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First-principles electronic structure calculations based on a full-potential linear muffin-tin orbital method
have been used to study the electronic and mechanical properties of the early transition metalC15 Laves phase
compounds NbCr2 and HfV2. For both compounds, total energies are computed and compared for the two
Laves phase crystal structuresC15 andC14. The lower total-energy structure for NbCr2 is found to be the
C15 structure as opposed to theC14 structure for HfV2. We have calculated the equilibrium unit cell volumes,
bulk moduli, cohesive energies, and heats of formation. We have obtained the density of states and charge
density contour plots. Based on these results, we discuss the elastic properties, the stability of theC15 phase,
and the bonding and deformation mechanisms in Laves phases.@S0163-1829~96!01941-8#

I. INTRODUCTION

Because of the growing interest in intermetallic com-
pounds as potential high-temperature structural materials,
there have been many investigations carried out on various
compounds,1 mostly structures that are ordered forms of
simple fcc, bcc, and hcp metals. If new intermetallic-based
alloys are to be selected on the basis of low density and high
melting temperature, as would be required for use in rotating
components in the hot sections of gas turbines, for example,
then three groups of materials emerge as promising candi-
dates: aluminides,2 topologically close-packed ~TCP!
compounds,3 and silicide-based compounds.4 In the group of
TCP compounds the structure is primarily determined by the
ratio of the atomic sizes of the two components such that
they can most efficiently fill space.5 Such structures gener-
ally are complex, in that the unit cell contains many atoms,
even though the crystal structures may have high symmetry.5

A number of these compounds have quite high melting tem-
peratures, low densities, and high oxidation resistance, the
properties necessary for high-temperature structural applica-
tions. However, all three groups of materials have one com-
mon disadvantage: They are often brittle at low-

temperatures, up to temperatures of hundreds of degrees
Celsius. This low-temperature brittleness adversely affects
the fabrication and use of these materials. Consequently, it is
highly desirable to find ways to improve the low-temperature
ductility without compromising much on the attractive high-
temperature properties.

The largest subset of TCP intermetallic compounds is the
group of Laves phases. In Laves phase systems, a promising
approach to enhance ductility at low-temperatures is the ad-
dition of a third metal to form a ternary alloy.6 However,
since there are many Laves phase materials, the possibilities
of forming ternary alloys for this purpose are countless. A
good understanding of the basic properties of binary Laves
phase materials will help materials scientists focus on a lim-
ited number of systems instead of manufacturing and testing
every possible candidate.

Laves phases have either the cubicC15 ~MgCu2), hex-
agonal C14 ~MgZn2), or hexagonal C36 ~MgNi 2)
structure.5 Generally speaking, they have high melting tem-
peratures and fairly low densities.7 Among the three Laves
phase structures,C15 Laves phases are expected to show
better deformability than the other two Laves phases because
of their fcc-based structure~since in the fcc structure more
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slip systems are available!. In the past few years, this expec-
tation has resulted in numerous experimental studies on vari-
ousC15 compounds, for example, NbCr2,

8,9 HfV 2 1 Nb,6,10

HfCr 2,
11 ZrFe2

12 and TiCr2.
13 Of these materials, NbCr2

and HfV2 1 Nb, especially, appear to be more promising.
NbCr2 has a high melting temperature~1730 °C!, reasonable
oxidation resistance, high strength, and relatively large range
of solubility.9C15 phase ternary alloys based on the HfV2 1
Nb system also exhibit high melting temperature~1500
°C!, high strength, and more importantly improved low-
temperature ductility6,10 compared to the binaryC15 phase
alloys. These experimental findings also make these two ma-
terials of theoretical interest. A total energy study of these
Laves phase materials will provide general information on
their electronic and mechanical properties which will enable
us to understand fundamental mechanisms responsible for
the observed low- and high-temperature properties. Such an
understanding may, then, suggest various criteria or strate-
gies that can be used to improve the low-temperature ductil-
ity. A first step toward this goal is to study the structural
stability and ground-state properties.

