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1. INTRODUCTION 

It is known that Group IVB metals (titanium, zir�
conium, and hafnium) have been widely used for vari�
ous technological applications. Titanium has the best
strength�to�weight ratio and high corrosion resis�
tance. Consequently, this metal has been widely used
in the aerospace and automotive industries, as well as
in medicine. Zirconium, hafnium, and their alloys
have been actively used in the atomic industry and
nuclear power engineering. The presence of hydrogen
in Group IVB metals and their alloys is one of the fac�
tors responsible for the degradation of these materials
during operation. Since these metals have a good
affinity to hydrogen, they are characterized by a high
capacity for its absorption. Their hydride phases are
quite easily formed, which leads to a significant dete�
rioration of the mechanical properties [1, 2]. The
hydrides formed based on Group IVB metals exhibit a
set of interesting physical properties, and their phase
transformations differ from those observed in these
metals [3]. The electronic structure and physico�
chemical properties of both pure Group IVB metals
and their hydrides have been intensively investigated
using theoretical methods [4–15]. Although hydrogen
in metals has been studied since the beginning of the
last century [1, 2], some aspects of its interaction with
metals are still not clearly understood. In a number of
studies [16–21], it was shown that the solubility of
hydrogen in transition metals can be increased by their

alloying, which is associated with the trapping of
hydrogen by impurity atoms. At the same time, there
are contradictory experimental data on the influence
of impurities of simple metals on the solubility of
hydrogen in metals [17, 18]. A detailed theoretical
investigation of the influence of impurities of simple
and transition metals on the solubility of hydrogen in
titanium was performed by Hu et al. [14] using the lin�
ear muffin�tin (MT) orbital method (LMTO) [22].
These authors concluded that simple metals repel
hydrogen, whereas transition metal atoms with smaller
ionic radii than those of the matrix atoms attract
hydrogen. It was also shown that hydrogen prefers to
occupy tetrahedral (T) positions in titanium. The dif�
ference in the total energies for the systems with
hydrogen in the tetrahedral and octahedral (O) posi�
tions is equal to ~2.0 eV. At the same time, in other
theoretical studies, for example, in [13, 15], the octa�
hedral configuration for hydrogen was found to be
more preferable than the T position. 

It is known that, in the literature, the preferred
position of hydrogen in Group IV metals remains con�
troversial. Hempelmann et al. [23] performed a com�
parison of the experimental results for Group IVB
metals with the previously obtained data for dihydrides
and came to the conclusion that hydrogen predomi�
nantly occupies octahedral positions in α�Ti and tetra�
hedral positions in zirconium. At the same time, for
titanium at approximately the same temperature as in
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[23], Khoda�Bakhsh and Ross [24] revealed only a
single peak, which was attributed by these authors to
hydrogen in tetrahedral positions. It should be noted
that, in the theoretical studies [25–27] performed by
different methods, it was also shown that hydrogen
prefers to occupy octahedral positions, and the differ�
ence between the energies in this case lies in the range
from 0.076 to 0.520 eV. 

The purpose of this work was to perform a compar�
ative study of the hydrogen absorption in Group IVB
metals and the mechanisms of interaction of hydrogen
with substitutional impurities of simple and transition
metals. 

2. COMPUTATIONAL METHOD 

The electronic structure of Group IVB metals in
the hexagonal phase was calculated using the projec�
tor�augmented�wave (PAW) method [28, 29] imple�
mented in the VASP computer code [30, 31] with the
generalized gradient approximation proposed by Per�
dew, Burke, and Ernzerhof for the exchange�correla�
tion functional (GGA�PBE) [32]. The cutoff energy
for plane waves was 600 eV. The convergence in the
total energy was considered to be achieved when the

difference between the total energies for two successive
iterations did not exceed 10–5 eV. The integration over
the Brillouin zone was performed on a Γ�centered 9 ×
9 × 9 k�point mesh [33]. The atomic positions were
relaxed until the forces of no more than 0.01 eV/Å at
the atoms were achieved. 

