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First-principles band-structure augmented plane wave + local orbitals (APW+LO) calculations as
incorporated in the WIEN2k code, as well as X-ray photoelectron spectroscopy (XPS) measurements, were
performed to elucidate the electronic structure of the Zr4M2O (M = Fe, Co, Ni) oxides, very prospective
hydrogen-storage materials. Total and partial densities of states for the oxides were derived from the
APW+LO calculations. Our calculations show that the O 2p states make the major contributions at the
bottom of the valence band, while the M 3d and Zr 4d states are the dominant contributors at the top of the
valence band and at the bottom of the conduction band. Peculiarities of the occupation of the valence band
predicted by the APW+LO calculations for Zr4Fe2O are confirmed experimentally by comparison on a
common energy scale of the XPS valence-band spectrum and the curve of total DOS.
Alloys / Intermetallic compounds / First-principles calculations / X-ray photoelectron spectroscopy /
Electronic structure
Introduction
Binary intermetallic compounds Zr2M (M stands for
transition metal) are recognized as effective hydrogen
absorbing and hydrogen getter materials. Among these
compounds, particularly remarkable are Zr2M
(M = Fe, Co, Ni) compounds (crystallizing in the
CuAl2-type structure), which attract much attention as
hydrogen storage materials since they absorb
significant amounts of hydrogen (more than one
hydrogen atom per metal atom). A number of
intermetallic CuAl2-type hydrides (deuterides) with
H(D)-to-metal ratios exceeding one have been
reported, e.g. Zr2FeH∼4.5, Zr2FeD5, Zr2CoD4.85, and
Zr2NiD4.74 [1-3].
However, Zr2M (M = Fe, Co, Ni) compounds also
attract significant attention from scientific and
technological viewpoints because of their ability to
incorporate oxygen leading to formation of ternary
oxygen-stabilized Zr4M2O phases [4-6]. The crystal
structure of the oxygen-stabilized Zr4M2O (M = Fe,
Co, Ni) phases belongs to the η-Fe3W3C-type, which
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can be viewed as a filled derivative of the Ti2Ni-type
structure. Among the above mentioned oxygenstabilized η-phases, detailed hydrogen absorption/
desorption properties have been reported for the
Zr4Fe2Ox compound [3,7]. It has been established that
the hydrogen absorption/desorption properties of
η-Zr4Fe2Ox are strongly affected by the oxygen
content. The hydrogen storage capacity of Zr4Fe2Ox
was found to decrease with increasing O-content, and
the highest hydrogenation capacities are characteristic
of the low-oxygen η-phases, namely Zr4Fe2O0.3H9.4
and Zr4Fe2O0.25H9.9 [7,8]. These capacities exceed the
highest hydrogenation capacity achieved for the
saturated hydride Zr2FeH∼4.5 [3]. It is worth
mentioning also that the oxygen-stabilized Zr4Fe2Ox
phase was found to be more stable against hydrogen
disproportionation than the Zr2Fe compound [9,10].
Detailed studies of the dependence of the cell
parameter a upon the oxygen content x in Zr4Fe2Ox
oxide have indicated that the a value changes only
slightly when the x value is varied within the
0.25 ≤ x ≤ 0.6 homogeneity region [4,7,8].
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The aim of the present work is a complex study of
the electronic structure of Zr4M2O (M = Fe, Co, Ni)
compounds. For this purpose, we have applied the
augmented plane wave + local orbitals (APW+LO)
method as incorporated in the WIEN2k code [11]. To
verify our theoretical data, the X-ray photoelectron
spectroscopy (XPS) method was used.

Experimental
Zr4M2Ox (M = Fe, Ni) compounds were synthesized
by arc melting in a purified argon atmosphere on a
water-cooled copper hearth from appropriate
quantities of high-purity metal powders (Zr 99.8%,
Fe (Ni) 99.9%) and chemically pure ZrO2, employing
the technique described in detail in [7]. Our attempts
to synthesize Zr4Co2Ox compounds were unsuccessful.
The as-cast Zr4M2Ox (M = Fe, Ni) samples were
annealed in vacuum at 1000ºC for 300 h to achieve
homogeneity. X-ray diffraction (XRD) phase analysis
of the samples, carried out with a HZG-4a
diffractometer (Cu Kα radiation) revealed that the
compounds crystallize in the cubic η-Fe3W3C-type

structure belonging to the space group Fd-3m. The
lattice parameters determined from our XRD data are
the following: a = 12.210(2) Å (for Zr4Fe2Ox) and
a = 12.197(4) Å (for Zr4Ni2Ox) (x = 0.6 for both
intermetallic compounds studied). Fig. 1 presents the
crystal structure of Zr4Fe2O (space group Fd-3m,
Z = 16), which is analogous to that of Zr4Ni2O and
Zr4Co2O. The zirconium atoms in the structure of the
Zr4M2O (M = Fe, Ni, Co) compounds occupy two nonequivalent positions, namely 48f and 16d sites (labeled
as Zr1 and Zr2, respectively), while the Fe (Ni, Co)
atoms are distributed on a 32e site and the O atoms on
the 16c site.
The X-ray spectroscopy measurements of the
Zr4Ni2Ox compound were carried out in a sublimation
ion-pumped chamber, having a base pressure of
less than 1×10-7 Pa, of an ES-2401 spectrometer.
The energy scale of the spectrometer was calibrated
by setting the measured Au 4f7/2 and Cu 2p3/2
binding energies (BEs) to 84.00±0.05 eV and
932.66±0.05 eV, respectively, with regard to the
Fermi energy, EF. The XPS spectra were excited by a
Mg Kα source of X-ray radiation (E = 1253.6 eV) and
were recorded at a constant energy of 50 eV.

