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1. INTRODUCTION

During the operation of nuclear and thermonu�
clear reactors, construction materials of their elements
accumulate impurity helium atoms and numerous
defects of both the thermal and radiation nature. This
circumstance negatively affects the radiation resis�
tance of materials and becomes the cause of cata�
strophic worsening their properties, which shortens
the service life of constructive elements of reactors.
Negative consequences of accumulation of helium are
radiation swelling, high�temperature and low�temper�
ature radiation embrittlement, radiation creep, etc. [1,
2]. When studying these phenomena, the main atten�
tion was paid to studying the behavior of the atomic
subsystem of materials. Results of numerous publica�
tions in this branch are generalized in monographs and
reviews [1–6]. A weak point of such approach is
underestimation of the role of the electron subsystem
of materials when analyzing the above�described phe�
nomena. To date, there are few publications devoted to
studying the electronic structure of metal–helium sys�
tems [7–12]. However, the authors of [12] showed
based on ab initio calculations what a high concentra�
tion of helium atoms (~30 at %) in the Zr lattice leads
to a considerable variation not only in atomic but also
in the electronic structure of metal. As for relatively
low helium concentration, we should expect that the
atomic subsystem of metal would be perturbed some�
what weaker, although its electronic structure can
change noticeably.

This study is devoted to the investigation into the
electronic structure of the Zr–He system with the tet�
rahedral and octahedral coordination of the helium
atom in the HCP and FCC lattices of metal at its con�
centration of ~6 at %. We investigated the variations in
the density of electron states and spatial distributions
of the charge density of metal as well as analyzed

chemical shifts of skeleton Zr levels due to the incor�
poration of He.

2. DETAILS OF THE CALCULATION

Self�consistent calculations of the electronic struc�
ture of pure Zr and the Zr–He system with the impu�
rity concentration of ~6 at % were performed in the
context of the electron density functional theory using
the generalized�gradient approximation [13] by the
linearized method of attached plane waves [14, 15]
implemented in the FLEUR software package. Densi�
ties of electron states (DES) were calculated by the
linear method of tetrahedrons for the network of 54 k
points in the irreducible part of the Brillouin zone
(IPBZ) of HCP and FCC lattices. DES was smooth�
ened by Gaussians with the mean�root�square width
of 0.13 eV. Radii of muffin�tin (MT) spheres of Zr and
He atoms were selected equal to 2.3 and 1.0 a.u.
(atomic units), respectively. The used parameter of
cutting the basis of plane waves kmax = 4.0 a.u.–1 corre�
sponded to ~170 basis functions per atom. Eigenvalues
of the Hamiltonian were calculated in 14 k points of
the IPBZ of the HCP structure and in 10 k points of
the IPBZ of the FCC structure at each self�consis�
tence iteration. The self�consistence procedure of the
electron density was performed until the convergence
of the total energy no worse than 0.001 meV, which
corresponded to convergence of the charge density no
worse than 1 × 10–7 e/a.u.3, was attained. Computa�
tional cells for pure Zr contained 16 atoms and for the
Zr–He system, they additionally contained one
helium atom.
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3. RESULTS AND DISCUSSION

It is known that pure zirconium has the HCP struc�
ture under standard conditions. Our calculations of
the total energy of the Zr–He system showed that in
the presence of ~6 at % helium impurity, the HCP lat�
tice of Zr remains most stable among all ones that can
occur for this metal. It is also found that with the He

concentration under consideration, the FCC lattice of
Zr with the helium atom in the octahedral interstice
can be implemented. The difference of total energies
of HCP and FCC lattices of He with the helium atom
in the octahedral interstice was ~0.001 eV/atom by the
results of our calculations. Starting from this fact, we
selected three systems as the objects for investigations:
the HCP zirconium with the octahedral and tetrahe�
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Fig. 1. Density of electron states N(E) of (a) pure HCP Zr and the Zr–He system with (b) tetrahedral and (c) octahedral coordi�
nation of the He atom in the HCP lattice of metal. The total density of electron states (Total), the local density of electron states
in the interatomic region (Int) and in MT spheres of zirconium and helium atoms as well as partial densities of states of s, p, and
d type are shown.
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dral site of helium as well as FCC Zr with the He atom
in the octahedral interstice.

