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Transition metals and their carbides and nitrides:
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A study of the structural and electronic properties of selected transition metals and their carbides and nitrides
is presented. We focus on assessing trends of possible importance for understanding their hardness. Lattice
constants, bulk moduli,), and charge densities are calculated using the local density approximation with a
pseudopotential plane wave approach. An fcc lattice is employed for the transition metal elements in order to
make comparisons and study trends relateable to their carbides and nitrides. Our results show that both
increasing the number of valendeelectrons and the presencefoélectrons in the core lead to largeB).

Charge density plots and histograms enable us to explain the nature of the charge distribution in the interstitial
region for the different compounds considered. In addition, we include the heavier elements seaborgium,
bohrium, and hasnium in order to test further trends. Surprisingly, the calciBgtéat Hs is comparable to

that of diamond[S0163-182609)03630-9

Advances inab initio electronic structure computation impractical to contemplate the actual use of these heavy el-
techniques have made possible the calculation of cryst@ments in constructing hard materialdlithough the reader
structures and elastic properties for many materials to withirmay find it interesting to discover that seaborgium, in par-
2-5% of experimental results. Such advances in accurafécular, is sufficiently stable to permit chemical
theoretical modelling have created new opportunities foinvestigation.) However, because Sg, Bh, and Hs are iso-
studying hard materials. For example, theoretical prediction§lectronic in the valence with the stable elements W, Re, and
of hard structurés? have led to a multitude of recent experi- OS, these heavy elements can serve a useful purpose in test-
mental effortd to synthesize superhard materials. Here, wdnd trends. _ _
study transition metals and transition metal carbides and ni- A Plane wave pseudopotential total-energy schirtfeis
trides, which are known for their hardness and industrial uselsed to calculate the electronic structure gnd structural pa-
fulness. There is a large body of literature concerning thesk@meters and to compute total energies of different phases for
materials in their experimental lattice structufe®.How- all these metals and compounds. We employ the local den-

. . . 7 _ . _
ever, state of the art first principles computational modellin sity approximatiofi” and use the Ceperley-Alder interpola

its th . f electroni d elasti Yion formuld?® for the exchange-correlation energdb initio
now perfm(;_fsf N corlnparlson ode ectronic 3” ﬁas_ 'ﬁ_ pr?f"pseudopotentials are generated using the method of Troullier
erties of different elements and compounds all within ey pmartind® and include semirelativistic corrections. Spin-
same crystal structufe®® In this way, one can explore

- ’ 4 ¢ . orbit coupling is excluded from these calculations in order to
trends in the structural and electronic properties to identifys|iminate additional variables to allow a focus on the sim-
qualities of these materials which may be relevant for hardpjest underlying trends.

ness. In this WOI‘k, we focus attention on the bulk moduli of For each Calculation' irreduciblb_points are generated

these solids, which, although not always directly correlatedhccording to the Monkhorst-Pack schefi€onvergence is
with hardness, provide a clearly defined theoretical basis fogchieved with a range of 10—28points in the irreducible
the investigation of trends. part of the Brillouin zone, depending on the compound. The

The following elements are included in this study. Begin-different compounds require cutoff energies of 90—-120 Ry to
ning with Ti, we proceed across the Periodic Table to V anctensure convergence in the total energy to less than 1 mRy
Cr, continue down to Mo and W, and then across again to Rger atom. For all crystals considered here, we compute lattice
and Os. This set of elements is chosefiilstudy the impact constants and bulk moduli by fitting the energy versus vol-
on B, of increasing the principle quantum number of theume curve to the Murnigan equation of state.
valence electrongii) systematically explore the effect @&, Note that LDA calculated bulk moduli typically agree
of increasing the number of valenckelectrons; andiii)  with those of experiment to within about 2—5 %. This LDA
include a wide variety of hard solids which have provenerror is relevant when making comparisons among the dif-
useful in technological applications. This collection of ele-ferent solids considered in the present study; in particular,
ments should be sufficiently rich to illustrate some principledifferences of~5% in B, should not be viewed as signifi-
trends in hardness-related properties. cant.