In the calculations, we used a 2 × 2 × 1 supercell
that, as in [14], contained eight titanium atoms, one of
which was later replaced by an impurity atom. It is
known that the computational cell can be optimized
by several methods. In this regard, it was interesting to
compare the results obtained after the optimization of
the cell volume with the results of the calculations that
included the relaxation of atomic positions with
retaining the shape of the crystal. In the latter case, the
procedure of optimizing the cell volume and atomic
positions was repeated several times until the neces�
sary criteria for the convergence were achieved. In
addition, the optimization was performed both for the
unit cells containing two metal atoms and for the
enlarged cells. Along with the relaxation of atomic
positions, this optimization included the change in the
shape of the crystal. The theoretical lattice parameters
calculated for metals in the latter case were in good
agreement with the experimental data (Table 1). The
octahedral position of hydrogen had the coordinates
(2/3, 1/3, 1/4), and the initial coordinates for hydro�
gen in the T position were the same as in [14]: (5/6,
1/6, zT), where zT = a2/(12c2). The impurity atom
occupied the position closest to the hydrogen atom, as
is shown in Fig. 1. 

The binding energy of hydrogen in the metal matrix
was calculated according to the formula 

(1)

where N is the number of positions in the supercell, X
is the substitutional impurity, I is the interstitial impu�
rity, E(N, X) is the total energy of the system with the
substitutional impurity, E(N, X, H) is the total energy
of the system with the substitutional and interstitial
impurities, and E(I) is the total energy of an isolated
atom of the interstitial impurity. The absorption
energy was calculated using the formula similar to
expression (1). In this case, instead of the energy of the
hydrogen atom, we calculated half of the total energy
of the hydrogen molecule. Thus, the absorption
energy of hydrogen in metals differs from the binding
energy of hydrogen by half of the binding energy of
hydrogen atoms in the H2 molecule. 

The interaction energy of hydrogen with an impu�
rity atom was calculated according to the formula 

(2)

where E(N) is the total energy of the cell with atoms of
the studied metal. 

Eb E N X I, ,( ) E N X,( ) E I( ),––=

ΔE E N X I, ,( ) E N( )+[ ] E N X,( ) E N I,( )+[ ],–=

Table 1.  Lattice parameters of Group IV metals in the hex�
agonal structure

Metal Ti Zr Hf

a, Å 2.921 3.237 3.192

c/a, Å 1.586 1.595 1.581

a, experiment [34] 2.945 3.23 3.20

c/a, experiment [34] 1.588 1.593 1.582

O
T

Fig. 1. Octahedral (O) and tetrahedral (T) positions of
hydrogen in the hexagonal lattice of Group IVB metals.
Gray and white balls indicate metal atoms and impurity
atoms, respectively. 
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The relative change in the cell volume of a Group
IVB metal upon doping with different metals was esti�
mated from the formula 

(3)

where V(N, X) is the volume of the cell containing the
substitutional impurity and V(N) is the cell volume of
the metal matrix. The relative increase in the cell vol�
ume upon hydrogen sorption was calculated according
to a similar formula. 

3. RESULTS AND DISCUSSION 

3.1. Binding and Absorption Energies of Hydrogen
in Group IVB Metals 

Table 2 presents the binding and absorption ener�
gies of hydrogen atoms in the metal matrix according
to the calculations for the 2 × 2 × 1 cell. It can be seen
that the binding energy of hydrogen atoms in the octa�
hedral positions is greater in magnitude than that in
the tetrahedral positions. Recall that the higher abso�
lute value of the binding energy means a stronger bond
in the metal matrix. In the case of zirconium, the
binding energies of hydrogen in the two positions are
almost equal to each other, whereas in hafnium, the
sorption of hydrogen in tetrahedral positions is prefer�
able. It should be noted that, in the second optimiza�
tion model, the ratio c/a is equal to the experimental
value and does not change during the relaxation. For
titanium, the difference in the binding energies of
hydrogen in the O and T positions is equal to ~0.15 eV.
This value is in the range of values obtained in earlier
works: it is larger than the value obtained in [26] but is
smaller than the value calculated in [27]. It can be seen
from Table 2 that, in Group IV metals, the binding and
absorption energies of hydrogen in two positions,
respectively, are very close to each other. The inclusion
of the zero�point vibrational energies of hydrogen
atoms in the molecule and in the metal does not affect
the revealed trends. In this case, the corrections of 0.12
and 0.03 eV for hydrogen atoms in the T and O posi�
tions in titanium are in good agreement with the
results obtained using the PAW–GGA method in [13]. 

