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Abstract
Oxygen K-electron energy loss near edge structures (ELNES) of monoclinic, tetragonal, and
cubic HfO2 were calculated by the first-principles full-potential augmented plane wave plus
local orbitals (APW + lo) method. By considering the relativistic effect as well as the core-hole
effect in the calculation, the experimental oxygen K ELNES was successfully reproduced. The
first, second, third, and fourth peaks originate from oxygen p components hybridized with Hf
d-eg, d-t2g, s, and p components, respectively. It was found that the spectral differences among
the polymorphs are mainly caused by the local structure of the Hf in the crystal.

1. Introduction

Oxides with a high dielectric constant (k) can be used to
reduce the electrical thickness of a gate insulator without
increasing the gate leakage current, and are expected to be
necessary for further advanced complementary metal–oxide–
semiconductor (CMOS) devices [1]. Thus, investigations
of high-k material properties have been performed from the
viewpoint of microelectronic devices [2]. The great majority
of recent studies on high-k gate insulators have focused on
hafnium oxide- (HfO2-) based dielectrics because of their
thermal stability, adequate conduction band and valence band
offsets relative to Si, and high value of k [3–5]. Recently, a
HfO2 gate insulator was actually employed in a state-of-the-art
CMOS device [6], and the importance of HfO2 gate insulators
is increasing.

Since the dielectric properties of gate insulators are
strongly affected by the composition and crystallinity of the
gate oxide materials, understanding of the local structures in
gate insulators is indispensable for further developments and
improvements. However, the local structure analysis of gate
insulators is always accompanied by difficulties due to their

4 Author to whom any correspondence should be addressed.

small thickness of a few nanometers. Among the analytical
tools available, transmission electron microscopy (TEM) has
been effectively used for gate insulator analysis owing to its
high spatial resolution. In particular, electron energy loss
spectroscopy (EELS) in conjunction with TEM has been used
to investigate the atomic and electronic structures of the gate
insulators [7–14].

The near edge structures of the EELS spectrum, namely
electron energy loss near edge structures (ELNES), originate
from the electron transition from a core orbital to unoccupied
bands [15]. In the conventional transmission layout, only
electronic transitions that are allowed by the electric dipole
selection rule take place. The ELNES thereby reflects the
partial density of state (PDOS) in the unoccupied bands,
which can provide information on the atomic and electronic
structures of the illuminated atoms. By combining EELS
with modern scanning TEM (STEM), the spatial resolution of
EELS can readily reach sub-nanometer scale, enabling atomic
and electronic structure investigations with very high spatial
resolution [16–18].

On the other hand, to extract atomic and electronic
structure information from the ELNES, theoretical calculations
are essential. In the theoretical calculations of ELNES reported
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Figure 1. Crystal structure and crystallographic information for cubic, tetragonal, and monoclinic HfO2. The structure and lattice constants of
tetragonal HfO2 are not those for a unit cell. The a-axis and b-axis of tetragonal HfO2 are redefined as [1 1 0] and [1̄ 1 0] of the conventional
unit cell, respectively, so that the same number of atoms as that in the supercell of cubic and monoclinic HfO2 can be treated. The two oxygen
sites in monoclinic HfO2 are named OCN3 and OCN4, which have threefold and fourfold coordination, respectively.

(This figure is in colour only in the electronic version)

so far [19–32], it has been clearly demonstrated that the
inclusion of a core hole, i.e. an electronic hole on a core orbital
associated with the electron transition process, is essential
for reproducing the experimental spectra. The theoretical
calculation of monoclinic-HfO2 oxygen (O) K ELNES has
been reported by McComb et al, and it was concluded that
the first two peaks are caused by O p components hybridized
with Hf d orbitals [11]5. However, the other peaks in the
spectrum were not assigned and ELNES calculations of other
polymorphs have not been performed. In addition, although
it is expected that the relativistic effect is important for
calculating the electronic structure of HfO2, the influence of
the relativistic effect on the ELNES calculation of HfO2 has
not been discussed.

In this study, first-principles calculations of HfO2 O K
ELNES were performed. The influence of the relativistic effect
as well as the core-hole effect on the calculation is discussed.
In addition, to find relationships between the spectral features
and the local atomic structure, O K ELNES for not only the
monoclinic HfO2 but also tetragonal and cubic HfO2 were
calculated. The spectral differences were investigated using
the PDOS.

2. Methodology

The first-principles calculation of O K ELNES was performed
by the full-potential augmented plane wave plus local orbital
(APW + lo) method, WIEN2k code [33]. The generalized
gradient approximation (GGA) proposed by Perdew et al [34]
was employed for the exchange–correlation functional. All
electrons up to 4d were treated as the core for Hf, while
1s electrons were treated as the core for oxygen. The

5 Although the authors did not mention about the relativistic effect, it is
expected that a scalar relativistic calculation was performed, because the
theoretical spectrum (figure 2 in this reference) is very similar to that calculated
by considering the scalar relativistic effect in the present study.

muffin-tin radii, RMT, for Hf and O were set to 2.1 and
1.6 Bohr, respectively. The product of the muffin-tin radius
and the maximum reciprocal space vector Kmax, i.e. the
plane-wave cutoff, RMT Kmax, was fixed at 7.0 (Bohr Ryd1/2).
The maximum value of partial waves inside the atomic
sphere was � = 10. Fully relativistic approximations were
used for the core electrons. Regarding the valence and
conduction bands, the relativistic effect is considered to be
important because Hf is a heavy element. To determine the
influence of the relativistic effect on the calculated results, non-
relativistic, scalar-relativistic, and full-relativistic calculations
were performed. In the full-relativistic calculation, spin–orbit
coupling is fully considered.