During the last two decades, there have been various first-
principles calculations on someC15 compounds, mainly to
study magnetism and superconductivity, e.g., ZrV2,

14

MgZn2,
15 ZrZn2,

16 LaAl 2, LuAl 2, and YAl2,
17 AFe2

(A5Sc,Ti,V,Y,Zr,Nb,Lu,Hf,Ta!,18 and AB2 (A5IIIA-VA
transition metal elements,B5VIA-VIIIA transition metal
elements!.19 Some simpler calculational methods were used
to study the structural stability of Laves phases, e.g., a model
potential ~pseudopotential! method to investigate the struc-
tural stability ofC14 MgZn2,

20 tight-bindingd-bond models
to investigate transition metal Laves phase stability among
three competing phases (C15,C14, andC36!,21,22 extended
Huckel band calculations on modelAB2 compounds to study
the relative stability ofC14 andC15 phases,23 and a more
realistic tight-binding method to examine the relationship be-
tween the three Laves phases in the Ti-V and Ti-Cr
systems.24 More recently, forC15 NbCr2 and HfV2, the
linear muffin-tin orbital method within the atomic sphere ap-
proximation~LMTO ASA! has been used to study the equi-
librium unit cell volumes, bulk moduli, and electronic
properties.25,26

In this paper, we present the results of first-principles,
all-electron, full-potential, linear muffin-tin orbital~LMTO!
based total-energy calculations forC15 and C14 phase
NbCr2 and HfV2. We have computed various ground-state
quantities, and obtained the structural energy differences be-
tween theC15 andC14 phases. We use these results to
explain some of the experimental observations, such as phase
stability and general trends in high-temperature properties,
and also to understand the electronic structure and bonding
mechanisms.

This paper is organized as follows. In Sec. II, we briefly
describe theC14 andC15 crystal structures, emphasizing the
stacking sequence differences. In Sec. III, details of the cal-
culational method are described. Results are presented in
Sec. IV, and their implications are discussed in Sec. V. Con-
clusions are drawn in Sec. VI.

II. C15 AND C14 CRYSTAL STRUCTURES

TheC15 structure is face-centered cubic with eightAB2
formula units per unit cell.27 It belongs to the space group

Fd3m-Oh
7 , No. 227 in the International Tables. In the primi-

tive unit cell there are six atoms. TheC14 structure is hex-
agonal with fourAB2 formula units per cell.27 It belongs to
the space groupP63 /mmc-D6h

4 , No. 194 in the International
Tables. In the primitive unit cell there are 12 atoms. There
are two internal degrees of freedom in the atomic positions
in the primitive unit cell, and for simplicity we have used the
ideal structure values for them.28

The C15 andC14 structures may be considered as two
different kinds of stacking sequences~a third kind giving the
other Laves phase structureC36!. For a Laves phase material
AB2, if we let Greek letters (a, b, g) denote theA atom
planes, lowercase Latin letters (a, b, c) the type-1B atoms,
and capital Latin letters (A, B, C) the type-2B atoms, then
we have the following stacking sequences:6,11,20

C15: . . . . . .aAacbBbagCgb . . . . . . ,

C14: . . . . . . .aAacbBbc . . . . . .

A special structure is characterized by noting the positions
of the capital Latin letters, calledKagomé nets.20 Thus,
C15 is basicallyABC stacking andC14 isAB stacking. The
cubic C15 and hexagonalC14 structures are related in the
same way as fcc and hcp structures.20 Therefore the Laves
phase structures may be described in terms of hexagonal lat-
tices, in which the atomic arrangement leads to values of
axial ratios in the proportions 2:3:4 forC14:C15:C36
(C36 isABAC stacking!.