Let us consider the results obtained in the experi�
mental studies [23, 24, 35]. In [35], it was shown that

ΔV N X,( )
V N X,( ) V N( )–

V N( )
�������������������������������= ,

hydrogen in ZrH2 contributes to the vibrational spec�
trum at an energy of 137 meV. In [23], it was found that
the vibrational spectrum of α�Zr exhibits a peak at an
energy of 143.1 meV. Since hydrogen in zirconium
dihydride occupies tetrapores, the authors of [23] con�
cluded that, in pure zirconium, hydrogen is also
embedded in the T positions. A more complex situa�
tion is observed in titanium, because the vibrational
spectrum of α�Ti at a temperature of 326°C contains a
broad double peak with maxima at energies of 105.5
and 162.0 meV [23]. Since, for the mixed (α + δ)
phase, there is only a single narrow peak at an energy
of 150.5 meV, which can be attributed to hydrogen in
the T position, the authors of [23] assumed that a
greater part of the hydrogen atoms occupy the octahe�
dral positions. In this context, the results of the present
study on the hydrogen sorption in titanium agree with
the experiment [23]. At the same time, in [24], it was
found that, at approximately the same temperature
(315°C), the vibrational spectrum of titanium con�
tains only one peak at an energy of 141 meV, and an
increase in the temperature to 715°C leads to the
appearance of a broader peak with maxima at energies
of 120, 141, and 171 meV, one of which at an energy of
141 meV was attributed to the T position, while the
other two peaks were assigned to the vibrations of
hydrogen atoms in a distorted T position in titanium
with a body�centered cubic (bcc) phase. These con�
clusions were drawn based on the comparison with the
results obtained for palladium with optical modes at
energies of 68.5 meV [36], which was attributed to
hydrogen in octapores. Reasoning from the evaluation
of bond lengths, the authors of [24] assumed that, in
the case of titanium, the vibrational modes of hydro�
gen in octapores should be at lower energies as com�
pared to palladium. It should be noted that the situa�
tion with hydrogen in palladium is still a matter of
debate [37]. In the theoretical study [13], the results
obtained in [24] were reinterpreted and assigned to
vibrations of hydrogen atoms in both positions. 

It should be noted that another well�known inter�
stitial impurity, namely, helium, prefers to occupy tet�
rahedral positions in zirconium, as was shown in [38],
and the difference between the binding energies in the
two positions is ~0.11 eV. In [38], the calculations were
carried out using the linear augmented�plane�wave
method implemented in the FLEUR code [39].

Table 2.  Binding energies Eb and absorption energies Eabs of hydrogen atoms located at different positions in Group IVB
metals according to the data obtained after the optimization of the cell volume and after the additional relaxation of the
atomic positions (in parentheses)

Metals
Eb, eV Eabs, eV

O position T position O position T position

Ti –2.65 (–2.71) –2.42 (–2.55) –0.38 (–0.44) –0.15 (–0.28)

Zr –2.64 (–2.67) –2.59 (–2.67) –0.37 (–0.40) –0.32 (–0.40)

