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The solid-solution phase of hydrogen in hexagonal close-packed yttrium (a-YH.) is studied using
the pseudopotential method within the local-density-functional approximation with a plane-wave
basis. The binding energies associated with different interstitial sites are evaluated for several ordered
structures: YHo.5, YHo.25, and YHo.167. It is found that the occupation of the tetrahedral site is
always energetically favorable. The hydrogen potential-energy curves around the tetrahedral sites
along the c axis and along the path connecting the adjacent octahedral sites are also calculated for
YHo.25. In particular, the local vibrational mode along the ¢ axis is estimated to be 100 meV, in
excellent agreement with that measured in neutron-scattering experiments. Finally, the intriguing
pairing phenomenon is investigated by calculating the total energy for various pairing configurations.
The possibility of pairing between nearest-neighbor tetrahedral sites is excluded due to the high
energy. It is found that the pairing of hydrogen across a metal atom is indeed energetically favorable
compared with other kinds of pairs considered and also with isolated tetrahedral hydrogen atoms.
The connection with the electronic structure of the system is also examined.

I. INTRODUCTION

When a metal absorbs hydrogen, a variety of interest-
ing phenomena exists over an extended range of hydro-
gen concentration. The disordered and low-concentration
solid solution (a phase) is of particular interest. Some
unique characteristic features exist in some of the hexag-
onal close-packed (HCP) metals such as Sc, Y, and heavy
rare earths (Ho, Er, Tm, and Lu). The most interest-
ing one is the peculiar phase boundary independent of
temperature from nearly 400 K down to very low tem-
perature, which has been observed in a-LuH(D),,' ™ o-
TmH(D).,2™* a-YH(D).,>® and o-ErH(D),.%® This is
in contrast to the almost vanishing solubility of hydrogen
at low temperature in other metals. An electrical resis-
tivity anomaly around 150-180 K (Ref. 6) has also been
reported for the hydrogen (deuterium) solid solutions in
Lu,”® Sc,!% Er,'! Y,!? and Tm.!® An understanding of
the nature of these anomalies in the phase diagram and
in resistivity has been the subject of many experimental
and theoretical studies.

In o-YH, hydrogen remains in solution up to a criti-
cal concentration of z = [H]/[Y] = 0.245 (Ref. 5) and a
resistivity anomaly was observed around 168 K. From
various experimental results, a microscopic picture of this
anomaly in the solid solution has been gradually estab-
lished. The argument sets in that certain ordering pat-
terns of hydrogen atoms are formed in the seemingly
disordered solid-solution phase. Neutron diffraction!4
showed that hydrogen atoms occupy tetrahedral sites al-
most exclusively. As the material is cooled down from
high temperatures, hydrogen starts forming pairs (short-
range ordering) bridged by the metal atoms with a sep-
aration of 3co/4 along the ¢ axis.>'® Subsequently, when
the temperature becomes even lower, these pairs tend
to arrange themselves into lines and chains (long-range
ordering) along the c axis.}671°
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Diffuse neutron-scattering measurements by McKer-
gow et al.'” for a-YDyg 17 found scattering intensity ridges
in a plane normal to the ¢* direction near (0,0,4/3), indi-
cating that deuterium forms pairs on the next-nearest
tetrahedral sites along the ¢ direction with a yttrium
atom in between. These intensity ridges became stronger
and narrower and moved closer to (0,0,4/3) as tempera-
ture was decreased. In order to account for this feature, a
model in which these pairs order linearly along the same
c axis [see Fig. 1(a)] was proposed.!” Later the corre-
lation of pairs along the basal directions was considered
based on a recent diffuse neutron-scattering measurement
of YDy 1.8 Figure 1(b) gives a sketch of the latest model
where two adjacent lines of hydrogen pairs form a zig-
zag chain. The projection onto the vertical direction has
a 3co/4 periodicity in the real space. This correlation
in the basal plane has a better agreement with the ob-
served modulation of the intensity ridge perpendicular to
c* (Ref. 18) and is in agreement with the model proposed
earlier for a-LuD, (Ref. 20) and a-ScD,.2!