In these stacking sequences we can identify two types of
sandwiches:~a! a A a (b B b, g C g) and ~b! a c b (b
a g, g b a) ~see Fig. 1!. The packing in these sandwiches
and the interlayer distances are quite different as indicated in
Fig. 1. TheaAa type sandwiches are more widely spaced in
the @111# direction and appear to be difficult to shear, pre-
sumably due to the directional bonding between the larger

FIG. 1. Two types of sandwich inC15 andC14 stackings.
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atoms along@111# according to conventional theories. Ex-
perimentally, stacking faults have not been observed be-
tween these layers.29 The acb-type sandwiches are closely
spaced in the@111# direction and also easier to shear, basi-
cally due to a shorter shear vector and the possible operation
of the synchro-shear mechanism;6,10,11 correspondingly
stacking faults have been observed between these layers in
transmission electron microscopy studies.29

III. CALCULATIONAL METHOD

We performed total-energy calculations for two interme-
tallic materials NbCr2 and HfV2, for the two Laves phase
structuresC15 andC14. From these calculations we com-
puted cohesive energies, bulk moduli, heats of formation,
and the structural energy differences between theC15 and
C14 phases.

These calculations were carried out with a full-potential,
all-electron, electronic-structure method that uses a linear
muffin-tin orbital basis set.30 Basis functions, electron densi-
ties, and potentials were expanded in spherical harmonics
throughl56 within nonoverlapping muffin-tin spheres, and
in Fourier series in the interstitial region. The calculations
were scalar relativistic and used the Hedin-Lundqvist31 form
of the local density approximation~LDA ! exchange-
correlation functional with random phase approximation
~RPA! parameters.32 However, an accurate calculation of the
heats of formation required the inclusion of spin-orbit cou-
pling, and consequently we carried out fully relativistic cal-
culations for bcc Cr, V, and Nb, hcp Hf, andC15 NbCr2 and
HfV 2 to compute the heats of formation for theC15 struc-
tures. The inclusion of spin-orbit coupling does not affect the
results pertaining to the structural properties. We have not
looked for magnetism in either compound. There are no
studies indicating magnetic effects in HfV2, and previous
calculations for NbCr2 using the atomic sphere approxima-
tion found the paramagneticC15 phase lower in energy for
all relevant volumes than the antiferromagneticC15 phase.19

Brillouin zone integrations were performed with Fourier
quadrature33 with Gaussian smearing. Calculations for
NbCr2 used 23 and 8 irreducible points, with convergence
tested to 60 and 35 points, in theC15 andC14 Brillouin
zones, respectively. Calculations for HfV2 used, respec-
tively, 38 and 17 irreducible points, with convergence tested
to 88 and 35 points, in theC15 andC14 Brillouin zones. The
basis set used 23(3s,3p)133(4s,4p)123(3d) orbitals
on each V and Cr site; i.e., vanadium 3s orbitals with two
different interstitial kinetic energies were included in the ba-
sis set. Each Nb site contributed 23(4s,4p)133(5s,5p)

123(4d) orbitals, and each Hf site contributed
23(5s,5p)123(6s,6p)123(5d) orbitals. A total of three
interstitial kinetic energies were used. All basis functions for
each calculation were contained in a single, fully hybridized
Hamiltonian matrix.

One of the important empirical quantities defined for the
Laves phase materials is the ratio of the atomic radii of the
two elements. Assuming hard spheres, one obtains
A3/2;1.225 as the ideal atomic radius ratio ofA to B atoms.
Although in the full-potential LMTO method one ascribes a
muffin-tin sphere to each atom, this sphere is conceptually
different from the ‘‘atomic sphere’’ mentioned above. Actu-
ally, in the full-potential method, the muffin-tin radius is a
variational parameter. Therefore, for each material, at their
experimental volumes, and for theC15 structure only, we
performed a number of total-energy calculations by using
different muffin-tin radius ratios. The minimization of the
total energy gave a muffin-tin radius ratio of 1.12 and 1.02
for NbCr2 and HfV2, respectively. For all the results pre-
sented in this paper, the muffin-tin radii used were deter-
mined from these total-energy-minimizing ratios. In both
C14 andC15 calculations, for the same material, the ratio of
the total muffin-tin volume to the unit cell volume was kept
the same to facilitate a meaningful comparison of total ener-
gies.

Finally, for theC14 NbCr2 structure we used the experi-
mentalc/a ratio, which is equal to 1.6336.9 Since there is no
experimentally observedC14 phase for HfV2, we used the
c/a ratio of theC14 NbCr2. We did not attempt to minimize
the total energy by varying thec/a ratio for either material,
since we have found that theC14 total energy does not
change significantly by varying thec/a ratio ~less than 5
meV/atom!.