Hf –2.51 (–2.56) –2.51 (–2.60) –0.24 (–0.29) –0.24 (–0.33)
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Almost the same binding energies of helium in zirco�
nium (3.14 and 3.04 eV) for the O and T positions,
respectively, were obtained using the PAW–PBE
method in our work after the optimization of only the
cell volume, and significantly lower values of 2.70 and
2.33 eV for the O and T positions, respectively, were
obtained taking into account the optimization of the
atomic positions. In the authors’ opinion [40], since
helium is an inert gas with a filled electron shell, it can
mechanically more easily penetrate between four
atoms into the T position than into the O position sur�
rounded by six atoms. This conclusion is confirmed by
our calculations of the mechanical contribution to the
binding energy, which almost completely determines
this energy and can be calculated as the difference
between the energy of the system, from which the
interstitial impurity atom was removed after the relax�
ation, and the energy of the equilibrium lattice of pure
metal. In the case of hydrogen in titanium, the
mechanical contribution to the binding energy,
according to our calculations, is small enough and
equal to 0.06 eV for the O position and 0.09 eV for the
T position. The values of the same order of magnitude
were obtained for other Group IV metals. Thus, the
main contribution to the interaction of hydrogen with
the metal matrix is a chemical contribution. Details of
the calculations associated with the determination of
different contributions to the energetics of the bond�
ing of interstitial impurities in the metal matrix were
described in [41]. For the formation of a strong bond,
the more energetically favorable position of hydrogen
is located closer to the metal. 

The estimation of the pore radii for the incorpora�
tion of hydrogen into Group IV metals demonstrates
that the octapore radius RO is equal to 0.75–0.82 Å,
whereas the tetrapore radius RT varies in the range
from 0.45 to 0.51 Å. According to the theoretical data
[13], hydrogen accepts approximately 0.7–0.8 elec�
tron from titanium atoms. Recall that the covalent and

ionic radii of hydrogen are equal to 0.32 and 0.54 Å,
respectively. It is obvious that, structurally, hydrogen is
more easily embedded in the O position. 

The length of the hydrogen bond with titanium in
TiH2 is estimated as 1.91 Å, whereas the distances from
the centers of the tetrapore and octapore are equal to
1.79 and 2.07 Å, respectively. This also indicates that
hydrogen atoms are difficult to occupy the T positions
in titanium, but the incorporation of hydrogen atoms
into these positions in zirconium and hafnium occurs
more easily, because their volume increases by more
than 30%. Since the introduction of hydrogen into any
position in the metal leads to an expansion of the lat�
tice, the subsequent sorption into the T position
becomes easier. An increase in the temperature results
in an expansion of the crystal, which also favors the
incorporation of hydrogen into the tetrapore. 

In conclusion, we emphasize that the difference in
the binding energies of hydrogen in the O and T posi�
tions decreases from 0.15 to 0.03 eV, when the calcu�
lation is performed for the titanium cell volume
increased by 10%. Since the direct determination of
the hydrogen positions in materials from the experi�
ment is complicated, in the first�principles calcula�
tions the procedure of optimizing the computational
cell and the use of the approximation for the
exchange�correlation functional are of fundamental
importance. 

The total electron densities of states of the studied
metals with hydrogen in two sorption positions are
shown in Fig. 2. It can be seen that, in pure metals, the
Fermi level lies in the valley between two density�of�
states peaks, which is consistent with earlier calcula�
tions [6–8]. Regardless of the hydrogen sorption posi�
tion, the density�of�states curves for all metals near
the bottom of the valence band of the metal demon�
strate a split�off band located at an energy of approxi�
mately –7 eV. The appearance of these small density�
of�states peaks is caused by the interaction of the s and
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Fig. 2. Total densities of states of Group IVB metals with hydrogen in the O positions (upper panels) and the T positions (lower
panels) in comparison with the densities of states in pure metals. 
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d states of the metals with the s orbitals of hydrogen.
Since an additional electron appears in the system, the
electron densities of states are shifted deeper under the
Fermi level EF, which leads to an increase in the num�
ber of electron states at the Fermi level EF. 

