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Laves-phase compounds TiCr2 and TiCo2 have been investigated by electron energy loss spectroscopy
(EELS), andab initio calculations have also been performed to relate the experimental spectra based on the
method of augmented plane waves plus local orbitalssAPW+lod with the generalized gradient approximation.
It is shown that the normalized EELS cross sections of TiL2,3 edges change only slightly between TiCr2 and
TiCo2 compounds, and that variations of the calculated valence charge redistributions between these com-
pounds are negligible. Therefore, there are no significant charge transfers between Ti and Cr(Co) atoms, and
the local charge neutrality approximation is valid in these compounds. The charge densities of these com-
pounds were also theoretically investigated. The results reveal a relatively strong covalent nature of atomic
bonds between Cr–Cr(Co–Co) atoms compared with that between Ti and Cr(Co) atoms in TiCr2 and TiCo2,
respectively. It is also demonstrated that the covalent bonding of the atoms in TiCo2 is stronger than that in
TiCr2. This result could explain the significant difference of the calculated enthalpies of formation between
TiCr2 and TiCo2 compounds.
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I. INTRODUCTION

Laves-phase compounds with the formulaAB2 and topo-
logically close-packed structure are the most abundant class
among intermetallic compounds.1–4 There are three poly-
types of structures frequently observed in Laves-phase com-
pounds: namely, cubic C15–MgCu2, hexagonal
C14–MgZn2, and dihexagonal C-36 MgNi2 structure. These
polytypes have the same basic unit layer, while the stacking
sequence of the basic unit layers is different in each struc-
ture. The cubic C15 and hexagonal C14 are related in the
same way as fcc(ABCABCstacking) and hcp(ABABstack-
ing) structures, respectively. The dihexagonal C-36 is basi-
cally ABACABAC stacking. Although Laves-phase com-
pounds are typical size factor compounds, the stability of
these structures is also closely related to the electron
concentration,5,6 impling that the crystal structures are
strongly governed by the valence state of the constituent at-
oms.

Laves-phase compounds have been considered for many
important and attractive applications, due to their excellent
physical and chemical properties. For example, CeRu2 and
sHf,ZrdV2 have been investigated as superconducting
materials,7,8 and sTb,DydFe2 as giant magnetostrictive
materials.9,10 ZrCr2 and TiMn2 exhibit favorable hydriding–
dehydriding kinetics and large hydrogen-absorbing capabil-
ity as hydrogen storage materials.11,12 Because of the high
melting point, high strength at elevated temperatures and rea-
sonably good oxidation resistance, NbCr2, TiCr2, and HfV2

have been studied recently for high-temperature structural
applications.13–15 In order to further understand the physical
and chemical properties of these compound materials, there-
fore, an investigation of the electronic structure and bonding
characteristic of Laves-phase compounds has both funda-
mental scientific and technological significance.

Some understanding of bonding characteristics in inter-
metallic compounds can be deduced from their thermody-
namic properties. Generally speaking, the low magnitude of
the exothermic enthalpy of formation corresponds to metallic
bonding, whereas the high magnitude of the exothermic en-
thalpy of formation relates to covalent and ionic bonding.
Robinsonet al.16 related the values of enthalpies of forma-
tion of intermetallic compounds to bonding characteristics.
The enthalpies of formation for most covalent intermetallics
were found to range approximately from −40 to
−100 kJ/mol. The bonding nature in Laves phases is gener-
ally considered to be metallic because their enthalpies of
formation are low.16 Recently, Liuet al.17 surveyed the en-
thalpies of formation in transition-metal Laves-phase com-
pounds. They found that when the atomic number increases
for the later transition metal, the enthalpies of formation in-
crease in the order of V→Cr→Mn→Fe→Co→Ni, with a
wide range from several kJ/mol to several hundred kJ/mol,
for Laves phases formed between early transition metals and
these elements. It was speculated that bonding characteristics
in Laves phases are complicated, and that metallic, covalent,
and ionic bonds might be present in these compounds.Ab
initio calculations of charge density in the C15 HfV2 and
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NbCr2 showed that the bonding is only weakly directional.18

A recent charge density study of MgCu2 by the maximum
entropy method demonstrated that strong covalent bonding
exists between the Cu–Cu atoms, while electrons are distrib-
uted similarly to metallic bonding between Mg and Cu
atoms.19