This high degree of order at low temperature leads to
the so-called a* phase which is distinguished from the
disordered (or partially ordered) a phase at higher tem-
peratures. These orderings, short-range or long-range,
are believed to be the origin of the anomalous terminal
solubility. Little is known, however, about the funda-
mental mechanism which induces these unique H order-
ings. Some researchers!”:!® explained it from the pic-
ture of charge density waves while some?° ascribed it
to the formation of coherent stresses within the metal
lattice. The nuclear magnetic resonance (NMR) mea-
surements of the proton spin-lattice relaxation rate in
a-ScH, (Ref. 22) revealed an electronic structure change
near 170 K, which was in the same temperature range
where the resistivity anomaly occurred. Previous theo-
retical studies of the pairing were performed either for
small clusters?® within the local density approximation
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FIG. 1. Two hydrogen ordering models in the solid solu-

tion: (a) hydrogen pairs order linearly along the ¢ axis; (b)
correlated linear chain.

(LDA) (Ref. 24) or for a crystal using supercells and the
extended Hiickel method.?®> Both agreed on the occupa-
tion of tetrahedral sites, but disagreed on the pairing en-
ergy and configuration. The cluster calculation?® found
that hydrogen atoms paired across a metal atom, while
the extended Hiickel calculation?® found that other pairs
were more energetically favorable and stable.

In addition to the pairing problem, the inelastic
neutron-scattering measurements!®?¢ observed nonde-
generate local vibrational frequencies for H, an indica-
tion of the existence of an anharmonic hydrogen poten-
tial in this system. The dynamical properties of H in
a-YH, have hence aroused much interest. A recent LDA
pseudopotential mixed-basis calculation?”28 reported the
potential-energy surface of hydrogen in hypothetic YHg s.

In this paper, a self-consistent pseudopotential total-
energy calculation is carried out to study a variety of
properties of the hydrogen solid solution in HCP yt-
trium. The (pseudo)wave functions are expanded with
the plane-wave basis. Ordered structures of different con-
centrations (YHo.5, YHo.25, YHo.167) are examined using
the supercell method. The tetrahedral sites are found
to be always lower in energy than the octahedral sites.
From an adiabatic hydrogen potential in YHj 25, a local
vibrational mode of H atom along the c axis is found to
be of 100 meV, in excellent agreement with experimen-
tal measurements. In particular, the issue of hydrogen
ordering (pairing) is addressed from this first-principles
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calculation. The formation of hydrogen pairs at the tetra-
hedral sites bridged by an yttrium atom is found to be
energetically favorable. The mechanism of this pairing
is examined from the electronic structure and individual
components of the total energy.

The paper is organized as follows. The calculational
details are first presented in Sec. II. All the results are
included in Sec. III, where the binding energies for vari-
ous hydrogen compositions and different interstitial sites
are given in Sec. IITA, hydrogen potential curves are
examined in Sec. IIIB, and the investigation related to
hydrogen pairing is presented in Sec. IIIC. Finally the
major results of this work are summaried in Sec. IV.

II. CALCULATIONAL TECHNIQUES

Elemental yttrium is in the HCP structure with a c¢/a
ratio slightly less than the ideal value of 1/8/3 by 3%.
The measured lattice constants?? are a = 3.65 A and
c¢/a = 1.57. A conventional unit cell in this structure is
indicated by a highlighted box shown in Fig. 2. In the
calculation the origin is chosen at an octahedral site in
order to utilize the inversion symmetry of the system.
There are two different kinds of interstitial sites in this
structure: tetrahedral (T') and octahedral (O) sites which
are also illustrated in Fig. 2.

With the development of “soft” pseudopotentials
has been possible to perform ab initio pseudopotential
calculations for transition metals using a plane-wave ba-
sis. A detailed study on the structural properties of HCP
yttrium3! has been performed and good convergence was
achieved with an energy cutoff of 36 Ry for this early
transition metal element. A correction3? was included for
the exchange-correlation energy due to the valence-core
charge overlap. Various structural properties obtained
were in good agreement with experimental values. The
pseudopotential for hydrogen is also generated by using
the same scheme from atomic configuration 1s' with a
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radial cutoff of 0.88 a.u. for the s orbital. The motiva-
tion for doing so is to avoid poor convergence introduced
by the 1/r ionic hydrogen potential. With a full HCP
symmetry, 36 k points are used in the irreducible Bril-
louin zone (correspond to 648 distinct reducible vectors
in the full zone). This number varies in the supercell
modeling. A Gaussian smearing method®? with a width
of 0.1 eV is employed to accelerate the convergence of
the total energy with respect to the number of k points.
The s potential has been chosen as the local potential in
the calculation and the Wigner correlation formula* is
used.