3.2. Influence of Impurities on the Hydrogen Sorption
in Metals 

The dependences of the absorption energy of
hydrogen in metals for both positions on the type of
substitutional impurity are shown in Fig. 3. As in [14],
substitutional impurities in our case were 3d transition
metals and simple metals, such as Al, Si, Ga, and Ge.
Recall that the more negative absorption energies
mean a better solubility of hydrogen in the material. It
can be seen that the obtained curves strongly depend
on the method used for optimizing the lattice. The
absorption energy of hydrogen in the octahedral posi�
tions of titanium is greater in magnitude than that in

the tetrahedral positions. This tendency is retained for
all the aforementioned impurities. After the optimiza�
tion of only the titanium cell volume (Fig. 3a), the
maximum absorption energies correspond to elements
of the end of the 3d period (Ni, Cu). However, this
tendency changes after the relaxation of atomic posi�
tions (Fig. 3b). In this case, the maximum hydrogen
sorption energies are observed in titanium alloyed with
elements of the middle of the 3d period (Mn, Fe).
Similar tendencies were also revealed in the case of
zirconium and hafnium. Since the hydrogen sorption
energies in the considered positions of these metals are
approximately equal to each other, the impurities sig�
nificantly affect the preferred hydrogen sorption posi�
tions. As can be seen from Figs. 3c and 3d, impurities
of simple metals decrease the absolute value of the
hydrogen sorption energy in the T positions of the
metals, whereas for manganese and iron impurities,
the absorption in the O positions becomes more pref�
erable as compared to the T positions. 
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Fig. 3. Influence of impurities on the absorption energy of hydrogen in the octahedral and tetrahedral positions in Group IVB
metals, namely, in (a) titanium after the relaxation of the cell volume and (b) titanium, (c) zirconium, and (d) hafnium after the
optimization of atomic positions and the relaxation of the cell volume. 
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3.3. Interaction Energy of the Impurity with Hydrogen 

Let us now discuss the results of calculations of the
interaction energy between hydrogen and impurity
atoms in the metal matrix. It can be seen from Fig. 4
that, for all Group IV metals alloyed with simple met�
als, the interaction energy takes on positive values,
regardless of the hydrogen sorption position. This
indicates the repulsion between the hydrogen atoms
and the atoms of simple metals. In the case of alloying
with transition metals, the interaction energy of the
impurity with hydrogen is predominantly negative for
both positions of the hydrogen atom in the matrix, and
the minimum of the curve also corresponds to the
middle of the 3d period. The negative interaction
energy suggests that transition metals attract hydrogen
in both the octahedral and tetrahedral positions. At
the same time, in [14], the negative interaction ener�
gies were obtained only for hydrogen in the tetrahedral
positions, except for scandium and zinc, whereas the
positive values of ΔE (except for scandium) corre�
sponded to hydrogen in the octahedral positions. It
should be noted that, in [14], the dependences of the

hydrogen–impurity interaction energy in titanium
had the form of a parabola for the T positions and an
inverse parabola for the O positions. In our case, the
corresponding dependence, most likely, has a V�
shaped form, as in [42], where the author considered
the influence of impurities on the oxygen sorption in
titanium. 

In [16, 21], it was suggested that one of the reasons
for the trapping of hydrogen by impurity atoms is the
difference in the sizes of the impurity atom and the
matrix atom. If the size of the impurity atoms is
smaller than that of the matrix atoms, the crystal is
subjected to stresses and, according to the Matsumoto
theory [21], hydrogen tends to occupy sites so as to
decrease the stress fields. Meanwhile, if the impurity
atoms have large sizes, the interstitial sites nearest to
the impurities also become larger in size, which is
favorable for hydrogen sorption. It is known that the
hydrogen sorption energy increases in the positions
located close to vacancies or at the grain boundaries
where there is a more space for hydrogen than in the
metal matrix [19, 43]. The incorporation of impurity
atoms or hydrogen into the crystal structure of the
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metals causes its deformation and leads to a change in
the cell volume (Fig. 5). In particular, the incorpora�
tion of hydrogen into the metal lattice favors its expan�
sion, and the effect exerted on the change in the vol�
ume of the lattice by different alloying impurities is
determined by the ratio of their size to the size of the
matrix atoms. Consequently, when the cell simulta�
neously contains a hydrogen atom and an impurity
atom with the size smaller than the size of the matrix
atom, the internal stress fields are partially compen�
sated. It can also be seen from Fig. 5 that the lattice
volume changes more significantly in the case of the
hydrogen sorption in the T position. Therefore,
according to the Matsumoto theory [21], hydrogen
should prefer the T position in the case of impurities
with the size smaller than the size of the matrix atom,
but, on the other hand, hydrogen is easily embedded in
the O position, where the interstitial site has a larger
size. In hexagonal close�packed (hcp) metals, the vol�
ume of tetrahedra is two times smaller than that of the
octahedra. The maximum change in the lattice vol�
ume is caused by chemical elements of the middle of
the 3d period, which correlates with the results of the