Density of Electron States

Our calculated DES curves for pure HCP Zr and
the Zr–He for various sites of helium atoms in the
FCC lattice of metal are shown in Fig. 1. It is seen that
the results found for pure metal agree well with the
data of studies [16, 17]. We can conclude from the
analysis of the total DES that the following occurs due
to the incorporation of helium into the tetrahedral
pore and octahedral pore of the metal lattice:

(i) a narrow (~1.0 eV wide) band of s states of He
separated from valence states of metal by a gap of
~12.0 eV appears below the conduction band bottom;

(ii) the width of the conduction band of Zr
decreases by approximately 0.2 eV;

(iii) DES at the Fermi level of systems with the tet�
rahedral and octahedral coordination of helium atoms
increases by approximately 5.5 states/eV cell relative
to DES for pure zirconium. The last circumstance
indicates the higher degree of metallicity of the Zr–He
system compared with pure Zr.

It is seen from the analysis of local DESs that the
larger part of the valent charge density of metal is
located in the interatomic region. Our calculations
show that the incorporation of helium increases the
valent charge in the interatomic region of the compu�

tational cell by 0.75e. An increase in lattice parameters
of Zr, which is caused by the incorporation of helium,
leads to a decrease in the valent charge in MT spheres
of metal by 0.02e. The valent charge in MT spheres of
Zr atoms nearest to the helium atom (atoms of the first
coordination sphere) increases by 0.05e at the back�
ground of this decrease.

It is also seen from Fig. 1 that the presence of
helium atoms noticeably varies partial DESs in MT
spheres of Zr nearest to the helium atom. For example,
a considerable p�type peak caused by the propagation
of “tails” of 1s state of helium into the MT sphere of
metal appears in the vicinity of energy of ~–19 eV. It is
noteworthy that partial DESs of zirconium atoms
arranged in the second coordination sphere of helium
(Fig. 2) do not contain this peak. The p states, which
are apparently the “tails” of d states of Zr atoms, are
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observed in the energy region from –6.0 to 3.0 eV in
the MT sphere of helium. The DES peak generated by
2s states of helium is present above 3.0 eV in MT
sphere of helium.

Figures 3 and 4 shows DES curves for pure FCC Zr
and the Zr–He system with the octahedral arrange�
ment of helium atoms in the FCC lattice of metal. It is
seen that the impurity changes the electronic structure
of the FCC metal similarly to the case of the HCP lat�
tice. The only difference is that the width of the con�
duction band of Zr decreases by 0.16 eV, while its DES
at the Fermi level increases by 1.3 states/eV cell.

Charge Density

We calculated spatial distributions of the charge
density for pure Zr and the Zr–He as well as their dif�
ference for some crystallographic planes. Figure 5
shows the computational cell of the HCP structure of
the Zr–He system and three planes p1, p2, and p3 that
we considered, which are parallel to base plane (0001)

of the HCP structure. Figures 6 and 7 represent the
distributions of the charge density of pure Zr and the
Zr–He system in the HCP structure with the tetrahe�
dral and octahedral coordination of the impurity
helium atom. Figures 6a, 6d, 6g, 6j; 6b, 6e, 6h, 6k; and
6c, 6f, 6i, 6l show charge densities in planes p1, p2, and
p3, respectively. Figure 6e represents the sites of helium
atoms as well as the projections of sites of zirconium
atoms of the first and second coordination spheres.
Figures 7a, 7c, 7e and 7b, 7d, 7f show charge densities
in planes p1 and p3, respectively. Figure 7b shows the
sites of zirconium atoms of the first and second coor�
dination spheres as well as the projection of the site of
the helium atom. It is seen from the analysis of the
results presented in Figs. 6a–6f and 7a, 7b that the
incorporation of helium causes a noticeable variation
in the charge density of the system. To analyze this
variation in more detail, Figs. 6g–6i and 7c, 7d repre�
sent the negative values of the difference of densities
Δρ(r) = ρZr–He(r) – ρZr(r) – ρHe(r), while Figs. 6j–6l
and 7e, 7f represent the positive ones. It is seen from
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hedral interstices, respectively; and c is the parameter of
the computational cell along axis z.
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Figs. 6g–6i and 7c, 7d that entering the tetrahedral or
octahedral interstice of the HCP lattice of Zr, helium
forces out electrons of metal from there and leads to a
decrease in the charge density in MT spheres of Zr
atoms of the second coordination sphere and in the
interatomic space surrounding them. A significant
nonuniformity of redistribution of the charge density
is observed in MT spheres of Zr atoms of the first coor�
dination sphere. It is seen from Figs. 6j–6l and 7e, 7f
that an increase in the charge density occurs mainly in
the region of the first coordination sphere of the
helium atom.