The hydrogen solid solution phase is examined at sev-
eral hydrogen concentrations. The supercell method is
used to model the system with different concentrations
and to preserve the periodicity of the system. A system
with a lower concentration requires a larger unit.cell. The
binding energies of the two different kinds of interstitial
sites are also studied. Three hydrogen compositions with
z = 0.5, 0.25, and 0.167 are covered in this work, which
correspond to a single, double, and triple cell modeling.
The hypothetic composition of 0.5 is the simplest case
where each unit cell accommodates only one hydrogen
(Y2H;). For the compositions of 0.25 and 0.167, the di-
mension of the unit cell is increased along the hexagonal
axis which leads to an ordered structure of Y H; and
YeH; respectively. The number of plane waves included
in each calculation is 1000, 3000, and 6000 respectively.
Later the pairing problem is investigated in the triple cell
with a composition of YgH,.

The comparison of the individual components of the
total energy among different configurations provides a
valuable tool in analyzing and understanding the prop-
erties of the system. The total energy is given by3®

Eiot = Exin + Eec + Egp + Exc + Ecc + E,. (1)

The individual contributions here are the electronic ki-
netic energy, the electron-core interaction energy which
comes from both the local and nonlocal potential ener-
gies, the electron-electron Hartree energy, the exchange-
correlation energy, and the core-core Coulomb (Ewald)
energy, respectively. The last term, FE,, results from the
deviation of the pseudopotential from 1/r in the core
region.3%

III. RESULTS AND DISCUSSIONS

A. Energetics

First the global lattice relaxation due to-the presence
of hydrogen is considered. The equilibrium volume for
the ordered structure YHg 25 and YHg 5 is determined
with one hydrogen occupying the tetrahedral site in the
proper unit cell respectively. The total energy is min-
imized with respect to both the volume and c/a ratio.
The equilibrium volumes are obtained from the fitting
to Murnaghan’s equation of state®® and the results are
listed in Table I. It is found that the equilibrium values
for YHg 25 (YHo 5) are 435 (447) a.u.? in volume and 1.60
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TABLE I. Equilibrium lattice parameters for YH..
Configuration Volume (a.u.?) c/a
YHo.o 420.8 1.56
YHo.25 434.8 1.60
YHo s 447.1 1.62
Experiment
YHo.o0 446* 1.57%
YHo.10 456° 1.58°

2Reference 29.
bReference 2.

(1.62) in the c/a ratio. Comparing with the calculation
for elemental HCP yttrium, a volume expansion of 3%
(6%) is found and the c/a ratio is increased by about
2% (3%). The experimental values® for YHq 19 corre-
spond to a 2% and 0.6% expansion for volume and the
c/a ratio respectively. If it is assumed that the lattice
constants increase linearly with hydrogen concentration
from YH, to YHg 5, our results would be consistent with
experiment in the volume expansion, yet the theoretical
c/a ratio seems to be larger. Nevertheless, it is found
that the calculated total energy is quite insensitive to
the variation of the ¢/a ratio. A typical variation in the
total energy as c/a changes from 1.57 to 1.62 is about 0.1
mRy/atom. As a result, the difference in the c/a ratio
between the calculated and measured values should not
affect the calculated properties substantially. For sub-
sequent calculations with other hydrogen concentrations
x < 0.5, both the volume and c/a ratio were estimated
from a linear interpolation between YHg 5 and pure yt-
trium YH,.
The binding energy per hydrogen is defined as

