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Elastic properties of potential superhard phases of Ru@
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First-principles plane-wave pseudopotential and full-potential linearized-augmented plane-wave methods
have been used to study the elastic and electronic properties of several potential superhaptia®e®. The
structures, relative stabilities, and the elastic constants and bulk moduli of these phases have been calculated
within local-density approximatiofLDA) and generalized gradient approximati@GA). In RuG,, the LDA
and GGA approximations yield smaller and larger lattice constants, respectively, ﬂéaﬁé{uoz structure.

The internal structural parameter for oxygen atoms inR& structure has a volume dependence that differs
from the experimental result and therefore implies a significantly different compression mechanism. The
calculated bulk moduli are very similar for the fluorite aRa3 structures and therefore apparently indepen-
dent of the internal structural parameter. The structure and stability of a hypothetical orthorhombipHR©

is investigated.

[. INTRODUCTION periments as well as yielded Fermi surfaces that agree well
with experiment. More recently, a full-potential linear
Shuffin-tin orbital (FP-LMTO) calculation on the electronic

structure and bulk modulus of cubic-GdF m3m)Ru0O, has
also been performed by Lundet al° It was suggested that
She high-bulk modulus of the cubic form is a result of a
trong covalent bonding between rutheniumstates and

The search for new superhard materials has been und
taken extensively during recent yehend has focused par-
ticularly on simple covalent compounds of C, B, and ™.
Recently, a possible new class of hard materials has be
suggested: the transition-metal dioxides containing hea

elements. It_ has been reported that the bulk modulus Ofoxygen p states. It was shown recently by high-pressure
orthorhombic phase of Zrfand CaCl-type phase Mn@are x-ray diffraction and detailed neutron powder diffraction on

?32 a;nd 3_28 GPa, res$ectlvely. Furtherm;;e, tt-]r?ehb.ulkhmodué quenched sample at 1 bar that the cubic phaseFfa?a
us o Pa3-RuG, was _ound to b_e 399 GPaw Ich 1S the modified fluorite structure rather than the fluoriteéni3m)
highest value reported in a material, except for diamond, th

has a bulk modulus_ of 442 GPa. Although hardness is a In this paper, first-principles plane-way@W) pseudopo-
complex macroscopic property, determined to a large extenpnia| and full-potential linearized-augmented plane-wave
by the structure of point defects and dislocations, it is the(FLAPW) methods are used to investigate the atomic and
microstructure, characterized by bond length, bond directiong|ectronic structure, bulk modulus, elastic constants, and
and atomic size, that determines the ultimate measureghase transition pressures in Ruxide phases.

strength of a material. For nonmetals, hardness increases

with the bulk modulus, and the bulk modulus is generally

higher with smaller bond lengths and strong covalent direc- Il. THEORETICAL METHODS

tional bonds. However, inPa3-RuQ,, the metal-oxygen Plane-wave total electronic energy calculations have been
bond length is 1.99 A which is much longer than that of performed with thevasp code. A detailed description of
bond lengths considered up to now as essential in order t9asp and its algorithms can be found in Refs. 11 and 12.
have_a high bulk_modulus. The short bond lengths pre\_/ioust,ASP is a first-principles plane-wave code based on the
considered required atoms to be small. Understanding thgensity-functional theory that employs the ultrasoft Vander-
relation between the elastic properties and microstructure qj;jt pseudopotentiai® For the calculation of the ultrasoft
RuG, should, therefore, be very helpful in the search for newpseudopotentials, the atomic cutoff radii is 2.65 a.u. for Ru
types of superhard materials. atoms and 1.5 a.u. for O atoms. The atomic configurations
At ambient pressure, RyChas the rutile P4,/mnm)  are d7s!p%f? for Ru ands?p*d® for O. The solution of the
structure>® and it transforms to a Cagtype (Pnnm struc-  generalized Kohn-Sham equations is performed using an ef-
ture at about 6 GPa, and then to a cubic fluorite-type strucficient iterative matrix-diagonalization routine based on a se-
ture Pa3 at above 12 GPa. A detailed study of electronicquential band-by-band residuum minimization method—
structure of rutile Ru@has been reported by Glassford anddirect inversion in the iterative subspace. Alternatively, a
Chelikowsky where it was demonstrated thab initio, matrix diagonalization based on a preconditioned band-by-
local-density methods gave good agreement between calcband conjugate gradient algorithm can be used. The charge
lated density of states and experimental photoemission exdensity is updated using an improved Pulay mixing. For ac-
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FIG. 1. Structures of thég) rutile, (b) fluorite, (c) Pa3, and(d) Volume (A°%)