Electron energy loss spectroscopy(EELS) is an important
experimental technique to study the electronic structure of
materials.20–22 Electron energy loss near edge structure
(ELNES) provides information on the actual density of states
(DOS) distribution above the Fermi level. Bottonet al.23 and
Muller et al.24 observed an obvious change of ELNES upon
the formation of transition-metal aluminides, such as NiAl,
Ni3Al, FeAl, and CoAl, and the changes of ELNES were
successfully reproduced by augmented-plane-wave calcula-
tions. These results revealed the bonding trends between the
Al and transition-metal atoms. Potapovet al.25 recently per-
formed an ELNES study of some Ni-based intermetallic
compounds. They found that the formation of intermetallic
compounds between Ni and other transition metals resulted
in measurable changes in the ELNES of the NiL2,3 ioniza-
tion edge, and the observed changes were interpreted in
terms of hybridization between the Nid and the transition
metald bands.

The purpose of this paper is to explore the bonding char-
acteristic of the transition-metal Laves-phase compounds.
Two types of C15 Laves-phase compounds, including TiCr2
and TiCo2, have been investigated comparatively. The en-
thalpies of formation of TiCr2 and TiCo2 are supposed to be
different, which may result from different bonding character-
istics between these compounds. Excitations of the 2p sub-
shell in TiCr2 and TiCo2 have been studied by inelastic scat-
tering of 100-keV electrons. The Ti, Cr, and CoL2,3 white
lines, which arise from the dipole transition to unoccupiedd
states, and in particular the TiL2,3 edge difference between
TiCr2 and TiCo2 compounds, have been investigated in terms
of their shapes and integral cross sections, which are related
to the d-band occupancy.Ab initio calculations have been
conducted to relate the experimental spectra based on the
method of augmented plane waves plus local orbitals
sAPW+lod with the generalized gradient approximation
(GGA). The enthalpies of formation for TiCr2 and TiCo2
compounds have been obtained by calculating the total en-
ergy. The charge density distributions in these compounds
were also theoretically investigated in the present work.

This paper is organized as follows. In Sec. II, we describe
the details ofab initio calculations based on the APW+lo
method, materials preparations and measurements, and pro-
cessing of the EELS spectra. Results of EELS measurements
andab initio calculations by APW+lo are presented in Sec.
III. Based on these results, the bonding characteristics of
TiCr2 and TiCo2 compounds are investigated in this section.
Conclusions are finally drawn in Sec. IV.

II. METHODS

A. Theoretical calculations

Ab initio calculations of the electronic structure and total
energy of the TiCr2 and TiCo2 Laves-phase compounds were

performed using the method of augmented plane wave plus
local orbitals, as implemented in the software package
WIEN2K,26 where the core states are treated fully relativisti-
cally, and the semicore and valence states are treated within
a scalar relativistic approximation. The main advantage of
the APW+lo method is that it converges faster and reaches
the same accuracy as the linearized augmented-plane-wave
method. Inside the atomic spheres, the potential and charge
densities are expanded in lattice harmonics up toL=10. Ex-
change and correlation effects are treated within density
functional theory, using the generalized gradient
approximation.27 The same muffin-tin radiussRmtd of 2.3 a.u.
was chosen for Ti in the different compounds, and 2.2 a.u.
for Cr and Co atoms. A plane-wave cutoffsRmtKmaxd of 9.0
was used. The calculations were performed with a 2400
k-point mesh, yielding 84k points in the irreducible wedge
of the Brillouin zone for the C15 structure. Convergence was
assumed when the energy difference was less than 0.1 mRy.
The Brillouin zone integration was carried out according to a
modified tetrahedron method.28 The theoretical lattice con-
stant calculated by this method is only 0.9% smaller than the
experimental lattice constant for the Laves-phase
compound,29 so experimental lattice constants of 6.932 Å for
TiCr2 and 6.692 Å for TiCo2 were used in our
calculations.30,31

ELNES simulations were performed by calculation of the
differential cross section using the Fermi golden rule.32 For
small-angle scattering, the dipole approximation is applied.
Thus, the EELS intensity can be written as the product of a
DOS and an atomic transition matrix33

IsE,qd ~ ukf uq · r uilu2rsEd ~ uq · kf ur uilu2rsEd,

where uil and ufl represent the initial and final states of the
excited electron, respectively,rsEd is the unoccupied DOS,
and q is the momentum transfer. Here, the ELNES spectra
were calculated by combining the computed DOS with the
matrix elements for the transition from the initial to final
states. This method is based on the single particle approxi-
mation, which assumes that final states are not modified sig-
nificantly by d electron exchange and core hole effects.
However, the excitation process causes an intensity redistri-
bution, and the core hole and exchange interactions are im-
portant when the screening effects are not effective,34 which
might result in difficulties in comparison of theory with ex-
periment for theL2,3 transition 2p6→2p53dn+1.

