [N summary we have calculated the electronic structure of
By analyzing our own calculations for WC, we find again & number of transition-metal dioxides in the fluorite structure
that there is a considerable amount of covalent character iand found that they have a very high bulk modulus. The
the bonding. This leads to a general consensus regardimptimal bulk modulus is found for the material OsO'his
how to achieve a large bulk modulus in transition-metalcan be understood from the favorable conditions for strong
compounds. covalent bonds for these materials. The calculated properties

(1) Optimal filling of the bonding orbitals formed by-p  of RuG, are in good agreement with experiments. The high-
hybridization in the metal-ligand system. Note that the relaest bulk modulus found for materials in the Gafructure is
tive positions of thed and p bands are important for an predicted to be 411 GPa for OsOSince this material is
effective hybridization. Possible nonbonding states may bgjosely related to Ru@it would be interesting to see if it
|gnored: o ) ] transforms to the fluorite structure at high pressure. The high

(2) Little ionicity in the bonding. This could be under- p ik modulus together with the fact that the fluorite structure
stood from the fact that an ionic bond involves an extrajq cubic, make this family of compounds particularly worth-

degree of freedom, the charge transfer, which may changgniie for further studies, in the search for hard materials.
under pressure, relaxing the energy, and thereby soften the

bond. This project has been financed by the Swedish Natural
(3) The crystal structure should have as few internal paScience Research Coun@NFR), and Materials Consortium
rameters as possible. Since again, extra degrees of freedohp. 9 (SFS.
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