Figure 8 shows the charge density distribution of
the FCC structure of pure Zr and the Zr–He system
with the octahedral coordination of the helium atom
calculated in the plane passing both Zr atoms and He
atoms. Figure 8b shows the sites of the helium atom
and zirconium atoms of the first coordination sphere
as well as projections of sites of Zr atoms of the second
coordination sphere. It is seen from Figs. 8a and 8b
that the incorporation of helium causes a noticeable
redistribution of the charge density of the system. Fig�
ures 8c and 8d represent the negative and positive dif�
ferences of densities Δρ(r), respectively. It is seen that

entering the octahedral interstice of the FCC lattice of
Zr (Fig. 8c), the helium atom forces out electrons of
metal from the region occupied by them and leads to a
decrease in the charge density in octahedral interstices
nearest to it. A very large redistribution nonuniformity
of the charge density is observed in MT spheres of Zr
atoms of the first coordination sphere. Fig. 8d shows
that an increase in the charge density occurs mainly in
the region of the first coordination sphere of the
helium atom and in empty octahedral interstices of the
second coordination sphere.

Skeleton Shifts

Binding energies of skeleton levels of components
of various compounds are widely used to interpret the
results of physicochemical processes [18–22]. These
energies are determined experimentally using X�ray
photoemission spectroscopy (XPES) or other spectro�
scopic methods. The set of binding energies specific
for each atom makes it possible to determine the
chemical composition of the material, and we can
judge the chemical state of atoms and their site in the
lattice of the host substance by the shift of skeleton lev�
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Fig. 6. Distribution of charge density ρ(r) of the HCP structure of pure Zr and the Zr–He system with the tetrahedral coordina�
tion of the He atom. (a–c) Charge densities ρZr(r) of pure Zr, (d–f) charge densities ρZr–He(r) of the Zr–He system, and (g–i)
negative and (j–l) positive values of the difference of valent densities Δρ(r).



1014

PHYSICS OF THE SOLID STATE  Vol. 56  No. 5  2014

LOPATINA et al.

els since the variation in the electron state of the atom
upon its incorporation into the crystal changes the
energies of even deeper levels [23].

In this study, we calculated in a self�consistent
manner not only the energy spectra of valent electrons
of pure Zr and the Zr–He system but also the energies
of skeleton levels of metal atoms. This allowed us to
calculate chemical shifts δEZr of skeleton states of Zr
atoms caused by the presence of helium in the metal
lattice. The magnitude of these shifts was determined
as the difference

where  and EZr are the energies of skeleton lev�
els of Zr atoms of the Zr–He system and pure metal,
respectively. Table 1 represents the energies of skeleton
levels of Zr atoms in the HCP lattice of the Zr–He sys�
tem and pure metal as well as the shifts of these levels
caused by the incorporation of helium atoms. Digits 1

δE
Zr

EZr–He
Zr

EZr,–=

EZr–He
Zr

and 2 denote the types of Zr atoms of the first coordi�
nation sphere of He. First�type atoms are arranged in
a vertex of impurity�containing tetrahedron, while
second�type atoms form its basis. It is seen from Table
1 that due to the incorporation of helium atoms, skel�
eton levels of Zr atoms are shifted to higher binding
energies (all skeleton shifts have negative values). In
the case of the tetrahedral site of the helium atom, the
magnitude of skeleton shifts for the first�type Zr atoms
has values in a range from –0.25 to –0.27 eV, and only
4s state shifts by –0.36 eV. Shifts for second�type atoms
lie in a range from –0.033 to –0.35 eV. With the octa�
hedral coordination of the He atom, skeleton shifts for
the first�type Zr atoms lie in a range of approximately
from –0.16 to –0.18 eV, while for the second�type
atoms—in a range from –0.13 to –0.15 eV. Skeleton
shifts for Zr atoms of the second coordination sphere
in the case of the tetrahedral coordination of the He
atom lie in ranges (–0.28, –0.30) and (–0.31, –0.34)
eV, while for the octahedral coordination—in ranges
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Fig. 7. Distribution of charge density ρ(r) of the HCP structure of the Zr–He system with the octahedral coordination of the
helium atom. (a, b) Charge densities ρZr–He(r) of the Zr–He system, and (c, d) negative and (e, f) positive values of the difference
of valent densities Δρ(r).



PHYSICS OF THE SOLID STATE  Vol. 56  No. 5  2014

ELECTRONIC STRUCTURE OF THE Zr–He SYSTEM 1015

(–0.13, –0.15) and (–0.15, –0.17) eV for the first�
type and second�type atoms, respectively.