It is known that HfO2 has three types of polymorphs:
monoclinic, tetragonal, and cubic. The crystal structures
of these polymorphs are shown in figure 1. Their space
groups are Fm3̄m , P42/nmc, and P21/c, respectively. The unit
cells of the monoclinic, tetragonal, and cubic structures have
12, 6, and 12 atoms, respectively. The lattice constants
were determined by the first-principles projector augmented
wave (PAW) method [35, 36] as implemented in the VASP
code [37, 38]. This method was employed because of its
efficiency and accuracy in structural optimization. The plane-
wave cutoff energy was 500 eV and the k-point sampling
meshes were set to 9 × 9 × 9, 13 × 13 × 9, and 9 ×
9 × 9 for cubic-, tetragonal-, and monoclinic-HfO2 primitive
cells, respectively. The exchange–correlation functional was
treated by the local density approximation (LDA) [39, 40].
It was confirmed that the calculated lattice constants are
consistent with previously reported values [41–44]. Note that
the calculated lattice constants are smaller than those obtained
from experiments [45–47]. However, it was confirmed that the
difference in the lattice constants of a few per cent does not
affect the conclusions and discussion in this study.

One core hole was introduced at an oxygen 1s orbital.
To reduce the interactions among the core holes due to the
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Figure 2. Density of states (DOS) of monoclinic HfO2 calculated by (a) non-relativistic, (b) scalar-relativistic, and (c) full-relativistic
calculation at the ground state. The XPS of Hf 4f and the corresponding DOS are compared in (d)–(f). The experimental XPS spectrum for
monoclinic HfO2 was obtained from [48]. The top of the valence band was set to zero.

three-dimensional periodic boundary conditions within the
band structure calculations, they are replicated 2 × 2 × 2,
2
√

2 × √
2 × 2, and 2 × 2 × 2 times for the monoclinic,

tetragonal, and cubic structures, respectively, and 96-atom
supercells were constructed. Then, the excited atom with the
core hole is more than 9.96 Å away from the adjacent excited
atoms. Since monoclinic HfO2 has two types of oxygen sites,
OCN3 and OCN4, their O K ELNES were calculated separately,
and the two O K edge spectra were added together with equal
weighting to compare the total spectrum with the experimental
spectrum.

The k-point sampling meshes used for self-consistent
iterations and the ELNES calculation were 3×3×3, 3×3×2,
and 3 × 2 × 2 in the reciprocal space of the supercell for the
monoclinic, tetragonal, and cubic structures, respectively. The
spectral profile was obtained from the product of the radial
part of the transition matrix element and the corresponding
projected PDOS, which was broadened using a Gaussian
function of � = 1.0 eV full width at half maximum. When the
core hole was introduced, the transition energy was obtained
from the difference between the total energy of the supercell at
the ground and excited states.

3. Results and discussion

To find the importance of the relativistic effect in calculating
the electronic structure of HfO2, the density of states (DOS) of

monoclinic HfO2 was compared with the x-ray photoelectron
spectroscopy (XPS) spectrum. Figure 2 shows the DOS
obtained from non-relativistic, scalar-relativistic, and full-
relativistic calculations, and the experimental XPS spectrum
of the Hf 4f orbital [48]. The DOS was obtained from
ground state calculation of a primitive cell of monoclinic HfO2.
Although Hf 4f and 5p orbitals are located at −15 eV and
−26 eV in the non-relativistic calculation, they shift to −10 eV
and −29 eV, respectively, in the scalar-relativistic calculation
(figures 2(a) and (b)). In the full-relativistic calculation, the
Hf orbitals split due to the spin–orbit coupling (figure 2(c)).
By comparison with the experimental XPS spectrum, it is
clear that only the full-relativistic calculation can reproduce the
intensity and peak splitting (figures 2(d)–(f)). Similarly to the
Hf orbitals, it is seen that the oxygen DOS is slightly changed
by the relativistic effect because the oxygen orbitals hybridize
with the Hf orbitals.

Here, the influence of the relativistic effect on the ELNES
calculation is discussed. Since the experimental spectrum is
obtained only from monoclinic HfO2, the theoretical spectra
of the monoclinic structure are first calculated. As mentioned
above, the monoclinic structure has two types of oxygen
sites, OCN3 and OCN4. The theoretical spectrum obtained
from each site was separately calculated and aligned with the
theoretical transition energy. The theoretical spectra calculated
for different calculation conditions are compared in figure 3.
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Figure 3. Calculated O K ELNES of monoclinic HfO2 for different
calculation conditions. The experimental O K ELNES for
monoclinic HfO2 was obtained from [9].

