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The electronic and structural properties of MgHz are calculated using an ab initio pseudopoten-

tial method. The calculated quantities are the equilibrium structural parameters, the cohesive ener-

gy, a few selected elastic constants, the bulk modulus, the phonon frequency of a zone-center optical

mode involving hydrogen vibration, the energy-band structure, the density of states, and the elec-

tronic charge distribution. The structural parameters and the cohesive energy are in good agree-

ment with experiments. No comparisons are made for the other calculated properties because of
the lack of experimental values. The bonding nature of MgHz is interpreted in terms of the band

structure and the charge distribution. Covalent bonding was not found, in contrast to previous sug-

gestions that it exists in MgH2. Based on our band-structure and charge-density results, we suggest

that MgHz doped with a monovalent element could be a superconductor.

I. INTRODUCTION

There has been a great interest in metal hydride sys-
tems' stimulated by both the fundamental interests and
various applications. Metal hydrides exhibit a number of
interesting eftects, among these is superconductivity, for
example. Potential applications include using metal hy-
drides as storage media for hydrogen. Electronic struc-
ture studies of metal hydrides have been concentrated on
the transition-metal hydrides and rare-earth hydrides.
On the other hand, 6rst-principles calculations of
simple-metal hydrides are rare. Magnesium hydride is
considered to be one of the most important candidates for
the reversible storage of hydrogen because of its high
weight percentage of hydrogen. However, its usefulness
is impeded by the slorv rate of reaction and dissociation.
In order to improve on its performance, an understand-
ing of the electronic and structural properties of magnesi-
um hydride is essential.

A number of investigations on magnesium hydride us-
ing perturbative or other approximate methods have been
reported. Stander and Pacey have performed a Born-
Mayer type of calculation of the lattice energy of MgH2
assuming that MgHz is purely ionic. Their theoretical
value was greater in magnitude than the experimental
value by a sizeable amount. This difference was inter-
preted by them as evidence of an appreciable covalent
contribution to the bonding in the crystal. Lindner and
Berggren investigated the structural properties using a
nearly free-electron model. They predicted the stable
structure correctly and their calculated lattice parameters
were in reasonable agreement with experiment. Another
calculation was done by Krasko, which employed an
iteration-perturbation approach of covalent bonding.
The equilibrium cell volume and the charge density were
investigated. His calculated binding energy implied that
MgH2 cannot be formed from Mg metal and H2 gas in
contrast to experiments. Empirical pseudopotentials
were employed in both studies. More recently, Felsteiner

et al. used the orthogonalized-plane-wave (OPW)
method and the linear combination of atomic orbitals
(LCAO) method to study magnesium hydride but they
concentrated on the Compton profile. The details of the
electronic band structure and other properties of MgH2
have not been fully investigated.

In view of the above situation, we have performed a
comprehensive study on the electronic and structural
properties of magnesium hydride. The ab initio pseudo-
potential approach ' within the density functional for-
malism" is used. We have determined the structural pa-
rameters, the cohesive energy, a few selected elastic con-
stants, the bulk modulus, the phonon frequency of a
zone-center hydrogen-vibrational mode (I i+), the elec-
tronic band structure, the electronic density of states, and
the valence charge distributions. The calculated structur-
al parameters and the cohesive energy are in better agree-
ment with experiments than those of the previous calcu-
lations. We did not find experimental values for the other
calculated quantities. We also investigated the bonding
nature of MgH2. Although the electrons are found to be
locahzed around the H sites in general, the hydrogen ion
is not H . There is about 19% of charge in the intersti-
tial region. We found that there is no covalent bond
charge between the nearest-neighbor H and Mg sites.
Our results indicate that the Mg potentials have little
eft'ect on the structure of the valence band, but are impor-
tant for the determination of the indirect energy gap.
Based on our calculated band structure and charge densi-

ty, we suggest that magnesium hydride doped with a
monovalent element could be a superconductor. The
remainder of the paper is arranged as follows. In Sec. II
the calculational procedure is described in detail. The
structural properties and phonon frequency are given in
Sec. III. The calculated electronic properties are present-
ed and discussed in Sec. IV. Comparison with experi-
mental results is made wherever they are available. The
possibility of superconductivity in doped MgHz is dis-
cussed in Sec. V. A brief summary is given in Sec. VI.
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II. CALCULATIONAL DETAILS

The calculation is based on the pseudopotential
method within the density-functional formalism. " The
core electrons of the atoms are assumed to be atomiclike
and do not respond to the chemical environment. The in-
teraction of the valence electrons and the core is simulat-
ed by pseudopotentials. Exchange and correlation are
taken into account in the local-density approximation
(LDA}. The Wigner interpolation formula' is used for
the exchange and correlation functional in the present
work. %e have also used other expressions for the ex-
change and correlation potential, ' ' the results are corn-
parable.