B. Materials and experimental details

Two different types of C15 Laves-phase compounds, in-
cluding TiCr2 and TiCo2, were investigated in the present
work. Small button ingots with weight of 60 g were prepared
by arc-melting on a water-sealed copper hearth in an argon
atmosphere. The button ingots were remelted several times
to ensure chemical homogeneity. The ingots were annealed
in vacuum at 1525 K for 48 h, and then cooled to room
temperature within the furnace. The ingots were crushed into
fine powders. Electron microscopy specimens were prepared
by picking up tiny pieces of powders of TiCr2 and TiCo2
crystals suspended in isopropanol using a holy carbon film
across a copper grid.
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Electron energy loss spectra were collected using a paral-
lel recording Gatan 666 spectrometer fitted to a Philips
EM400 equipped with a field-emission gun operating at
100 keV. TheL2,3 edges were acquired in the diffraction
mode. The energy resolution of the spectrometer is typically
around 1.0 eV, measured as the full width at half maximum
at the zero-loss peak. The spectra were corrected for the
detector dark current and gain variation by averaging several
spectra acquired at different positions on the photodiode ar-
ray. The continuum background was fitted and subtracted at
pre-edge intensities using a standard exponential procedure.
Spectra were also deconvoluted using the Fourier-ratio
method,35 as the low loss contribution from the same area
measured separately. OxygenK edges were detected in some
spectra, but the offset of the OK edge is negligibly low,
indicating that the films were reasonably pure.

III. RESULTS AND DISCUSSION

The background subtracted and low loss deconvoluted Ti,
Cr, and CoL2,3 edges in TiCr2 and TiCo2 Laves-phase com-
pounds are shown in Fig. 1. The peaks of the spectrum of
TiCr2 are slightly higher and wider than those of TiCo2, but
the general features of TiL2,3 edges look similar for these
compounds. The ratio between theL3 s2p1/2→d3/2d and L2

s2p3/2→d3/2,5/2d white line integrated intensities was esti-
mated to be 0.76, 1.3, and 3.1 for Ti, Cr, and Co, respec-
tively. The results are consistent with those obtained from
pure metals and some intermetallic compounds(0.7–0.75 for
Ti and 1.2 for Cr).36,25 On the basis of the 2j +1 degeneracy
of the initial 2p1/2 and 2p3/2 core states, the ratio ofL3 to L2
intensity is expected to be 2:1. The observed anomalous ratio
possibly arises from the exchange interaction ofd
electrons.34,36

Based on the assumption that the cross section for theL2,3
edge of an atom is always asymptotic to the same value,
regardless of the atomic environment,37 the spectra obtained
were normalized using the method proposed by Pearsonet
al.38,39 This makes it possible to quantitatively analyze the
changes of ELNES acquired from different materials. Here,
the normalized window of 10 eV in width began at 20 eV
after theL2 onset. All cross sections were then divided by
this normalized window. Furthermore, an atomic-like term,
corresponding to scattering from the core shell of a free atom
to the free-electron continuum modeled by the Hartree–
Slater function, was obtained from Rez calculation40 for each
element and added in Fig. 1. Thus, the cross section isolated
from the theoretical atomic-like one represents a measure-
ment of the number of holes in thed bands. A similar nor-
malization method was used for measurements of the num-
ber ofd holes in both pure metals and Ni-based intermetallic
compounds.38,39,24,25 The normalized cross sections inte-
grated over an energy window from theL3 onsetsL3−3d to
L2+20 eV are given in Table I. The normalized cross sec-
tions, which represent the measured number ofd holes, de-
crease in the order of Ti→Cr→Co, which is qualitatively
consistent with the results for pure metals and some Ni-based
intermetallic compounds.39,25 The number ofd holes around
Ti atoms is only slightly higher in the TiCr2 than that in the
TiCo2 compound.