the hypotheticaPbcaphase of Ru@

FIG. 2. Calculated energy versus volume for the rutile, fluorite,

curate converged structure optimizations, an energy cutoff O&aCE, andPa3 phases of Ruobtained with the pseudopotential
600 eV was used, and a ¥22x 12 Monkhorst-Pac¥ grid plane-wave method.

for the k point mesh was employed.

FLAPW calculations have been performed with theof the cubic phases, as well as the internal structural param-
WIEN97 pngfam_%s In this all-electron method, the potential eter in thePa3 structure, have been confirmed by FLAPW
inside the atomic sphere is represented by a linear combingalculations. The structural parameters obtained with the two
tion of products of radial functions with spherical harmonics.methods agree within 1% and the bulk moduli agree within
In the interstitial region between the spheres centered op%. The energy-volume relations calculated with the plane-
each atom a plane-wave expansion is used. The solutions {gave method are shown in Fig. 2. The energy and volume
the Kohn-Sham equations are expanded in this compoungre given per RuPmolecule. The results are fit to the first-
basis set. The zone integration has been carefully tested trder Murnaghan equation of stateThe calculations indi-
obtain well-converged total energy. cate that the rutile and CaCphases have higher cohesive

Both the local-density approximatidthDA) and the gen-  energy and larger volume than the other phases, and as the
eralized gradient approximatiofGGA) have been used to pressure increases, the rutile form of Runsforms first to
determine the effect of density gradient corrections on thene CaCj form at about 9 GPa, and then to a modified fluo-
calculated properties. For LDA, the exchange-correlationite structure at 13 GPa and to fluorite at 89 GPa. The cal-
functional of Ceperley and Alder as parametrized by Perdewulated phase transition sequence and transition pressure for
and Zunger was used.For GGA in the plane-wave calcu- the first two observed transformations using the plane-wave
lations, the Perdew-Wanhgfunctional was used. The Per- method are in good agreement with experim&fit&: see
dew, Burke, and Ernzerhof forfhof the GGA was used in  Table I. The calculated transition pressure and therefore the

the FLAPW calculations. phase stability ordering using the FLAPW method for the
P a3 to fluorite transition is also in good agreement with the
Ill. RESULTS AND DISCUSSION plane-wave results.

. . The structural parameters calculated at 1 bar with the
Five phases of Ruphave been studied here: tetragonal piane wave method are listed in Table Il along with the
rutile (P4,/mnm), the CaC} (Pnnm), the cubic modified 5 aijaple experimental results for comparison. The calcu-
fluorite (Pa3), the hypothetical cubic fluorite Hm3m) |ated lattice parameters are in agreement with the experiment

structures, and a potentially stable orthorhombic structurgéo within 2%. The LDA approximation generally underesti-
found in other oxide$? Figure 1 shows the structure of these mates the lattice constant while the GGA approximation
four phasesthe CaC} structure is just an orthorhombic dis-
tortion of the rutile structure In rutile structure, the two Ru

atoms occupy0, 0, 0 and(3, 3, 3) sites while four O atoms

TABLE |. Phase transition pressures of RuQunits: GPa.

occupy(u, u, 0) and + (u+3, 3 —u, 3) sites, wherau is an Theory Experiment
internal parameter. In cubic fluorite structure, Ru atoms ocRutile—CaCl, 9 6 118
cupy (0, 0, O positions, while O atoms occupy (u, u, U CaCh—Pa3 13 12
positions, where the internal parameter 0.25. In the modi- P a3 Fluorite 89 (97)°

fied fluorite structure Pa3), oxygen atoms deviate from
their position in fluoriteu=0.344. All structure parameters 2Reference 8.

have been optimized by the plane-wave method and severfkeference 21.

parameters including the lattice parameters and bulk modufivalue in parentheses from FLAPW.
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TABLE Il. Ambient pressure structure parameters of Rybases.

a(A) c(R) u (A)
LDA GGA Expt. LDA GGA Expt. LDA GGA Expt.