calculation of the interaction energy of hydrogen with
the impurity. This behavior is consistent with that
observed previously in [14] for hydrogen in the T posi�
tion and can be explained in terms of the model pro�
posed in [21]. At the same time, large changes in the
volume are also observed in the case of simple metals,
which is in disagreement with the energies of their
interaction with hydrogen. 

3.4. Influence of Hydrogen and Impurities 
on the Electronic Structure of Metals 

Using zirconium as an example, we consider the
change in the electronic structure of metals due to
alloying and/or hydrogen sorption. The total densities
of states of pure zirconium, transition metal impuri�
ties, and impurities of simple metals are shown in
Fig. 6. It can be seen that the alloying with impurities
of transition metals, which have a valence higher than
the valence of titanium, leads to a decrease in the
number of unoccupied states and to an increase in the
number of bonding states below the Fermi level, which
is caused by the filling of the d band of the metals in the
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series V–Fe–Ni. Although the contribution from sim�
ple metals to the total density of states of Group IVB
metals is significantly less than the corresponding con�
tribution from 3d metals, the observed change in the
total density of states in this case is more pronounced.
The appearance of small peaks below the bottom of
the valence band of zirconium is mainly caused by the
states of simple metals. Similar peaks were observed in
metals with hydrogen (Fig. 2). At the same time, a

simple metal containing only the s and p states cannot
compensate the loss of the contributions from the d
states to the electron density of states due to the
replacement of one of the zirconium atoms by this
metal. Recall that the structure of the density of states
of transition metals is predominantly formed by the d
states. 

Figure 7 shows the local electron densities of states
of transition metals and hydrogen in the Zr–X–H and
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Fig. 7. Local densities of states of the transition metal impurities and hydrogen (in the insets) for the systems Zr–X–H (solid lines)
and Zr–X (dashed lines). Hydrogen is in the T position. 
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Zr–X systems, where hydrogen atoms occupy the T
positions. It can be seen that there are small peaks
induced by the hydrogen–impurity interaction, which
are located in the energy range from –7.0 to –6.0 eV,
where there is the valence band of hydrogen (insets in
Fig. 7). Moreover, there is a small shift of the valence
states of the metal toward the negative energies due to
the interaction of the impurity with the hydrogen s
states, which leads to an increase in the electron den�
sity of states at the Fermi level EF. It can also be seen
from Fig. 7 that the impurity has a weaker effect on the
position of the valence band of hydrogen (insets in
Fig. 7), because the hybridization between the orbitals
of hydrogen and the impurity in this case is similar to
the hybridization of the hydrogen and zirconium
states. The above tendency is also observed in the case
of titanium and hafnium. The results of our calcula�
tions for titanium are in good agreement with the
results obtained in [14] using the linear muffin�tin
orbital atomic�sphere approximation (LMTO–PAS)
method. The results presented in Figs. 6 and 7 allow us
to conclude that the change in the electronic structure
of the Me–X and Me–X–H systems is less pronounced
upon alloying with transition metals. In this regard,
the results obtained for zirconium and hafnium con�
firm that the electronic factor is not decisive for the
explanation of the trapping of hydrogen by an impurity
transition metal atom, as was noted in [14] based on
the calculations of the Ti–H system. 