FIG. 1. MeasuredL2,3 ionization edges for Ti(a), Cr (b), and Co
(c) in the TiCr2 and TiCo2 compounds. The calculated atomic-like
cross sections are also plotted for these atoms. The spectra are
scaled by the atomic-like cross sections.
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Figure 2 shows the calculated total densities of states for
TiCr2 and TiCo2 compounds. The calculated partial densities
of states for these compounds are shown in Fig. 3. As a
reference, the total and partial DOS for pure Ti metal are also
calculated and plotted in these figures. The total DOS are
formed mainly by thed states. The dominant contribution to
DOS near the Fermi level and at lower energies comes from
the d states of Cr and Co, while DOS at high energies are
dominated by thed states of Ti in TiCr2 and TiCo2. The DOS
profile shows a deep valley separating the low-energy bond-
ing and high-energy antibonding regions for TiCr2 com-
pound. For TiCo2, there are well-defined peaks associated
with the bonding and nonbonding regions of Co and Ti, with
the Ti nonbonding states fully unoccupied. The most impor-
tant feature of these DOS is the overlapping of 3d states
from Ti and 3d states from Cr(Co) in the construction of
TiCr2 sTiCo2d electronic energy bands, which implies hy-
bridization between the Tid and Cr(Co) d states on forma-
tion of TiCr2 sTiCo2d compounds. A further analysis of the
decomposedd DOS showed the bonding between the Ti and
Cr (Co) atoms is mainly contributed by hybridization be-
tween thedt2g

orbital on the Ti sites and the orbital made up
of dx2−y2 anddxy on the Cr(Co) sites.

The valence charges, which are partitioned by the site and
angular momentum, were calculated for pure Ti metal and
the TiCr2 and TiCo2 compounds, and results are given in
Table II. The data calculated by Potapovet al.25 for the TiNi
compound withB2 structure are also included for a refer-
ence. The same muffin-tin radius of 2.3 a.u. was adopted for
Ti atom in the pure Ti and the TiCr2 and TiCo2 compounds
since total charge is sensitive to the chosen sphere size. As
seen from Table II, the number ofd electrons in the Ti
muffin-tin sphere is almost the same between TiCr2 and
TiCo2 compounds, and also very close to that of the TiNi
intermetallic compound.(Although the number ofd elec-
trons slightly increases from TiCr2 to TiNi, the differences of
,0.03 electron/atom between these compounds are negligi-
bly small.) The valence charge redistribution of Ti atoms in
the muffin-tin sphere on formation of TiCr2 and TiCo2 com-
pounds is very small compared with pure Ti metal.

The theoretical TiL3 sL2d spectra have been calculated
according to the equation described in Sec. II. In order to

compare the theoretical and experimental spectra, it is nec-
essary to account for instrumental broadening of the spec-
trometer. This energy resolution function is approximated by
a Lorentzian function about 1.0 eV in width for the TiL2,3
edge. The calculated TiL3 sL2d edges in TiCr2 and TiCo2
compounds are shown in Fig. 4. The peak for TiL3 sL2d
spectrum of TiCr2 is slightly higher than that of TiCo2, but
the general shapes of TiL3 sL2d spectra for these compounds
are similar, which is consistent with the experimental results.
It should be noted that our calculation of the ELNES is per-
formed based on the single particle approximation, assuming
that final states are not modified significantly byd-electron

TABLE I. Ti, Cr, and Co,L2,3 normalized cross sections for
TiCr2 and TiCr2 compounds.I1 is the normalized cross section and
I2 the normalized cross sections subtracted by the atomic-like sec-
tion calculated by Rez(Ref. 40).

Ionization edge Compound I1 I2

Ti L2,3 edge Ti atomic-like 3.058

TiCr2 6.892 3.834

TiCo2 6.752 3.694

Cr L2,3 edge Cr atomic-like 3.312

TiCr2 6.403 3.091

Co L2,3 edge Co atomic-like 3.287

TiCo2 5.242 1.955

FIG. 2. APW+lo calculated total densities of states for pure Ti
metal and the TiCr2 and TiCo2 compounds. The Fermi energy is
taken as the zero of the energy axis.
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exchange and core hole effects. Theoretical simulations of
the Ti L2,3 edges cannot predict the anomalous ratio between
the L3 and L2 white line integrated intensities observed in
TiCr2 and TiCo2 compounds. Similar results were also found
for the Ti L2,3 edges in TiAl intermetallic compound by Bot-
ton et al.41 These discrepancies between the theory and ex-
periment arise from the many-body effects under the influ-
ence of the core hole in the 2p state, which introduces
redistributions of the DOS because thed bands in Ti atoms
are nearly empty and cannot screen the core hole success-
fully. A dynamic-screening calculation is therefore necessary
to solve this problem.42