Rutile 4474 4554 449367 3.092 3.137 3.106 39 0.3058 0.3054 0.3056
Fluorite 4.743 4.842
PA3 4,792 4.884  4.85892 0.3525 0.3503 0.35115

8From Ref. 25.
bFrom Ref. 7.

overestimates the lattice constants when compared with exoordinateda quartz whereas gradient-corrected exchange-
periment. This is similar to the results reported for S  correlation energy approximations overestimate the bulk
The LDA and GGA results for the structural parameters ofmodulus. For six-coordinated stishovite, on the other hand,
RuG, agree with the experimental data to within 2%able  both local-density and gradient-corrected calculations under-
II). The bulk moduli and their pressure derivatives were ob-estimate the bulk modulus and their magnitudes are in re-
tained from the Murnaghan equation-of-state fit to the planeverse order from that found fae-quartz. Therefore, there is
wave results, and are listed in Table Ill. Two sets of bulkno clear trend for the oxides at present.

moduli By and its pressure derivatiig; with different fit- As was concluded above, cubic Ru®as a very high-
ting methods are listed, one wiBy, fixed at 3.5, as was used bulk modulus, and therefore could be considered as a candi-
in fitting the original experimental resulfshe other fit was ~date for a superhard material. However, a high-bulk modulus
sensitive to the choice @ . If By is fixed at 3.5, a higher ifsi'l?t;egr:g 2&‘;’?252g;g\rogiﬁfdsa'rz‘]‘;ﬁ?;:‘g;g‘;ﬁgﬁgp%sﬁ'
bulk modulusBo=38OGPa is obtained fd?a_s, very close o.nardness is that a stress in a given direction should not be
o the experimental v_alue of 399 GPa, Wh.'Ch is only 10/"transmitted along a different direction, and therefore the
smaller than that of diamond. However,Bf is allowed to

; _shear moduli must also be high. We have, therefore, also
vary, a smaller value of 346 GPa is calculated. An approxivaicylated the elastic constants of these materials.

mately 10% variation in the bulk modulus can be obtained The standard method used to calculate elastic constants

by these different fitting procedures. Lunahal"have re- ¢ ap initio results is to determine the second derivatives

ported the bulk modulus of RyOn Cak, structure of 343 ¢ the energy density () as a function of properly chosen

G,Pa obtained with a FP-LMTO method. In this calculation,|ayice distortionss that describe the strafd. For a cubic-

By was not fixed. This is in excellent agreement with thecystal structure there are only three independent elastic con-

value of 351 GPa obtained with a plane-wave pseudopotergtantscll, C,,, andC,,. By application of three indepen-

tial LDA calculation where data were fit to the Murnaghan yent types of volume compressianyy,, tetragonaley,

equation-of-state allowing, andB, to vary. and trigonale,;, lattice distortions, the elastic constants can
LDA and GGA approximations lead to bulk moduli that pe gbtained as

differ by up to 15%, see Table Ill, and GGA in the present

calculations often yields values closer to the experiment. AZU(ecomp)

This is in agreement with previous calculations on Si@at TTASZ (C11t C12)/3=By, @
report that the GGA approximation overestimates the lattice

constants, but may overestimate or underestimate the bulk A2U (€

modulus?® The performance of various density functionals a2z 2Cu—Cu)fs, 2
for the exchange-correlation energy has been a subject of

considerable interest in the recent literatthé® For AU (eyg)

Si0,,%2?%the local-density approximation consistently yields
a bulk modulus that is lower than experiment in four-

AsZ 4Cyy. (3

The elastic constants of Ry@n Pa3 and fluorite phases

TABLE il Bulk modulus (in GPa of RuG; in rutile, fluorite, o\ e heen calculated, and the results are listed in Table IV.

and modified fluorite structures.