Table 2 represents the data for the FCC structure
similar to those presented in Table 1. Similarly to the
previous case, digits 1 and 2 denote types of Zr atoms.
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Fig. 8. Distribution of charge density ρ(r) of the FCC structure of (a) pure Zr and (b) the Zr–He system with the octahedral coor�
dination of the helium atom; (c) negative and (d) positive values of the difference of valent densities Δρ(r).

Table 1. Energies of skeleton levels of Zr atoms in HCP lattices of the Zr–He system and pure metal as well as the shifts of
these levels caused by the presence of He atoms

Skeleton
level

, eV

EZr, eV

δEZr, eV

Tetra Octa Tetra Octa

1 2 1 2 1 2 1 2

1s2 –17800.2863 –17800.3679 –17800.2047 –17800.1720 –17800.027 –0.2593 –0.3409 –0.1777 –0.1450

2s2 –2451.3348 –2451.4083 –2451.2586 –2451.2096 –2451.079 –0.2558 –0.3293 –0.1796 –0.1306

2p2 –2242.4629 –2242.5364 –2242.3840 –2242.3378 –2242.207 –0.2559 –0.3294 –0.1770 –0.1308

2p4 –2156.6219 –2156.6954 –2156.5430 –2156.4967 –2156.366 –0.2559 –0.3294 –0.1770 –0.1307

3s2 –367.5962 –387.6533 –387.4955 –387.4547 –387.321 –0.2752 –0.3323 –0.1745 –0.1337

3p2 –309.8478 –309.9050 –309.7444 –309.7036 –309.570 –0.2778 –0.3350 –0.1744 –0.1336

3p4 –296.1823 –296.2394 –296.0816 –296.0408 –295.907 –0.2753 –0.3324 –0.1746 –0.1338

3d4 –159.1457 –159.2056 –159.0478 –159.0042 –158.871 –0.2747 –0.3346 –0.1768 –0.1332

3d6 –156.6505 –156.7076 –156.5498 –156.5062 –156.375 –0.2755 –0.3326 –0.1748 –0.1312

4s2 –37.7095 –37.6986 –37.5027 –37.4918 –37.345 –0.3645 –0.3536 –0.1577 –0.1468

Tetra is the tetrahedral coordination of the helium atom in the HCP lattice of Zr and octa is the octahedral coordination of the helium
atom in the HCP lattice of Zr.

EZr–He
Zr



1016

PHYSICS OF THE SOLID STATE  Vol. 56  No. 5  2014

LOPATINA et al.

With the octahedral coordination of the He atom,
skeleton shifts for the first�type and second�type Zr
atoms have close values lying in a range from –0.28 to
–0.30 eV. Magnitudes of skeleton shifts for the atoms
of the second coordination sphere lie in ranges (–0.24,
–0.26) and (–0.27, –0.29) eV for the first�type and
second�type atoms, respectively.

Thus, we can see that the shifts of skeleton levels of
Zr noticeably depend on the site of the helium atom in
the HCP lattice of metal. With the tetrahedral site of
the impurity, these shifts are twofold larger than for the
octahedral site. Measuring these shifts experimentally,
we can judge the impurity site in the HCP lattice of
metal. In addition, occurring differences in the mag�
nitude and character of skeleton shifts for two crystal�
line structures that we considered should be noted. For
example, skeleton shifts for the octahedral site of the
helium atom in FCC and HCP lattices differ from one
another more than by a factor of 1.5 (–0.28 eV against
–0.17 eV). In the case of the tetrahedral site of He in
the HCP lattice, the difference is in the character of the
shifts. With the tetrahedral site of He, skeleton shifts
have two characteristic values –0.26 and –0.34 eV. As
for the octahedral site, skeleton shifts are character�
ized by the value of –0.28 eV. This fact in totality with
the photoemission data can allow us to judge the pres�
ence of regions (grains) in Zr crystals having different
crystalline structure due to the implantation of
helium.

4. CONCLUSIONS

Thus, the self�consistent calculation of the elec�
tronic structure of pure zirconium and the Zr–He sys�
tem was performed in terms of the density functional

theory. Densities of electron states are calculated both
for pure metal and for metal with impurity. It is shown
that the states lying below the valence band bottom,
which are localized at the He atom, occur in the elec�
tron spectrum of the Zr–He system. It is found that
the incorporation of helium leads to an increase in the
density of electron states of metal at the Fermi level.
The analysis of calculated distributions of the charge
density showed that entering the zirconium crystal,
the helium atom causes considerable anisotropic
redistribution of electron density of metal. Chemical
shifts of skeleton states of Zr atoms caused by the pres�
ence of He in the metal lattice are calculated. These
data in combination with the XPES data can be used
to determine the site of helium atoms in the zirconium
lattice.
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