In addition, we have performed local density approxima- Some of the transition metal carbides and nitrides consid-
tion (LDA) calculations on the heavy elements seaborgiunered here are observed experimentally to crystallize in the
(Sgt%), bohrium (BR®), and hasnium (H8® in order to  rocksalt structuréTiC, TiN, VC, VN, and CrN, while oth-
test further some of the observed trends. Of course, it igrs are known to crystallize in a hexagonal structiMecC,
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: TABLE . Equilibrium lattice constant§A) computed within
Ti A% Cr o i X Y
119 191 264 LDA for the fcc transition metals and their carbide and nitride com-
267 321 351 i pure element 3 pounds.
304 338 361 ! . !
; carbide ‘
Mo, Doonitide | Element Carbide Nitride
33 | Ti 4.12 4.38 4.32
354 \Y 3.86 4.22 4.19
<O w Re Os Cr 3.62 4.10 4.09
7
|°—X T/ ‘ 315 399 419 Mo 4.00 4.42 4.41
Vosof o 232 ‘3“9"6‘ g?; w 4.01 4.38 4.36
L Re 3.88 433 431
I 52 5g9 BN 3eq  |HS 4o Os 3.83 4.33 4.32
X = carbon/nitrogen 408 398 392 Sg 4.09 4.38 4.32
411 399 368 Bh 4.02 4.43 4.41
Hs 3.95 4.38 4.37

FIG. 1. Calculated bulk moduliGPa for selected transition

metals qnd traqsitiqn metal carbides and nitrides. As shown, th'éalculations. However, moving down one more row to W
number in the first line corresponds & of the pure element and g 45 in a substantial increase By. Traversing further
the_ second and third fines correspond By of the carbide af‘d across the table to Re and Os yields another increaBg .in
nitride of that element, respectively. Positions of the atoms in the g
lattice are also Shown. The heavy elements, Sg, Bh, and Hs, exhlblt the same
pattern as W, Re, and Os: the bulk modulus increases with
WC, WN, and OsC Crystal structures of the remaining car- the number of valence electrons. However, Sg is somewhat
bide and nitride compounds are not determined experimeranomalous in that it has a smalBg than W even though it
tally. To facilitate comparison of charge densities and otheties below W in the periodic table.
electronic properties, we choose the rocksalt structure for all In addition to pure fcc transition metals, Fig. 1 includes
carbides and nitrides appearing in this study. Such an amur computed bulk moduli for rocksalt carbide and nitride
proximation implies that quantitative results cannot be in-compounds. Experimentally, these compounds generally
ferred from the present calculations. However, our intenpossess larger bulk moduli than the corresponding pure ele-
here is specifically to make comparisons among hypothetiments. We find a similar result in our computations. For Ti
cal, possibly non-physical systems in order to eliminate ashrough W, we find thaBB, for the carbides and nitrides
many variables as possible so as to isolate and study particéollows patterns broadly similar to those found in the pure
lar trends’™!2 The positions of the transition metal atoms elements. These patterns are often disobeyed, however, for
within the rocksalt structure form an fcc latti¢eee inset of  solids involving elements heavier than W.
Fig. 1). Perhaps the most obvious trend in the pure elements is
Most of the transition metal elements considered in thehatB, increases dramatically as the number of valence elec-
present study are found experimentally to crystallize in therons increases. This result may indicate that the additional
bcc or hep structure. However, the useatifinitio computa-  electrons contribute charge to the bonds of the solid and
tional methods allows us to investigate the fcc structure ostrengthen them. In order to test this effect, we compute va-
the pure elements, which permits direct comparisons of théence charge densities for Ti, Cr, W, and Os, as shown in
charge densities and lattice constants with those of their caFig. 2. In Ti[Fig. 2(a)], the charge is rather localized near the
bides and nitrides. A similar approach was used, for excore—i.e., there is a large, flat region between atoms. In Cr
ample, to examine various contributions to the enthalpies ofFig. 2(b)] , flat interstitial region is reduced in size—i.e.,
formation of 24 different transition metals and their carbidesthere is more valence charge in the between atoms due to the
and nitrides?? Even though fcc is not their ground state, it extra two electrons compared with Ti.
turns out that our computed bulk moduli are close to experi- If we now compare with the charge densities of[fig.
mentally measured values. 2(c)] and Os[Fig. 2d)] , more dramatic differences are ob-
The equilibrium lattice constants corresponding to each oéerved. For example, W is isoelectronic with Cr; however,
these solids are shown in Table I. Note that the trend irthe core region in W is much larger, pushing the valence
lattice constants follows that of the atomic radii: the valuescharge into the interstitial regions. Thus, even though the
increase as one proceeds leftward and downward on the Peraximum charge density in Cr is larger than in W, there is
riodic Table. Our results for the pure elements are in verymore charge on the bonds in W, leading to the larger bulk
good agreement with those of Ref. 22 and close to experimodulus. Two more electrons are added to get from W to Os,
mental values. and they enhance the charge density throughout the plot.
In Fig. 1, we present our calculated bulk moduli for all the Osmium has the most charge in the interstitial bonding re-
solids appearing in this worKNote that the computed bulk gion and it also has the large® of the four elements in Fig.
modulus for these challengind-level systems appears to 2.
depend on the computational method employ&.For the In order to assess further the nature of the charge distri-
pure elements, we note first the dramatic increasB,jrin bution, we have also plotted a histogram of these charge
going from Ti to Cr. Proceeding downward, we find that Cr densities. Such a plot quantifies the extent to which the
and Mo have the samB, to within the accuracy of our charge is distributed homogeneously in the interstitial region
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function of the charge density for the same four elements.
Normalization is such that the first moment of each graph
corresponds to the total number of valence electfdn$, 6,
and 8 for Ti, Cr, W, and Os, respectively Thus,
Jf(p)pdp=no. electrons/unit cell. Note that for Ti and Cr
there is one large peak which quickly diminishes to small
fluctuations near zero as the charge density increases. This
(b) result indicates that in both cases the density of charge in the
system has essentially a constant value outside of the cores.
The small fluctuations at higher densities correspond to the
localized charge near the cores. In Cr, the peak is shifted and
slightly broader with respect to Ti, indicating the larger av-
erage value of the density in Cr. Thus, it is clear that Ti and
Cr have a relatively homogeneous charge distribution in the
interstitial regions, which surrounds the localizdtates of
() (d) the atoms.
. ] In the case of W, the picture changes dramatically. A
FIG. 2. Valence charge density plots @ Ti, (b) Cr, () W, comparison with Cr which has the same number of valence
and(d) Os in the fcc crystal structure in th&,0,0 plane. The peaks g actrons reveals that W has a much broader histogram of
r?:‘?'narge densities as well as a shift of the peak to higher den-
sity. The charge in W therefore is less like a free electron gas
and more directionally bonded. The fluctuations out to higher
densities are significantly larger than in Cr, illustrating this
) ) o ) N N&ffect. In Os, the charge is even more localized on the bonds
histogram at a given density indicates a delocalized, unifor