TABLE V. Elastic constantgin GP3g of RuG, in Pa3 and

Bo(Bo=3.5) Bo(BY) fluorite structures, compared with that of diamdifRef. 27.
LDA GGA Expt. LDA GGA
Pa3 Fluorite Diamond
Rutile 313 2605 27(4.0 299(4.0 249(4.3
Fluorite 384 336 3514.20 297(4.1) Ci 450 435 1020
Pa3 380 334 398(35 34642 29939 Cyp, 189 227 133
Cus 147 152 553
8 rom Ref. 26. G 140 133 509

bFrom Ref. 6.
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FIG. 4. Calculated band structure for tRa3 phase of Ru@
W17 The calculated band structure was obtained by the FLAPW method
i using the GGA approximation. The lattice parameter used in the
: calculation was 4.90 A.
8 | (b) -
é clearly reflected in the band structure as shown in Fig. 4. The
E/:J 6T ! T weak metallic nature of th®a3 enabled the acquisition of
; ! the Raman spectrum of this phélse.
| 4 i . The structural difference between tHea3 and Cak
a i phases can be characterized by the internal parametar
o L g i Pa3 u=0.35115 instead ofi=0.25 in Cak structure. The
| displacement of oxygen atoms distorts the coordination poly-
AR ll . hedron from cubic to regular rhombohedral, yielding a Ru
0 1 |

coordination number of six plus two instead of eight, and
leads to a very short O-O distance of 2.5054 A between
Energy (eV) rhombohedra along a diagonal of the unit cell; this compares
with the corresponding distance in a Gafructure of 4.207
A. Due to this small O-O distance along the diagonal of the
unit cell, there is no empty site at the center of the cell; this
) ) makes theP a3 structure a better candidate for hard materi-
The Voigt-averaged shear modulusqQg+C,,—C45)/5is s
also listed for these phases. Although cubic Rt@s a high The study of structural phase transitions in AZom-
bulk modulusZ its shear modulus is calculated to be smalleﬁoundS has led to suggested pathways among these materials
than that of diamond. with increasing coordination numbers for the central cation
In order to understand the microscopic mechanism of thgg pressure is increasEtOne of the most likely pathways,
high bulk modulus of Ru@we have analyzed the electronic in analogy with other oxide® would indicate that th®a3

structures of the®a3 and Cak structures and the density- strycture may transform to an orthorhomifibca structure.
of-states(DOS) pictures are shown in Fig. 3. The DOS of Thjs structure would have a coordination number of 7. To
CaF, structure is very similar to the result of Lundi al’®  nyestigate the possibility that this material could be pre-
obtained by a full potential LMTO method. The spectrum pared, we calculated the optimized, minimum energy struc-
can be divided into four parts; the lowest two parts are prityre of aPbcaphase of Ru@at several volumes in order to
marily due to the bonding and antibonding between O atomsyetermine if the structure is stable and to predict the bulk
while the upper two parts are due to the bonding and antimodulus and transformation pressure. These calculations in-
bonding of Rud and Op states. In Cafstructure, the bond-  djcated, however, that large forces were always present on
ing and antibonding splitting is very clear, see Fig. 3, leadinghe atoms and the structure would not be maintained in par-
to a semiconductor with a band gap of about 0.5 eV. In thejcylar at high pressures. These results, therefore, predict that
Pa3 structure, the Ru atoms are octahedrally coordinatecthe idealPbcastructure found in Zr@and HfQ, structures is
and therefore the fivefold-degeneratestates split into the probably not stable. It would, therefore, be of interest to
triply degenerate,q and doubly degeneratg states. In the  explore experimentally the structural stability of tia3

P a3 space group, distortions away from perf€zt symme-  phase at high pressures to test this result and to determine the
try lower the metal-atom site symmetry, resulting in furtherstable posfbcastructure of Ru@

splitting of these states. As a result, the Fermi energy is near A particularly sensitive test of the theoretical methods is
the minimum of thet,; manifold, showing a weak metallic to determine the effect of pressure on the positional coordi-

feature. The metallic character of tea3 phase is also nateu of the oxygen atoms in thea3 structure of Ru@