IV. RESULTS

For both materials investigated in this study, theC15
structure is the experimentally observed room temperature
structure.9,34 In the phase diagram of NbCr2, there is a struc-
tural phase transition from theC15 phase to theC14 phase at
1585 °C upon heating.9 For HfV2, there is no observed
C14 phase.34 However, to provide a means of comparison,
the calculated values of various ground-state quantities for
theC14 structures will be listed as well.

We present our results pertaining to the ground-state
properties of theC15 phase in Table I. The deviation of the
calculated equilibrium volume from the experimentally mea-
sured one for NbCr2,

9 26.82%, is well within the usual local
density approximation errors. The relatively high contraction

TABLE I. Calculated ground-state quantities for theC15 structure. Bulk modulus results are presented
both at the theoretical volume~the volume that gives the minimum total energy! and at the experimental
volume. Also listed are the experimentally measured bulk modulus values.

Material Cohesive energy Bulk modulus~GPa! Deviation from the
per atom~eV! At th. vol. At expt. vol. Experiment experimental vol.

NbCr2 6.08 259 191 229.4a 2 6.82%
HfV 2 5.69 171 107 104.0b 210.75%

aRef. 26.
bRef. 39.
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of the volume,6 10.75%, for the case of HfV2 may be remi-
niscent of the fact that full-potential methods based on the
LDA give a value which is off by about 10% for the volume
of elemental V.35 The LMTO-ASA method is a more ap-
proximate approach than the full-potential LDA calculations.
It is fortuitous that the equilibrium volumes calculated for
these materials by the LMTO-ASA method25,26 are so close
to the experimental values.

The correspondingC14 phase results are summarized in
Table II. Due to the fact that the number of atoms in the
primitive unit cell of C14 is twice that ofC15, and that
C14 is not the observed ground-state structure, we define a
volumeVexpt8 , asVexpt8 523VC15 expt, and use it as the refer-
ence volume forC14 phase analyses. Here, the quantity,
VC15 expt, refers to the experimentally measured volume of
theC15 structure.

The volume dependence of the total energy is shown in
Figs. 2 and 3 for NbCr2 and HfV2, respectively. We used a
fourth-order Birch-Murnaghan equation of state36 to fit the
total energies. We see from Fig. 2 that theC15 phase
NbCr2 is correctly placed as the lower-energy phase com-
pared to theC14 phase throughout the whole range of unit
cell volumes. On the other hand, Fig. 3 shows that theC15

phase HfV2 has a higher total energy than theC14 phase
HfV 2. This suggests that theC15 phase is not the low-
temperature structure. So, in theory, one expects to observe a
C15 → C14 phase transformation at some lower-
temperature. However, it is likely that the transformation
temperature is so low that the diffusion rates are too sluggish
and the compound stays in theC15 structure.

We computed the density of states forC15 NbCr2 and
HfV 2 at the experimental volume. Figures 4 and 5 show the
total and partial density of states for NbCr2 and HfV2, re-
spectively. The Fermi level of NbCr2 crosses the density of
states curve quite close to a small local maximum, whereas
that of HfV2 crosses at a relatively high local minimum. The
density of states at the Fermi energy,N(EF), is found to be
115.8 and 197.9 states/Ry/unit cell for NbCr2 and HfV2,
respectively. For both materials, the density of states near the
Fermi level is dominated by thed states@cf. panels~b! and
~c! of Figs. 4 and 5#. If we represent the binaryC15 com-
pound asAB2, then we also observe that the most dominant
contribution comes from thed states of theB atoms. In the
case of HfV2, the contribution of the Vd states is 140 states/
Ry/unit cell compared to 28.0 states/Ry/unit cell for Hfd

TABLE II. Calculated ground-state quantities for theC14 structure. Bulk modulus results are presented
both at the theoretical volume~the volume that gives the minimum total energy! and at the volume
V8expt . The quantity V8expt is explained in text.