R - o~ and the extra electrons with r t to W contribute to stron
charge distribution. A broader spectrum of densities indi- dthe extra electrons espect to W contribute to strong

) . Co . irectional bonding.
cates that thg |nterst|t|_al region I not u.n|formly charged anad Another observation is that sixth row transition elements
there are regions of high density bonding.

. BT " . (i.e., those with 8l electron$ have substantially larger bulk
In Fig. 3, the distribution of densitie(p) is plotted as a moduli than the elements in the 4th and 5thyrov§s. Indeed,
while the bulk moduli of Cr and Mo are essentially the same,
the bulk modulus of W is calculated to be50 GPa higher.
This increase may be due to the presencé-efectrons in
06 L — Ti 1 osl —Crl| A the cores of the sixth row atoms. Thefselectrons push out
the spatial extent of the valendeorbitals which allows them
to make stronger directional bonds.
0.4 1 04t . In comparing Cr to Mo, the bulk modulud, does not
change very much, while the lattice constant increases sig-
nificantly. This stands as a counterexample to the general
0.2 - \ww 1 02¢f ] notion that the bulk modulus and lattice constant are in-

0.8 T 0.8 T

versely related. The difference in lattice constant can most

likely be traced to the isolated atoms: the spatial extent of the
0'00_0 100 20.0 0'00_0 10_0“ * “25_0 4d orbitals in a Mo atom is greater than the spatial extent of

the 3d orbitals in a Cr atom.

The presence of C or N in the transition metal compounds
0.8 ' 0.8 ' introduces a different kind of bonding involving hybridized
p-d orbitals. As a result, one would net priori expect a
connection betweeB,, for an element an@, for the corre-
06 r 1 067 — Os| 1 sponding carbide and nitride compounds. It is therefore in-
teresting to note that the bulk moduli are in fact strongly
correlated: in general, B, is large for an element, it will be
large for the corresponding carbide or nitride. In addition,
despite the qualitative change in the bonding, many of the
02 L 1 ozl | trends that hold for the pure elements are echoed in the car-
bides and nitrides.