Earlier work performed by Potapovet al.25 showed that
the formation of intermetallic compounds between Ni metal
and Al and other transition metals causes a measurable varia-
tion in the ELNES of the NiL2,3 ionization edge of those

compounds. The present results show that only a small varia-
tion in Ti L2,3 ionization edges was detected between the two
different types of TiCr2 and TiCo2 compounds, both theoreti-
cally and experimentally. This can be explained by hybrid-
ization between the Tid and Cr(Co) d states on formation of
TiCr2 sTiCo2d compounds. As seen from Fig. 3, there are
high densities of unoccupied states spreading far above the
Fermi level ford states. The unoccupied states are fewer and
nearer the Fermi level for the Cod states compared with
those for the Crd states. Ti–Cr(–Co) hybridizations result in
a slight shift of empty states to the Fermi level for the Tid
states upon formation of TiCr2, more so upon formation of
TiCo2 compounds.

EELS studies of a series of 3d and 4d transition metals
have shown that the white line intensity decreases approxi-
mately linearly with the occupancy of thed state in each

FIG. 3. APW+lo calculated
partial densities of states(s—dot
line, p—dash line, andd—solid
line) for pure Ti metal and the
TiCr2 and TiCo2 compounds.

TABLE II. The calculated valence charges in the muffin-tin spheres and the interstitial regions for pure Ti
metal and the TiCr2 and TiCo2 compounds, expressed in electron/atom. The values of the TiNi compound
with B2 structure calculated by Potapovet al. (Ref. 25) are also listed. M represents Cr, Co and Ni in the
different compounds, respectively.

Ti s Ti p Ti d Ti f M s M p M d M f Interstitial

Ti 0.231 0.195 1.804 0.007 1.748

TiCr2 0.209 0.238 1.726 0.010 0.314 0.292 3.855 0.017 1.600

TiCo2 0.207 0.225 1.753 0.016 0.414 0.387 7.044 0.022 1.313

TiNi 0.224 0.237 1.773 0.021 0.518 0.394 8.243 0.012 1.289

EELS NEAR-EDGE STRUCTURE IN THE LAVES-PHASE… PHYSICAL REVIEW B 69, 214107(2004)

214107-5



series.38 The changes in the white line intensities were also
interpreted as charge transfers upon alloying of copper with
other transition metals.39 Recently, Mulleret al.24 accurately
measured the NiL2,3 cross sections in Ni–Al system, includ-
ing Ni, Ni3Al, and NiAl. Their measurements revealed no
significant changes in the number ofd holes around Ni atoms
among pure Ni metal, Ni3Al, and NiAl compounds. Further-
more, an experimental study of NiL2,3 edges in some nickel-
based transition-metal compounds showed that changes in
the number ofd holes around Ni atoms are also negligibly
small.25 They argued that the total number of charges around
each atom does not change significantly, and local charge
neutrality is valid upon formation of compounds. The pro-
nounced changes of the ELNES can be interpreted by hy-
bridization (i.e., covalence) between Ni and Al (other
transition-metal) atoms, which clearly reflects the bonding
nature of atoms in those intermetallic compounds. In this
work, the difference of measuredd holes around Ti atoms
between the TiCr2 and TiCo2 compounds is negligible. The
theoretical calculation also showed a very small variation of
the valence charge redistribution in the Ti muffin-tin sphere
among pure Ti metal and the TiCr2 and TiCo2 compounds.
Therefore, it can be concluded that there are no significant
charge transfers upon formation of TiCr2 and TiCo2 com-
pounds, and the local charge neutrality approximation is ef-
fective in these Laves-phase compounds.

The enthalpies of formation for TiCr2 and TiCo2 were
calculated in the present work. In order to obtain the enthal-
pies of formation of TiCr2 and TiCo2, the total energies of
pure Ti, Cr, and Co metals were also calculated using their
experimental lattice constants, respectively. The ground state
of Co is ferromagnetic, so spin-polarized calculations were
performed for Co. However, TiCo2 was found to be nonmag-
netic. The enthalpy of formation is defined as the total energy
difference between the compound and the constituents in
proportion to composition. Results are given in Table III. The
calculated enthalpy of formation for TiCr2 is comparable
with the theoretical value of −0.10 eV/atom for ZrCr2.