Fig. 1 Crystal structure of Zr4Fe2O: O – small circles, Fe – medium circles, Zr – large circles.
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To remove surface contaminations, bombardment of
the sample surface was performed by Ar+ ions with an
energy of 2.0 keV for 5 min at an ion current density
of 15 µA/cm2. The method of surface cleaning was
similar to that used earlier [12]. Data of the XPS
characterization of the Zr4Ni2Ox sample, both for
pristine and Ar+-bombarded surfaces, are shown in
Fig. 2. The survey XPS spectrum of the pristine
surface of Zr4Ni2Ox indicates that the pristine surface
of the sample under study contains significant
amounts of hydro-carbon adsorbents. Their presence
does not allow detection of signals coming from
nickel atoms when measuring the XPS spectra.
However, after Ar+-bombardment of the Zr4Ni2Ox
surface, all the spectral features, except the
low-intensity C 1s level, are assigned to be the
constituent element core-levels or Auger lines. For the
Ar+-bombarded surface with a very small C 1s signal,
the BE scale drift due to possible surface charging was
accounted for using the F 1s level (685.0 eV) of
fluorine adsorbed on the surface. Fluorine was
specially introduced into the vacuum chamber for this
purpose up to the appearance of a measurable F 1s
level. XPS characterization of the Zr4Fe2Ox compound
has been done previously [13].

Method of calculation
Our ab initio band-structure calculations of Zr4Fe2O
were performed on the basis of the density functional
theory (DFT). They were done using the APW+LO

method with the WIEN2k code [14]. In the present
APW+LO calculations, the positions of the atoms
were those previously reported in [13], where
calculations were performed for a hypothetically
stoichiometric Zr4Fe2O compound with the lattice
parameter a = 12.222 Å. In the present work the
APW+LO calculations were performed with the lattice
parameter
a = 12.210 Å
derived
from
our
experimental XRD study of the Zr4Fe2O0.6 compound
with the maximum oxygen content. As in [13], the
generalized gradient approximation (GGA) by
Perdew et al. [15] was employed for the calculations
of the exchange-correlation potential and the
tetrahedron method by Blöchl et al. [16] was adopted
for integration through the Brillouin zone. The basis
function involves the atomic orbitals of Zr, Fe and O,
as reported in [13]. The muffin-tin (MT) sphere radii
of the constituent atoms in Zr4Fe2O were assumed to
be 1.212, 1.323 and 1.074 Å for Zr, Fe and O,
respectively. The Brillouin zone sampling was done
using 500 k-points within the irreducible wedge of the
MT
zone. The Rmin
k max parameter, where

the smallest MT sphere radius and

MT
Rmin
denotes

k max determines

the value of the largest k vector in the plane wave
expansion, equals 7.0 (the charge density was Fourier
expanded up to the value Gmax = 12 Ry1/2). The
iteration process was checked taking into account
changes of the integral charge difference

q = ∫ ρ n − ρ n −1 dr , where ρ n−1 (r ) and ρ n (r )
are input and output charge density, respectively.

Fig. 2 Survey XPS spectra recorded for (1) pristine and (2) Ar+ ion-bombarded surface of the Zr4Ni2Ox
compound.
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The calculations were interrupted in the case of
q ≤ 0.0001. A similar technique was adopted for the
calculations of the electronic structure of the Zr4Co2O
and Zr4Ni2O compounds.
Results and discussion
Fig. 3 presents data from our calculations of the total
DOS and partial densities of states of the atoms
constituting Zr4Fe2O. It is apparent that the upper core
Zr 4p and O 2s states form rather broad bands in the
Zr4Fe2O compound. The Zr 4p-like band consists of
three sub-bands: the upper sub-band centered at
–26.2 eV is formed mainly from contributions of
the 4p states associated with the Zr2 atoms, while

the central and lower sub-bands centered at
–27.15 and –27.9 eV, respectively, mainly originate
from contributions of the 4p states of the Zr1 atoms,
with smaller contributions of the 4p states associated
with the Zr2 atoms (cf. Figs. 3 and 4). In addition,
the band centered at –20.35 eV on the curve of the
total DOS of Zr4Fe2O is mainly formed from
contributions of the O 2s states. Some minor
contributions of the 4p states of the Zr1 atoms into the
O 2s-like sub-band on the curve of total DOS of
Zr4Fe2O are also detected by our APW+LO
calculations (see Figs. 3 and 4).
Fig. 3 shows that the valence band in the Zr4Fe2O
compound, which ranges from –7.8 to 0 eV, can be
divided into two energy regions, that are labelled A
(0 to –4.15 eV) and B (–5.95 to –7.8 eV). From Fig. 3,