Material Cohesive energy Bulk modulus~GPa! Deviation from the
per atom~eV! At theoretical vol. At volumeV8expt VolumeV8expt

NbCr2 6.06 256 192 2 6.67%
HfV 2 5.71 173 113 210.64%

FIG. 2. Cohesive energy per atom plotted as a function of the
normalized volume for bothC15 andC14 NbCr2.

FIG. 3. Cohesive energy per atom plotted as a function of the
normalized volume for bothC15 andC14 HfV2.
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states. For NbCr2, Cr d and Nbd contributions are 89.0 and
23.6 states/Ry/unit cell, respectively. We also notice one dif-
ference between HfV2 and NbCr2 regarding the contribu-
tions of theB atomp states toN(EF). While the V p con-
tribution toN(EF) is of the order of that of the Hfd states,
22.0 states/Ry/unit cell, the contribution of the Crp states is
not significant, about 3.2 states/Ry/unit cell, compared with
the Nbd states. These full-potential results are in agreement
with the LMTO-ASA results.25,26

We have also generated charge density contour plots. The
~110! bulk plane of theC15 structure is chosen since it con-
tains the@111# direction and the two different Laves phase
sandwiches discussed earlier. These plots give us some idea
about the bonding characteristics. The positions of the atoms
lying on this plane are shown in Fig. 6. The contour plots
that we obtained are presented in Figs. 7 and 8 forC15
NbCr2 and HfV2, respectively. As discussed in the next sec-
tion, they show that the bonding is only weakly directional.

FIG. 4. ~a! Total density of states forC15 NbCr2, ~b! partial density of states for Nb, and~c! partial density of states for Cr.
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V. DISCUSSION

A. Cohesive energies

First-principles calculations can be used to obtain infor-
mation which may be difficult to obtain by experimental
methods. For example, in the case of Laves phase materials,
cohesive energy and heat of formation measurements are not
widely available. Most of the theoretical methods which are
used to study defects, deformation mechanisms, grain bound-
aries, etc., rely on empirical interatomic potentials whose
determination requires cohesive energy as one of the quanti-
ties in the fitting procedure.37

For Laves phases, as is generally true for most metals and
other intermetallic compounds, the higher the melting tem-
perature, the larger the cohesive energy. Although experi-
mental values for the cohesive energies of NbCr2 and
HfV 2 are not available for a direct comparison with our cal-
culations, we can see from Table III that the calculated co-
hesive energy is indeed higher for NbCr2 which has the
higher melting temperature. The cohesive energies of other
intermetallic compounds that have simpler crystal structures,
such asB2 or L12, are smaller than those we calculated for
C15 NbCr2 ~6.08 eV/atom! andC15 HfV2 ~5.69 eV/atom!;

FIG. 5. ~a! Total density of states forC15 HfV2, ~b! partial density of states for Hf, and~c! partial density of states for V.
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for example, the cohesive energies forB2 NiAl and L12
Ni 3Al are 4.52 and 4.57 eV/atom, respectively.38

Also listed in Table III are the calculated heats of forma-
tion, DH, for both compounds. The heat of formation is the
difference between the total energy of the compound and the
sum of the total energies of the constituents in proportion to
the composition. For a Laves phase this energy per atom is
given by DH5(EAB2

2EA22EB)/3. We carried out full-
potential LMTO calculations to obtain the elemental total
energies as noted in Sec. III. From Table III we see that the
heat of formation ofC15 HfV2 is 215.7 meV/atom. There
are no experimental values cited for HfV2. The heat of for-
mation of C15 NbCr2 is found to be272.9 meV/atom.
There is no direct measurement of the heat of formation of
NbCr2; however there is a calculated number,273 meV/
atom at 298 K, based on other thermodynamical data.39 For
the sake of completeness, we should also mention the semi-
empirical method of deBoeret al.40 which predictsDH 5
231 meV/atom for HfV2 and2104 meV/atom for NbCr2.