Eb = %[E(YH::) - E(Ymetal)] - E(Hatom) 3 (2)
which is referenced to the energy of atomic hydrogen
(—13.6058 eV). The binding energies of hydrogen for
various hydrogen concentrations and different intersti-
tial sites are calculated. The results are listed in Ta-
ble II. Since the values for YHg 25 and YHg 167 differ by
only 0.01 eV per H atom, it is expected that the bind-
ing energy for the system with a smaller concentration
(which requires a larger supercell in the calculation) will
not change significantly. Note that the local relaxation
effect is not included in the calculation, hence the val-
ues in Table II are in fact upper bounds. It is found
that the tetrahedral site has a lower energy (about 110
meV) than the octahedral site. The energy difference is

TABLE II. Binding energy of hydrogen (eV per atom) in
yttrium as defined in Eq. (2) for various concentrations in
the a phase.

Tetrahedral (T) Octahedral (O)

YHo.50 —2.84 —2.67
YHo.25 —2.80 —2.69
YHo.167 —2.79
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Comparison of various energy contributions to the total energy per cell (Y4H)

between hydrogen occupying the tetrahedral (T') and octahedral (O) sites. The energy terms are

given in Eq. (1).

T o Difference

(Ry) (Ry) (eV)
Eiot —19.505 —19.497 —0.110
FExin 11.756 11.681 1.016
Eec —11.451 —11.098 —4.801
Ey 0.731 0.599 1.797
Eyc —12.571 —12.520 —0.692
E.. —17.796 —17.985 2.572
E, 9.826 9.826 0.0

much smaller than that found in the cluster calculation??
and the extended Hiickel calculation,?® but consistent
with previous pseudopotential mixed-basis calculations
for YHg 5,228 in which the zero-point energy was also
estimated. The inclusion of the zero-point energy will
not change the order of the energy between the two sites.
Hence the occupation of tetrahedral sites is energetically
more favorable. This is consistent with the conclusion of
neutron-scattering experiments.!®

The difference in individual energy contributions is ex-
amined when hydrogen occupies the tetrahedral and oc-
tahedral sites at z = 0.25: YHg 25(T) and YHog 25(0).
Various energy terms are shown in Table III. From the
energy differences [the energy of YHq 25(T') subtracted by
that of YHg.25(0)), it clearly shows that the kinetic en-
ergy Eyin, Hartree energy Ep, and Ewald energy FE.. all
favor the octahedral site, while the exchange-correlation
energy E,. and electron-core interaction term FE.. are
lowered when hydrogen occupies the tetrahedral site.
The occupation of the tetrahedral sites leads to a smaller
nearest-neighbor hydrogen-metal distance for a fixed vol-
ume. This smaller hydrogen-metal distance gives rise to
a more compact valence charge distribution. Thus, Fy;,
and Ey increase while E.. decreases. The Ewald contri-
bution, however, increases because of the larger electro-
static potential energy between neighboring atomic cores,
but it is balanced by the electronic terms. It is noticed
that the major lowering in energy in YHg 25(7') is from
E,. and a further decomposition of it shows that the local
potential (s) contribution is responsible. Apparently, hy-
drogen occupies the tetrahedral site in order to optimize
the interaction of the proton and surrounding electrons.
The density of states in YHp 25 reveals the presence of
H-induced states at about 5 eV below the Fermi level.
This is in agreement with the photoemission results.3”

B. Hydrogen vibration and diffusion

The adiabatic hydrogen potentials can be obtained
through the computation of the total energy repeatedly
by displacing H in the metal lattice. The dynamical prop-
erties of hydrogen in the a phase have been studied by
the pseudopotential mixed-basis method for hypothetic
YHy 5 in the adiabatic approximation.?® Here we extend
the study to lower concentration to examine the depen-

dence on concentration. In this section, the hydrogen
potential curves around the tetrahedral sites along the ¢
axis (T —T) and along the path connecting the adjacent
octahedral and tetrahedra sites (O — T') are examined in
particular.