A somewhat different situation occurs with simple
metals. The local electron densities of states of simple
metals and hydrogen in the Zr–X and Zr–X–H sys�
tems are shown in Fig. 8. It can be seen that the
hybridization of the s and p orbitals of a simple metal
with the hydrogen s orbitals leads to a splitting of the
low�lying states. These states have predominantly the
s character, whereas the states lying above –4.0 eV are
mainly the p states, which follows from the calcula�
tions of the partial densities of states. Since the struc�
ture of the electronic states of simple and transition

metals has been discussed many times in the literature,
we do not present their partial densities of states. It
should be noted that the s and p states of simple metals
are shifted in opposite directions due to the interaction
with hydrogen. As can be seen from Fig. 8, the states of
a simple metal in the Zr–X systems with Al and Ga lie
higher than the hydrogen states in the Zr–H system.
Consequently, the hybridization leads to the appear�
ance of a split peak in the density�of�states curves, one
component of which is shifted toward lower energies,
where there is a peak of hydrogen in pure zirconium.
In the case of Si and Ge (the latter is not shown in
Fig. 8), their states are located slightly lower than
those of hydrogen. Hence, upon hybridization, the
density�of�states curves of the metal contain an addi�
tional peak due to the interaction with hydrogen,
whereas the density�of�states curves of hydrogen
exhibit a new small peak shifted toward negative ener�
gies. In general, this behavior of the states of hydrogen
and a simple metal almost does not depend on the
hydrogen sorption position. The hydrogen states
located above –4.5 eV are hybridized with the p states
of the simple metal. It is assumed that hybridization of
the hydrogen states with the impurity leads to the for�
mation of both the bonding and antibonding states. In
the case of hydrogen, these states are occupied and lie
below the Fermi level. The increase in the energy of
the system, which is induced by the antibonding
states, is greater than the decrease in the energy due to
the bonding states, which actually leads to the repul�
sion of hydrogen and impurity atoms of simple metals.
This problem was discussed in more detail in [14].
Thus, the changes in the electronic structure of Group
IVB metals upon alloying and incorporation of hydro�
gen have the same tendencies, and the determining
factor of the hydrogen–impurity interaction in the
case of simple metals is the electronic factor. Despite
the large lattice distortions due to the alloying with
simple metals (Fig. 5), the interaction energy of
hydrogen with the impurity has positive values, which
is inconsistent with the Matsumoto model [21]. 
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4. CONCLUSIONS 

In this work, we calculated the binding and absorp�
tion energies of hydrogen in Group IVB metals, as well
as the hydrogen–impurity interaction energy, where
the impurity was considered to be a 3d�transition or
simple metal. It was shown that hydrogen atoms prefer
to occupy octahedral positions in titanium and tetra�
hedral positions in hafnium, whereas in zirconium,
the binding energies of hydrogen in both positions are
approximately equal to each other. The difference in
the binding energies depends significantly on the pro�
cedure used for the optimization of the computational
cell. The preference of octahedral positions for hydro�
gen sorption in titanium is associated with the struc�
tural factors. As the structural parameters increase in
the series of the metals under consideration, the
hydrogen sorption becomes energetically more favor�
able in tetrahedral positions due to the dominant
chemical contribution to the energetics of hydrogen
bonding. The mechanical contribution to the energet�
ics of hydrogen bonding with Group IVB metals is
small and does not exceed ~0.1 eV. The impurities
have no effect on the preferred hydrogen sorption
positions in titanium, but their influence is more sig�
nificant in zirconium and hafnium. The solubility of
hydrogen in these metals increases for transition met�
als in the middle of the 3d period. It was found that,
irrespective of the sorption position, the interaction
energy of hydrogen with transition metal impurities is
predominantly negative, whereas the interaction
energy of hydrogen with impurities of simple metals is
positive; i.e., transition metals attract hydrogen, while
simple metals repel it. The interactions of hydrogen
with impurities of 3d�transition and simple metals are
determined by different factors. In the first case, the
size effect is dominant and this interaction can be
described by the model of relaxation of stress fields,
whereas in the second case, the electronic factor dom�
inates. 
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