29 The

enthalpy of formation is in a good agreement with the ex-
perimental value of −0.35 eV/atom for TiCo2.

17 These en-
thalpies of formation for TiCr2 and TiCo2 are close to those
for the covalent intermetallic compounds as indicted by Rob-
insonet al.16 It is also noted that the enthalpy of formation
for TiCo2 is significantly larger than that for TiCr2. This
implies that the bonding characteristic is possibly different
between the TiCr2 and TiCo2 compounds.

In order to further explore the bonding characteristics in
TiCr2 and TiCo2 compounds, charge densities in TiCr2 and
TiCo2 were theoretically calculated. Charge density distribu-

tion maps on thes11̄0d plane for TiCr2 and TiCo2 are shown
in Fig. 5, which provide further information about bonding
characteristics for these compounds. The contour lines are
plotted from 0.0 to 0.6e/Å3 with 0.03-e/Å3 intervals, and

FIG. 4. The calculated TiL3 sL2d ELNES for TiCr2 and TiCo2
compounds, respectively.

TABLE III. The calculated enthalpies of formation for the TiCr2

and TiCr2 compounds.

Compounds
Enthalpies of

Formation(ev/atom)

TiCr2 −0.13

TiCo2 −0.31

FIG. 5. The charge density contour plots on thes11̄0d plane of
TiCr2 (a) and TiCo2 (b) compounds. The contour lines are plotted
from 0.0 to 0.6e/Å3 with 0.03-e/Å3 intervals.
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contour lines of high charge density are omitted. In the C15
structure of TiCr2 and TiCo2, Ti atoms occupy the diamond-
type lattices and Cr or Co atoms are located at tetrahedral

sites. Thes11̄0d plane bisects the Cr(Co) tetrahedral in TiCr2
and TiCo2. Figure 5 shows that Ti atoms are almost spherical
in TiCr2 and TiCo2, but the contour line of low charge den-
sity around Ti atoms, for example 0.24e/Å3, moves obvi-
ously towards Cr(Co) atoms, respectively. In contrast, Cr
and Co atoms are anisotropic. These results clearly indicate
the directionald bonding in TiCr2 and TiCo2, which is con-
sistent with the results of the DOS analysis described above.
The observed overlap of electron densities between Cr–Cr
atoms implies a covalent bonding between Cr–Cr atoms due
to hybridization of thed orbitals in TiCr2, as shown in Fig.
5(a). The height of the charge density at the bond midpoint
between Cr–Cr atoms was found to be 0.391e/Å3, whereas
the height of the charge density at the bond midpoint be-
tween Ti and Cr atoms is only 0.230e/Å3. It could be as-
sumed that the Ti–Cr hybridization is weaker compared with
the Cr–Cr in the TiCr2 compound. This can be understood
through the C15 crystal structure of the Laves-phase com-
pound. In the TiCr2 structure, 6 Cr atoms occupy the nearest
neighboring sites of Cr. The atomic distance between the
nearest Cr–Cr atoms is 4.632 a.u. This value is shorter by
2.7% than that of 4.762 a.u. in pure Cr metal with bcc struc-
ture. The atomic distance between the next nearest Ti–Cr
atoms is 5.431 a.u. The Cr–Cr hybridization is therefore
stronger than the Ti–Cr hybridization in TiCr2, and even
stronger than the Cr–Cr hybridization in the bcc Cr metal.
(The height of the charge density at the bond midpoint be-
tween the Cr–Cr atoms was calculated to be 0.348e/Å3 in
the bcc Cr metal.)