First the local vibrational frequency along the c axis is
calculated from the potential energy curve for x = 0.25
(Y4H,). Total energies are evaluated with H located
at six equally spaced points, as shown in Fig. 3. Then
the calculated potential energies are fitted with an even-
order polynomial up to the fourth order. The results are
presented in Fig. 3. The solid circles are the calculated
values with number 4 being the potential energy of the
tetrahedral site and the solid line is from the fitting. The
minimum energy is chosen as the energy reference. It
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FIG.3. The calculated (solid circles) and fitted (solid line)

potential well for hydrogen moving along the c axis for YHo.25.
The six points used in the calculation are labeled with number
4 being the tetrahedral site.
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can be seen that the potential well is anharmonic with
the position of the minimum slightly shifted from the
exact tetrahedral position, consistent with experimental
findings.'®?% Furthermore, a barrier of about 170 meV
between the two adjacent tetrahedral sites is found. This
calculated barrier should be an upper limit since metal
relaxation is not considered in the total energy calcu-
lation. Considering this as a one-dimensional quantum
system, a set of eigenvalues are obtained by solving the
Schrédinger equation for the proton in this double-well
potential. A list of these eigenvalues is shown in Fig. 4.
The energy difference between the ground and first ex-
cited states is found to be around 100 meV, which is in
good agreement with the energy of the local mode ob-
served in the inelastic neutron scattering.?® In addition,
the same calculation is performed for YoH; (z = 0.5)
to check the concentration dependence. It was found
that the height of potential barrier is about 178 meV
and the local vibrational mode also about 100 meV. In
comparison, the dependence of the general features of
the potential well and local vibrational mode on H con-
centration is not significant. We have also calculated
the potential-energy curve along the diffusion path con-
necting the adjacent tetrahedral and octahedral sites for
YHg.5. A barrier of 0.5 eV is found which is in excellent
agreement with the activation energy measured from the
NMR spin-lattice relaxation time3® and the result of the
mixed-basis calculation.?®

C. Hydrogen pairing

In order to study the hydrogen ordering along the c
axis, the conventional HCP unit cell is tripled along the
hexagonal axis with its dimension on the ab plane remain-
ing the same. This cell consists of six yttrium atoms.
Two tetrahedral H atoms are arranged to form various
pairing configurations. This leads to a hydrogen com-
position of YH¢ 33 (YeH2) with the volume and c/a ra-
tio obtained by a linear interpolation from the results of
YHp s and YHy. The lattice constants from the fitting
are a = 3.60 A and ¢ ~ 3¢y = 17.29 A. Four different

YHO.ZS
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P
® 250. o 257 meV
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8 144 meV
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Distance (a.u.)
FIG. 4. A few estimated eigenvalues for hydrogen vibra-

tion in the double-well potential along the c axis. The lowest
energy has two states very close to each other.
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pairing configurations within the triple cell are investi-
gated, as shown in Fig. 5, where the large open circles
indicate the yttrium atoms and the smaller solid (open)
circles are the occupied (unoccupied) tetrahedral sites.
Configuration (I) is formed by placing two H atoms at
nearest-neighbor tetrahedral sites (e.g., 71 and T3 in Fig.
2) with a separation of d; = ¢/12 = 1.44 A | while (II),
(III), and (IV) correspond to pairs at larger distances. In
both (III) and (IV) hydrogen pairs order linearly along
the ¢ axis with the hydrogen-hydrogen distance being
ds=c¢/3=5.76 A and dg =c/4=4.32 A (e.g., T3 and
T, pair in Fig. 2), respectively. All these linearly ordered
pairs are apart from each other horizontally by the lattice
constant a. The pairing configuration (II), in which the
pairs do not follow the linear pattern along c, is also con-
sidered since the separation of the two H in this pair is
small: d, = 0.702a = 2.53 A (e.g., T1 and T3 pair in Fig.
2) and the energy for this pair was found relatively low
by a previous extended Hiickel calculation.?> The num-
ber of symmetry operations has been reduced from 24 to
6 due to the way the tetrahedral sites are occupied. The
number of plane waves is about 6000.