As mentioned, in the case of Ti the charge density plot
0.0 * : 0.0 indicates relatively homogeneous charge distribution in the
0.0 100 200 0.0 100 200 interstitial region. The addition of C or N seems to permit

FIG. 3. Histogram of the valence charge densities of Ti, Cr, w,directional bonds to form due to the hybridization of the
and Os. In each plot, the axis corresponds to the charge density andd orbitals. This effect significantly increases the strength
(electrons/boh) and they axis corresponds to the distribution of of the structure. In the case of W, Re, and Os, directional
densities as a function of charge density. bonding is already present in the pure elements; the addition
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FIG. 4. Valence charge density plots f@ TiC, (b) CrC, (c)

WC, and(d) OsC in the fcc crystal structure in th&,0,0 plane.
Metal atoms occupy the same positions as in Fig. 2, in the centel
and corners of each plot. 02 1 o2} ]

of C or N changes these directional bonds from metal-metal
to metal-carbon or metal-nitrogen. Thus, the presence of C o, , | 0.0 .
N causes a less dramatic increas® jnfor W compared with 0.0 10.0 20.0 0.0 10.0 20.0

Ti. Furthermore, in the carbides and nitrides the saturation of 5 5. Histogram of the valence charge densities of TiC, CrC,

bonding states appears to be reached at W or Re, whereas {gic and 0sC. In each plot, the axis corresponds to the charge

OsC and OsN the bulk moduli are actually lower than pureyensity(electrons/bolf and they axis corresponds to the distribu-
Os. This result indicates that antibonding states are startingsn of densities as a function of charge density.

to be occupied in the Os carbides and nitrides.

We test this picture by plotting in Fig. 4 the valence
charge densities for the carbides: TiC, CrC, WC, and OsC.
Note that directional bonds are indeed visible between the . . .
metal and carbon atoms. It is these new bonds that increase [N Summary, we have carried out a series of calculations
the bulk moduli for Ti, Cr, and W when compared to the of bulk mOdl..l|I. for transition metals, .transmpn mgtal car-
pure elements because the charge distribution in the pu,l@des, and nitrides. Such a systematic consideration of ele-
metals is much more like a free electron gas. In the case dhents may help to identify patterns of structural and elec-
Os, on the other hand, strong directional bonds are formeffonic properties. We show that the addition of valence
for the pure element, and no advantage is gained by thelectrons in going across the periodic table from Ti to Cr and
addition of C. In Fig. 5 we again quantify these effects byW to Os significantly increases computBg. Furthermore,
plotting a histogram of charge densities. In all of the carbidest is demonstrated that in moving down the periodic table one
there is a much broader distribution of densities than in thebserves changes in the nature of the charge distribution in
corresponding pure metals, indicating the presence of direghe interstitial region from homogeneous to stronger, more
tional bonds(i.e., the charge density varies substantially overdirectional bonding. Our calculations also illustrate the ef-
the unit cel). fects of adding carbon or nitrogen to the transition metals.

One clear difference between the pure elements and thefror the elements which have a homogenous interstitial
carbides or nitrides is the fact that C or N can equalize theharge distribution, a kind of directional bonding is intro-
computed bulk moduli across the Period Table. For examplegyced which dramatically increasBg. In addition, the peak
ReC and ReN have essentially the sageas WC and WN i, g ' a5 4 function of column in the Periodic Table is shifted
even though thé, of pure Re is 85 GPa larger than that of 14 the eft with respect to the pure elements. Finally, our

pure W. Os has an even highBg, than Re; however, OSC  caicylations of the heavier elements Sg, Bh, and Hs provide
and OsN havéower B, than Os or than ReC and ReN. Thus, fyrther comparisons and illustrate the trends more clearly.

the addition of C and N appears to decrease the number of

d-electrons needed to be present beforeBhdas reached a This work was supported by National Science Foundation
maximum for a given row. The exact same trend is observeérant No. DMR-9520554, and the Director, Office of Energy
in the row beneath: Bh is higher than Sg and Hs is higheResearch, Office of Basic Energy Services, Materials Sci-
than Bh, but while SgC and SgN are significantly larger tharences Division of the U.S. Department of Energy under Con-
Sg, BhC and BhN are roughly the same as Bh, and HsC andact No. DE-AC03-76SF00098. A.M. acknowledges the
HsN are significantly weaker than Hs. support of the National Science Foundation.
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