4 2 0 2 4 6 8 10 12

FIG. 3. PW calculated electronic density of states for the
Pa3 and (b) fluorite structures of Ru®
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methods on the relation af to pressure indicate that in-
creases with increasing pressure and consequently, the short-

est 0-O distances between polyhedra shoffig. 5. A FIG. 6. Simulated x-ray diffraction patterns for tif@a3 phase

rch for the possibility of two or more minimum-ener with the calculated and experimental structural parameter for oxy-
sea P y gy gen at 1 bafa) and 8.9 GP4b). The calculated diffraction patterns

Strucw.re.s and optimum pargmeter was performed and only are for a randomly oriented polycrystalline sample using a Mo
one minimum-energy SOIl_mOn was found. The volume de'0.709 319-A x-ray source. In the top frame the calculated diffrac-
pendence ofl was nearly mdepende.nt of whether the GGAtion patterns for the experimentally determined structure and for the
or LDA approximations were used in the LAPW or plane- gyiimized calculated structure with the same lattice constant

wave pseudopotential calculations. For example, points cal=4 85892 A using the LAPW method are shown. The diffraction
culated with the LDA approximation in the FLAPW method patterns in the lower frame are obtained using the experimental

gave the same slope and thevalues were very slightly |attice constant at 8.9 GPa.
lower and within 0.003 of the GGA values shown in Fig. 5.
The calculated value far is in excellent agreement with the reflection and there was no indication in the experiment of
experimental value for samples recovered at 1 bar pressursplitting in this peak that may be caused by nonhydrostatic
The main source of uncertainty in the experimentally deterconditions. Defects are also not thought to be important in
minedu parameter at high pressure is the presence of somihis material. The calculated increase urwith increasing
untransformed lower-pressure phase, for which some linegressure implies that the rhombohedral coordination polyhe-
overlap those of the cubic phase. dra consisting of a R surrounded by eight © ions with

The calculated O-O distances, corresponding to the 1 baa coordination number of 62 in the structure would have a
lattice constant, for the edges and face diagonals of theimilar compressibility as the unit cell, which is in contrast to
rhombohedron centered about the Ru cation, are 2.625 artbe trend suggested by the limited experimental results. This
2.992 A, which also compare very well with the experimen-would have important implications for the mechanism of
tally determined values of 2.6208 and 2.9935 A, respeceompressibility in these and related materfalsithough it
tively. We have calculated the diffraction patterns for theappears that discrete fourier transform theory is sufficiently
different values ofu at the lattice constants determined by accurate to determine theparameter in this structure, this
experiment and compare them with the diffraction patternsliscrepancy needs to be resolved since this system provides a
that would be obtained with the valueswpredicted at these sensitive test for the theoretical methods. Clearly further
lattice parameters by the theoretical results in Fig. 6. It iswork is required to understand the origin of the different
clear that at ambient pressure the diffraction patterns are egxperimental and theoretical results.
sentially identical. At a pressure of 8.9 GPa, there is a dif- In summary we report a study of the electronic structures,
ference between theory and experiment that should be abowtructural parameters, and elastic properties of four phases of
experimental accuracy. The largest difference is in(20€) RuG, employing plane-wave and FLAPW methods. The re-
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sults have shown that thea3 structure of Ru@has a cal- the Pa3 and fluorite phases is significantly different al-
culated bulk modulus within 5—10 % of the experimentallythOUQh the bulk moduli for these materials are similar. This
determined result. This is close to that of diamond, which idhas important implications for the compression mechanism
the hardest material known at present. The detailed compari? these mgterlals and it would be of interest to explore this
son of the theoretical methods with the experimental result} other oxides.

further demonstrates that the LDA and GGA approximations

yield values for structural parameters that bracket the experi-

mental values as has been found in $i@ hypothetical ACKNOWLEDGMENT

Pbcastructure has been investigated and it is calculated to be
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