The total energy is first calculated for each of the pair-
ing configurations. The energy per pair, which is defined
as

Epair = E(YGHZ) - 6E|(Y'bulk) - 2E(Hatom), (3)
is listed in Table IV. The energy for the nearest-neighbor

8 g O g g
O an am av)
O O 3 O O
8 g O 3 g
O O 3 O O
: s O 3 .
3% O O 3 O O
8 g O g g
O O 3 O O
R s O 8 3
O O 8 O O
H s O g .
O O 33z O O
o 0‘/6 ® °
5 59 8 ¢
O o
—Jajmh—
O Ytrrium atoms
O meeee- Empty Tetrahedral Sites
* Occupied T sites by Hydrogen
FIG. 5. Various pairing configurations along the c axis

used in the calculations. The large open circles are the yt-
trium atoms and the small open circles are the unoccupied
tetrahedral sites while the solid ones are the occupied tetra-
hedral sites by hydrogen atoms. The distance between the
two H atoms in configuration (II) is labeled by assuming an
ideal c/a ratio.
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TABLE IV. Comparisons of the pairing energy (eV per pair) defined in Eq. (3), the total energy
and the individual energy (both in Ry per Y¢H2) among various pairing configurations as defined
in the text. All the results are obtained from the triple cell calculations.

Configurations (I) (1) (111) (Iv)
Distance (&) 1.44 2.53 5.76 4.32
Pairing energy —4.97 —5.56 —5.63 —-5.68
Eiot —29.815 —29.859 —29.864 —29.868
Exin 18.354 18.187 18.146 18.167
Eec —21.686 —21.318 —18.384 —19.118
Ey 3.021 2.912 1.461 1.818
Exc —19.252 —19.236 —19.236 —19.239
E. —25.369 —25.520 —26.968 —26.612
E, 15.117 15.117 15.117 15.117

tetrahedral site pairs (I) is —4.97 eV per pair and is much
higher than that of other pairs. The possibility of pair-
ing in this configuration, hence, can be ruled out. This
is in accordance with the minimum distance criterion
proposed by Switendick.3° Hydrogen pairing on adjacent
tetrahedral sites bridged by a yttrium atom along the ¢
axis, configuration (IV), gives the lowest energy. This
energy is about 710 meV, 120 meV, and 50 meV per pair
lower than that of pairing configurations (I), (II), and
(III), respectively. The binding energy for configuration
(IV) is found to be —2.84 eV per hydrogen according to
Eq. (1), which is lower than the estimated binding en-
ergy of isolated hydrogen atoms, —2.79 eV (Table II).
Therefore, pairing of hydrogen across a metal atom is
indeed energetically favorable compared with other pair-
ing configurations and isolated atoms, which fully sup-
ports the experimental observations. The previous clus-
ter calculation?® gave a similar pairing energy for config-
uration (IV). However, the absolute binding energy was
quite different in small clusters.

Besides the total energy, various energy contributions

to the total energy (see Table IV) are also analyzed in
order to understand the difference between various pair-
ing configurations. The very high Ewald energy in con-
figuration (I), due to the small hydrogen-hydrogen dis-
tance, contributes to the unstability in this configuration
as expected. The configurations of (III) and (IV) are
compared more closely, in particular, to understand the
mechanism of the preferential pairing configuration (IV).
It is found that the electron-core contribution E,. is low-
ered by moving one of the two hydrogens per triple cell
to form the pairing configuration (IV). A further decom-
position to E,. gives that more than 90% in this decrease
comes from the local (s) potential energy. This will be
further analyzed below.

The electronic band structure E(k) is shown in Fig. 6
for pairing configuration (III) and compared with that for
pairing configuration (IV) shown in Fig. 7. The flatness
of the curves along the vertical directions (I'-A, M-L, and
H-K) is a remnant of the band structure of pure HCP
yttrium and also an indication of a localized Y-H inter-
action along the c direction. Near the Fermi level, the
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Pairing Configuration (IV)

most noticeable difference between Figs. 6 and 7 appears
to be along K to H. With the formation of hydrogen pairs
across a metal atom, the occupied and empty bands be-
come well separated, which leads to a band gap of about
1 eV in this direction. Thus the lowering of the total
energy is closely connected with the electronic structure.

The wave functions at K are further analyzed. In Fig.
8, the states right below and above the Fermi level are

(b)

FIG. 8.