B. Elastic properties

Elastic properties of a solid are important because they
relate to various fundamental solid state phenomena such as

mechanical properties, equations of state, and phonon spec-
tra. Elastic properties are also linked thermodynamically to
specific heat, thermal expansion, Debye temperature, and
Gruneisen parameter. Most importantly, knowledge of elas-
tic constants is essential for many practical applications re-
lated to the mechanical properties of a solid: load-deflection
behavior, thermoelastic stress, internal strain~residual
stress!, sound velocity, dislocation core structure, and frac-
ture toughness.

Room temperature elastic moduli of polycrystallineC15
NbCr2 and HfV2 were measured by the resonant ultrasound
spectroscopy~RUS! technique26,41 and the bulk moduli, for
example, were found to be 229.4 GPa and 104 GPa, respec-
tively. These experimental values compare fairly well with
our calculated values listed in Table I. Local density approxi-
mation based methods usually overestimate the bonding, re-
sulting in a smaller theoretical equilibrium volume compared
to the experimental one. The bulk modulus is computed as
the second volume derivative of the total energy. Since the
volume at which the total energy is minimum is somewhat
off from the experimental volume, usually the bulk modulus
computed at the theoretical volume is larger than the experi-
mentally measured value. If, on the other hand, the bulk
modulus is computed at the experimental volume, then due
to the fact that total energy vs volume curve does not pass
through a minimum at that volume, and that the curvature is

FIG. 7. Charge density contour plot in the~110! plane ofC15
NbCr2.

FIG. 8. Charge density contour plot in the~110! plane ofC15
HfV 2.

TABLE III. Calculated values of cohesive energies, heats of
formation, and the experimentally measured melting temperatures
of the Laves phases NbCr2 and HfV2.

Material
Cohesive energy
per atom~eV!

Heat of formation
per atom~meV!

Melting
temperature

(°C!

C15 NbCr2 6.08 2 72.9 1730
C15 HfV2 5.69 2 15.7 1550

FIG. 6. The positions of the atoms on the~110! plane of the
C15 structure for a materialAB2.
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usually smaller at that point, the result is a smaller modulus.
Therefore, usually, the theoretically computed values sand-
wich the experimentally measured value. This is the case for
NbCr2. A second reason for the discrepancy is the effect of
temperature. The experimental value was determined at
room temperature, whereas the calculation is valid at 0 K,
and the bulk modulus ofC15 NbCr2, as is the case for most
materials, has been found to decrease with increasing
temperature.26 For HfV2, the experimental number, 104
GPa, is slightly smaller than the calculated value at the ex-
perimental volume, 107 GPa. However, it is highly likely
that the sample on which the measurement was made con-
tained some microvoids~so the sample did not reach the
theoretical density!, and hence gave a smaller experimental
value.42

A higher bulk modulus value implies a harder material,
and both theory and experiment give the consistent trend that
NbCr2 is harder than HfV2.

C. Phase stability:C15 versusC14

Generally speaking, among the three Laves phases
(C15, C14, andC36!, C15 is the low-temperature phase
except for some special systems, e.g., ScFe2, for which the
structure sequence is, from high to low-temperatures,C36,
C15, andC14.34 Although an analysis of structural stability
at finite temperatures requires comparing free energies, due
to the fact that at 0 K the entropy contribution is zero, the
total ground-state energies we have computed will be used to
discuss the stability of the Laves phases at 0 K.

Experimentally, it is found that theC15 NbCr2 phase is
the stable phase at low-temperatures,T,1585 °C, and the
C14 phase is stable at higher-temperatures, 1585 °C
,T,1730°C.9 From Fig. 2, we see that our calculation cor-
rectly places theC15 phase below theC14 phase for all the
unit cell volumes considered. From Tables I and II, we cal-
culate the energy difference between the two phases as 20
meV/atom, which corresponds to;231 K. This is reason-
able because theC14 structure can be derived fromC15 by
$111% stacking faults in theacb type of sandwich. Further-
more, from the energy difference between theC15 and
C14 phases, the stacking fault energyg in theacb type of
sandwich can be determined as 90 mJ/m2 which is in good
agreement with experiment.43 The $111% stacking fault ener-
gies of most fcc metals are also of the same order of
magnitude,44 for example, gAu5 32 mJ/m2, gCu5 45
mJ/m2, gNi5 128 mJ/m2, andgAl5 166 mJ/m2. However,
this stacking fault energy is low compared to those of other
intermetallic compounds,45 which typically vary between
100 and 800 mJ/m2. In fact, in Laves phases, the only ex-
perimentally observed stacking faults are those in the
acb-type of sandwich,29 presumably due to the low stacking
fault energy. On the other hand, due to the low stacking fault
energy in theacb-type sandwich, synchro-shear Shockley
partial dislocations may be operative in the process of plastic
deformation, which is believed to be the physically plausible
deformation mechanism in Laves phases.6,10,11,46