Fig. 3 Total DOS and partial densities of states of the atoms constituting the Zr4Fe2O compound.
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Fig. 4 Partial densities of states of the Zr1 and Zr2 atoms in the Zr4Fe2O compound.

one can see that the lower sub-band B almost
completely originates from contributions of the O 2p
states. However, smaller contributions of the 4d states
associated with the Zr1 atoms are also detected by our
APW+LO data (see Fig. 4). This means that only the
Zr1 atoms participate in the formation of the chemical
bonding with oxygen in Zr4Fe2O. The upper sub-band
A of the valence band of Zr4Fe2O is mainly formed
from contributions of the Fe 3d states with somewhat
smaller contributions of the Zr 4d states.
Two sub-bands, labelled A* and B*, centered at
about 0.7 and 3.5 eV, respectively, are prominent on
the curve of total DOS of Zr4Fe2O near the bottom of
the conduction band (Fig. 3). The bottom of the
conduction band (the sub-band A*) mainly originates
from contributions of the unoccupied Fe 3d states,
with smaller contributions of the unoccupied Zr 4d
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states as well. Further, the sub-band B* of the
conduction band of Zr4Fe2O is dominated by
contributions of the unoccupied Zr 4d states. Smaller
contributions of unoccupied Fe 3d states into the subband B* of the conduction band of Zr4Fe2O are also
visible in our APW+LO calculations (Fig. 3).
Fig. 5 presents a comparison of the curve of total
DOS of Zr4Fe2O with analogous curves for the other
oxygen-stabilized η-Fe3W3C-type compounds under
study, namely Zr4Co2O and Zr4Ni2O. It is apparent
that the results of our theoretical APW+LO studies
indicate that, when going from Zr4Fe2O to Zr4Co2O
and, further, to Zr4Ni2O, the sub-bands A* and B* of
the conduction band shift towards the Fermi level,
whilst the sub-band A of the valence band shifts away
from EF. Nevertheless, the energy position of the subband B of the valence band does not change.

Chem. Met. Alloys 6 (2013)

A.A. Lavrentyev et al., Electronic properties of Zr4M2O (M = Fe, Co, Ni) intermetallic compounds ...

Fig. 5 Total DOS within the valence-band and conduction-band regions of the Zr4M2O (M = Fe, Ni, Co)
compounds.

Our theoretical calculations of the electronic
structure of Zr4Fe2O seem to be in agreement with the
experimental XPS results derived for Zr4Fe2Ox
(x = 0.6) in [13]. Fig. 6 shows a comparison on a
common energy scale of the curve of total DOS of
Zr4Fe2O and its XPS valence-band spectrum. From
Fig. 6, in accordance with our theoretical APW+LO
data, the position of the maximum B of the XPS
valence-band spectrum of Zr4Fe2Ox corresponds well
to the position of the low-energy sub-band B of the
curve of total DOS of Zr4Fe2O, while the energy
position of the sub-band A of the theoretical curve is
close to that of the near-Fermi feature A of the XPS
valence-band spectrum of Zr4Fe2O0.6.
Our APW+LO results indicate that the electronic
structure of the Zr4M2O compounds (M = Fe, Ni, Co)
is different from those of binary Zr, Fe, Ni, and Co
oxides [14,17-20], in which the O 2p states mainly

contribute in the upper portion of the valence band
with additional significant contributions throughout
the whole valence-band region. However, the
electronic structure of the Zr4M2O (M = Fe, Ni, Co)
compounds resembles those of Ti4Fe2O and Zr3V3O,
other representatives of the ternary oxygen-stabilized
η-phases. Our first-principles calculations and XPS
measurements of Ti4Fe2O and Zr3V3O [21,22]
indicated that the O 2p states almost exclusively
contribute at the bottom of the valence band.

Conclusions
Data of first-principles calculations using the
APW+LO method as incorporated in the WIEN2k
code revealed that the O 2p states dominate at the
bottom of the valence band of Zr4Fe2O, while the top
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Fig. 6 Comparison on a common energy scale of the XPS valence-band spectrum measured in [13] for
Zr4Fe2O0.6 and the curve of total DOS of Zr4Fe2O calculated in the present work.

of the valence band is mainly composed from
contributions of the Fe 3d and Zr 4d states. The main
contributors at the bottom of the conduction band of
Zr4Fe2O are the unoccupied Fe 3d and Zr 4d states.
The results of the APW+LO calculations are
confirmed by a comparison on a common energy scale
of the curve of total DOS and the XPS valence-band
spectrum of the same compound. The electronic
structure of Zr4Fe2O resembles that of the other
oxygen-stabilized η-Fe3W3C-type compounds under
study, namely Zr4Co2O and Zr4Ni2O. Furthermore, our
APW+LO calculations indicate that the electronic
structure of the Zr4M2O compounds (M = Fe, Ni, Co)
differs from those of binary Zr, Fe, Ni, and Co oxides,
in which the O 2p states mainly contribute in the
upper portion of the valence band with additional
significant contributions throughout the whole
valence-band region.
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