Wave functions (real part) at K for pairing con-
figuration (III) with the large open (small solid) circles indi-
cating the positions of the metal atoms (hydrogen occupied
tetrahedral sites). (a) and (b) correspond to the states right
below and above the Fermi level, respectively.
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shown in (a) and (b) respectively for pairing configura-
tion (III) and compared with those for pairing configura-
tion (IV) in Figs. 9(a) and 9(b). The open (solid) circles
represent the metal (tetrahedral H) atoms. It is these two
states that have shifted significantly in energy when the
pairing configuration changes from (III) to (IV) (Figs. 6
and 7). In configuration (III), these two hydrogen atoms
are well separated and the wave function amplitude is

FIG. 9.

Wave functions (real part) at K for pairing con-

figuration (IV) with the large open (small solid) circles indi-
cating the positions of the metal atoms (hydrogen occupied
tetrahedral sites). (a) and (b) correspond to the states right

below and above the Fermi level, respectively.
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not correlated (Fig. 8). In contrast, when the pair is
formed directly across the metal atom, the wave function
exhibits certain symmetry as a result of the interaction
(Fig. 9). In particular, the state below the Fermi level
contains an antisymmetric combination of two H 1s or-
bitals with local maxima at the proton positions [see Fig.
9(a)], while the one above the Fermi level has nodes at
the proton sites [Fig. 9(b)]. Thus the energy separation
between them is greatly increased. This result is also
consistent with the observation in the analysis of indi-
vidual energy contributions above. The larger amplitude
of the wave functions at the symmetric proton sites for
the states below the Fermi level lowers the local (s) po-
tential energy in configuration (IV) and thus makes the
pairing configuration (IV) energetically favorable. Other
bands grouped together along K to H are found to have
the combination of different yttrium characteristics and
are not affected very much.

Other interesting differences between the two band
structures, such as the substantial change throughout the
whole Brillouin zone in the separation of the first and sec-
ond lowest bands, can also be understood by the analysis
of wave functions. These two bands have significant H-
s character with the first (second) band containing the
in-phase (out-of-phase) combination of the two hydrogen
wave functions. With the interaction in pairing config-
uration (IV), these two bands further split and become
well separated.

The fact that the pairing across the metal atom [con-
figuration (IV)] has the lowest energy and that there is
a noticeable change in the electronic structure indicates
that the pairing mechanism has an electronic origin. This
is consistent with the finding of the NMR measurements
for a-ScH, .22 These measurements revealed an electronic
structure change at ~ 170 K, where the product of the
charge density at the proton sites and the electronic den-
sity of states increased by roughly 4% with decreasing
temperature. This temperature range coincides with that
of the resistivity anomaly, which is believed to be associ-
ated with the linear ordering of hydrogen pairs. As can
be seen from the above analysis, there is indeed an in-
crease in the charge density at the proton sites when the
linear ordering takes place.

In the above total energy calculations, the metal atoms
have been held fixed. Since we did not allow the metal
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atoms to relax, the effect of coherent stress within the
metal lattice2? on the pairing of hydrogen was not stud-
ied. We have also ignored the chainlike arrangement of
these pairs [Fig. 1(b)], but the correct linear periodicity of
the pairs (3¢o) was included. Further investigations of the
planar correlation between these linearly ordered pairs
require a much larger supercell and are being planned.

IV. CONCLUSION

In summary, the hydrogen solid solutions in HCP yt-
trium are studied by using pseudopotentials and the
plane-wave basis within the local-density approximation.
The binding energy at various hydrogen compositions
from z = 0.167 to 0.5 is obtained by the supercell mod-
eling method. It is shown that the hydrogen atoms
prefer to occupy the tetrahedral sites over the whole
range. From the calculated adiabatic hydrogen poten-
tial in YHg 25 along the ¢ axis between nearest-neighbor
T sites, a strong anharmonic potential curve is obtained
and a local vibrational mode is found to be about 100
meV by solving the one-dimensional Schrédinger equa-
tion. The self-consistent total energy calculation for var-
ious pairing configurations supports the experimental ob-
servations and clarifies the controversy on the pairing
configuration between previous calculations. The possi-
bility of hydrogen pairing at nearest-neighbor tetrahedral
sites can be excluded due to its distinct high energy over
other pair configurations. The linear ordering of pairs at
tetrahedral sites bridged by a metal atom gives the low-
est energy and is related to the features in the electronic
structure.
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