For the HfV2 system, in contrast to the NbCr2 case, we
find that theC14 structure has a lower total energy than the
C15 structure; cf. Fig. 3. This means that, for the HfV2

system,C15 should be the high-temperature phase and at
low-temperaturesC15 should be unstable. Indeed, theC15
structure is thermally stable until the melting temperature of
HfV 2, 1550 °C;

34 and it has been shown experimentally that
at 115 K C15 HfV2 undergoes a structural
transformation.41,47–49However, the crystal structure of this
low-temperature HfV2 phase is not theC14 phase and its
nature is still being investigated. A total-energy calculation
for this new structure may yield a total energy lower than
that for theC14 phase. The question of whether a large vi-
brational entropy that may be associated with the unusually
low shear and Young’s moduli inC15 HfV2 ~Refs.
41, 42, 25, and 26! and can stabilize theC15 structure rela-
tive to theC14 structure above 115 K will be explored fur-
ther in our future studies.

D. Bonding characteristics

In solids, Poisson’s ration is bounded by 0.0 and 0.5,
most of the measured values falling in the range 0.28–0.42.
Poisson’s ratio provides more information about the charac-
teristics of the interatomic forces than any of the other elastic
coefficients.51 It has been shown that central-force-type mod-
els work very well for materials withn>0.25.50 Most solids
belong to this category. The central-force-type models are
not adequate for the description of materials for which
n,0.25. However, forC15 NbCr2 and HfV2, Poisson’s ra-
tios are determined to be 0.34 and 0.38, respectively.26 These
high n values suggest that the interatomic forces in these
C15 Laves phase compounds are not strongly directional.
Charge density contour plots forC15 structures are shown in
Fig. 7 for NbCr2 and in Fig. 8 for HfV2. The contour plots
are very similar for both compounds, and do not indicate
strong directionality in the bonding. Although this is a quali-
tative observation, it correlates well with the results of Pois-
son’s ratio measurements.25,26,52Based on this agreement, it
may be worthwhile to generate empirical interatomic poten-
tials of central-force type forC15 NbCr2 and HfV2, which
can be used to simulate the atomistic structures of a variety
of defects in these materials.

VI. CONCLUSION

First-principles electronic structure calculations based on
the local density approximation have been used to study vari-
ous ground-state properties of the early transition metal
Laves phase compounds NbCr2 and HfV2. Our results for
the equilibrium unit cell volumes and bulk moduli are in
good agreement with experimental results, and in general the
errors are within the typical error range of LDA-based meth-
ods. From the total-energy calculations we find thatC15
NbCr2 has a lower total energy than theC14 structure, in
agreement with experiment. For the HfV2 system, our cal-
culations show that theC14 structure has a lower total en-
ergy than theC15 structure, indicating that theC15 phase
observed at high-temperatures should become unstable at
lower-temperatures. A recent experimental study indeed
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finds a structural transformation atT,115 K fromC15 to a
yet-undetermined structure.

The cohesive energy difference betweenC15 andC14
phases is very small, 20 meV/atom for both compounds. This
implies a low stacking fault energy in theacb-type sand-
wiches. Hence, the deformability of this type of sandwich,
via synchro-shear, is physically reasonable.

The interatomic bonding in both compounds is found to
be only weakly directional, which suggests that central-

force-type interatomic potentials may be suitable for some
atomistic calculations.
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