The same phenomenon was observed for the TiCo2 com-
pound shown in Fig. 5(b). The height of the charge density at
the bond midpoint between Co–Co atoms is 0.420e/Å3,
whereas this value is only 0.233e/Å3 between Ti–Co atoms
in TiCo2. Similarly, 6 Co atoms occupy the nearest neighbor-
ing sites of Co in the TiCo2 structure. The atomic distance
between the nearest Co–Co atoms is 4.471 a.u., which is
shorter by 5.2% than that of 4.718 a.u. in pure Co metal with
hcp structure, while the atomic distance between the next
nearest Ti–Co atoms is 5.243 a.u. Thus, the Co–Co hybrid-
ization is stronger than the Ti–Co in TiCo2, and stronger than
the Co–Co hybridization in the hcp Co metal.(The height of
the charge density at the bond midpoint between Co–Co at-
oms was found to be 0.335e/Å3 in the hcp Co metal.) The
heights of the charge density at the bond midpoint between
atoms in TiCo2 are higher than those in TiCr2, in particular
compared to those between Co–Co atoms and Cr–Cr atoms.
It could be said that there is a stronger covalent bonding in
the TiCo2 than in the TiCr2 compound. It is also worth not-
ing that the hybridization between Cr–Cr(Co–Co) atoms is
stronger in these Laves-phase compounds compared with
those in pure Cr(Co) metals, especially between Co–Co at-
oms, due to reduction of the atomic distances in these com-
pounds. The contribution to enthalpies of formation comes
not only from the Ti–Cr(Co) hybridization, but also from the
relatively strong Cr–Cr(Co–Co) hybridization upon forma-
tion of TiCr2 and TiCo2 compounds. The difference of en-

thalpies of formation between the TiCr2 and TiCo2 com-
pounds could be explained by the different degree of
covalent bonds existing in these compounds. The stronger
covalent bonding between atoms, in particular between
Co–Co atoms, seems to correspond to the higher magnitude
of enthalpy of formation in the TiCo2 compound.

Ormeci et al.18 calculated the charge densities in C15
HfV 2 and NbCr2 compounds based on a full potential
muffin-tin orbital method. Their results showed that the
bonding is only weakly directional for these compounds. Our
calculated results for TiCr2 and TiCo2 compounds are com-
parable with the height of the charge densities at the bond
midpoint of 0.51e/Å3 for Cu–Cu atoms in MgCu2 obtained
by Kubotaet al.19 using the maximum entropy method. They
argued that hybridization between Cu atoms is very signifi-
cant due to the high value of the charge density of the inter-
atomic region.(This value is 0.61e/Å3 for a typical covalent
crystal, such as Si.43) The height of the charge densities in
the interatomic region of Mg and Cu is only 0.19e/Å3, and
electron distribution resembles metallic bonding between Mg
and Cu atoms. The strong Cu–Cu bonding along the Kagome
net44 forms a tetrahedral electronic network in the MgCu2
structure. Hirataet al.45 recently reported a significant evi-
dence for the covalent bonding in the C15 TiCr2 Laves-phase
compound. The observed icosahedral clusters in the C15
TiCr2 are ascribed to the formation of local covalent bonds
between Cr atoms, and the development of a three-
dimensional network of covalent tetrahedra of Cr atoms
causes phase transformation of the C15 structure from the
bcc structure. Their experimental observations are consistent
with the present calculations of charge densities, which ex-
hibit a relatively strong covalent nature of atomic bonds be-
tween Cr–Cr atoms in TiCr2. These covalent bonds result in
a tetrahedral network of Cr atoms in the TiCr2 compound.

IV. CONCLUSIONS

It has been demonstrated that electron energy loss spec-
troscopy andab initio APW+lo calculation provide a signifi-
cant technique to study the electronic structure or bonding
characteristic in materials. In the case of C15 Laves-phase
compounds TiCr2 and TiCo2, a small variation in TiL2,3
ionization edges was measured between these compounds.
These variations can be interpreted in terms of hybridization
between the Tid and CrsCod d states from the decomposed
densities of states. The accurate measurement of the normal-
ized EELS cross sections showed that there are no significant
changes of the number ofd holes around Ti atoms between
TiCr2 and TiCo2 compounds. The theoretical calculation also
showed negligible variations of the valence charge redistri-
bution in the Ti muffin-tin sphere for pure Ti metal, TiCr2,
and TiCo2; local charge neutrality approximation is thus
valid in these compounds.

Total energy calculations show that the enthalpy of forma-
tion for TiCo2 is significantly larger than that for TiCr2,
which implies different bonding characteristics between
TiCr2 and TiCo2. The charge density distributions in these
compounds were therefore investigated theoretically. The re-
sults reveal a relatively strong covalent nature of atomic
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bonds between Cr–Cr(Co–Co) atoms compared with that
between Ti and Cr(Co) atoms in TiCr2 and TiCo2, respec-
tively. From measurement of the heights of the charge den-
sity at the bond midpoint between atoms, it can be concluded
that the covalent bonding in TiCo2 is stronger than that in
TiCr2. The difference of enthalpies of formation between
TiCr2 and TiCo2 could be interpreted in terms of the different
degree of covalent bonds existing in these compounds.
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