The calculated spectrum at the ‘ground state’ is also shown
in the same figure. The ground state spectrum was obtained by
calculating the transition matrix between the unoccupied bands
and the core orbital, both of which are at the ground state.
The calculated spectrum at the ground state has broad profiles
of peaks A and B, whereas these peaks are apparent in the
experiment. In the case of the non-relativistic calculation, even
though a core hole was introduced in the 96-atom supercell, the
splittings between peaks A–B and peaks B–C are respectively
3.5 eV and 6.5 eV, which are different from experiment,
4.5 eV and 4.2 eV. Better reproduction of the peak positions
is obtained in the scalar-relativistic calculation. In the full-
relativistic calculation, not only the peak position but also the
peak intensity is well reproduced. It is concluded that inclusion
of the relativistic effect as well as the core-hole effect are
essential for the O K ELNES calculation of HfO2.

O K ELNES for tetragonal and cubic HfO2 were
calculated and are compared with that of monoclinic HfO2

in figure 4. Although the overall spectral profiles of cubic
and tetragonal HfO2 are very similar, upon detailed inspection
we found the following four differences: (1) peak A of
tetragonal HfO2 is located 0.8 eV higher than peak A of
cubic HfO2, (2) the profile from peak A to peak B in
tetragonal HfO2 is slightly broader than that in cubic HfO2,
(3) peak C of tetragonal HfO2 is less significant, and (4) peaks
D and E of tetragonal HfO2 are more significant than those
in cubic HfO2. Compared with the two polymorphs, the O K
ELNES of monoclinic HfO2 is located 0.2 eV higher than that

of the tetragonal HfO2, and has different spectral features; for
example, peaks A and C in the monoclinic HfO2 split and the
profile between peak A and peak B is much broader than that
of other polymorphs.

To find causes of these spectral differences, the PDOSs
were investigated. Although the O K ELNES reflects the
oxygen p-type PDOS, the cation components are dominant in
the unoccupied bands, and the shape of the O K ELNES is
strongly affected by the cation components [21, 49]. Hf and
O PDOSs are shown in figure 4. From the PDOS diagrams, it
was found that peaks A, B, C, and D in the three polymorphs
commonly originate from the oxygen p component hybridized
with Hf d-eg, d-t2g, s, and p components, respectively. The
Hf PDOS in the tetragonal HfO2 is very similar to that in the
cubic HfO2 but some peaks are slightly broader than that in the
cubic HfO2; for instance, Hf d-PDOS between 5 and 8 eV and
Hf s- and p-PDOS. The broadening and splitting of PDOS is
more significant in the monoclinic HfO2. The Hf d-eg and d-t2g

are overlapped with each other. From these PDOSs, it is found
that the spectral differences among the polymorphs are related
to the splitting and broadening of Hf PDOS in the unoccupied
band.

These differences in the Hf PDOS can be ascribed to the
different local symmetry of Hf in the crystal. Hf in cubic HfO2

has octahedral coordination with Oh point symmetry, resulting
in clear peaks in PDOS and O K ELNES. Although the
local symmetry is broken, the Hf retains its octahedral
coordination in the tetragonal HfO2. On the other hand, Hf in
monoclinic HfO2 has a more distorted structure with sevenfold
coordination. Such distorted structures in monoclinic HfO2

cause the peak splitting and broadening of PDOS and O K
ELNES. This indicates that the spectral profiles of O K ELNES
are sensitive to the local atomic structure of Hf in the crystal.

4. Summary

In this study, the O K ELNES of HfO2, monoclinic, tetragonal,
and cubic phases, were calculated by the first-principles full-
potential APW + lo method. It was found that the relativistic
effect as well as the core-hole effect is indispensable for
the O K ELNES calculation of HfO2. By considering the
relativistic effect and the core-hole effect in the calculation, the
experimental O K ELNES was successfully reproduced. From
the PDOS analysis, it was found that the first to fourth peaks
respectively originate from oxygen p components hybridized
with Hf d-eg, d-t2g, s, and p components. It was found that the
spectral differences among these polymorphs are caused by the
local structure of the Hf site in the crystal.

In actual gate insulators, amorphous HfO2 is partly
formed and some additional elements, such as Si, N, and
La, are intentionally/unintentionally present, and the presence
of amorphous HfO2 and the dopants strongly affects the
dielectric properties. From this study, it was found that the
spectral profiles in O K ELNES are sensitive to the local
atomic structure. This conclusion strongly indicates that the
combination of ELNES and the first-principles calculation has
the potential to detect the local atomic and electronic structure
changes caused by the amorphous HfO2 and dopants in the
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Figure 4. O K ELNES and PDOS of (left) cubic, (middle) tetragonal, and (right) monoclinic HfO2. The experimental O K ELNES for
monoclinic HfO2 was obtained from [9].

gate insulators. The method established in this study, that
is, inclusions of both the relativistic effect and the core-hole
effect, is essential for the further analysis of such actual HfO2

gate insulators.
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