The ab initio pseudopotentials are generated using the
method of Hamann, Schliiter, and Chiang. ' These po-
tentials are nonlocal, i.e., angular momentum dependent.
In this study the Mg potential is generated from the
atomic configuration Mg 3s'3p'. In order to ensure that
the potential accurately simulates the core-valence in-
teraction, the results for several ionic configurations were
compared with those of the all electron calculations. For
hydrogen, only the s potential is generated. Since there
are no core electrons for hydrogen, the potential that the
valence electron experiences should be strictly that of the
proton. However, the pseudopotential and the protonic
potential produce almost the same eigenenergy since the
potentials are appreciably difFerent only near the nucleus.
The difference between the total energies of the pseudo-
atom calculation and the all-electron calculation for H
atom is less than 10 Ry with various forms of exchange
and correlation, spin polarized and non-spin-polarized.
The most convenient scheme for crystal band-structure
calculation is to expand the wave functions in terms of
plane waves. ' This approach has proved to be very suc-
cessful in the study of a wide variety of materials. '

Due to the localized nature of the hydrogen 1s orbital, a
large number of plane waves are required for the satisfac-
tory convergence of the total energy. Diagonalization is
carried out using the residual minimization method of
Bendt and Zunger. The kinetic energy cutoff is 30 Ry
for the calculation of all the properties. This corresponds
to about 1200 plane waves for the equilibrium lattice pa-
rameters. Extrapolation to infinite cutoff energy yielded
a decrease in total energy by 0.9 eV per unit cell. A
six-special-k-point scheme is employed for the
Brillouin-zone (BZ} integration of the charge density and
the band energy. The difference between the total ener-
gies calculated with the six-special-k-point scheme and
with 50 k points over the —„thirreducible part of the Bril-
louin zone is less than 1 mRy. The calculation is done
self-consistently. The solution is iterated until an accura-
cy of 10 Ry in the self-consistent potential is achieved.
The corresponding tolerance of the total energy is less
than 10 Ry.

Under ambient conditions, MgH2 crystallizes in the
tetragonal phase of the rutile type, ' which has the
space group P42/mnm. Figure 1 shows the Mg and H
atoms in the unit cell. The primitive cell contains two
Mg atoms and four H atoms. The Mg atoms are located
at the corner and the center of the cell. A parameter x

FIG. 1. Arrangement of H and Mg atoms in the tetragonal
cell of the rutile type. The open circles are Mg atoms, and the
shaded circles represent H atoms. The thick lines between the
atoms are used for visual purposes. Two Mg atoms are located
at (0,0,0) and ( 2, —,', 2 ) and four H atoms are located at (x,x,0),
(1—x, 1 —x,0), ( —'+x, —' —x, —') and ( —' —x, 2+x, 2 ) in units of
lattice constants a =4.517 A and c =3.021 A. Experimental
value of x is 0.306.

describes the position of the four H atoms. Each Mg
atom is octahedrally coordinated to six H atoms, and
each H atom is coordinated to three Mg atoms in the
same plane. This structure has three independent
structural and lattice parameters, they are x, c/a, and a.
The tetragonal structure is assumed in our calculations.
The total energy is calculated for different values of x,
c/a, and a. A quadratic fit for the total energy is then
used to determine the equilibrium values of the three pa-
rameters.

III. STRUCTURAL PROPERTIES

A. Lattice parameters

In this work the minimum energy is found at the fol-
lowing lattice and structural parameters, a/as=8. 604,
c/aa ——5.747, and x =0.304. We have calculated the to-
tal energy at 27 points in the neighborhood of the above
values. The parabolic fit is accurate to 5X10 Ry.
Same results are obtained whether c or c/a is treated as
an independent variable in the parabolic fitting. These
calculated values are compared with the experimental
values in Table I. The differences with the experimental
values are given in parentheses. Lindner and Berggren
have computed the equilibrium lattice parameters for
alkaline-earth hydrides using empirical pseudopotentials
and a nearly free-electron approach. More recently,
Krasko used empirical pseudopotentials and an
iteration-perturbation approach of covalent bonding to
determine the equilibrium volume by fixing the parame-
ters c/a and x to the experimental values. The results of
these two calculations are also given in Table I. Our cal-
culated structural and lattice parameters are in better
agreement with experiment. The maximum difference
is 2.2 ji between our calculated and the experimental unit
cell volume.
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TABLE I. Calculated and experimental structural properties and cohesive energy of MgH, .
Din'erences are given in parentheses. Length is in units of Bohr radius and cohesive energy in eV per
unit cell. The bulk modulus and elastic constants are in units of 10' dyn/cm . The phonon frequency

is in units of 10"Hz. See text for elastic constants and quantities below them.

Experiment Calculations
Present work Lindner and Berggren

(Ref. 6)
Krasko
(Ref. 7)

a(az)
c(az)
c/a
Cell volume {az}
Cohesive energy jeV/(unit cell)j

C»+C&q (10' dyn/cm )

C, 3 (10' dyn/cm )

C (10' dyn/cm )

Bulk modulus ao {10" dyn/cm')
&o
I &+ optical mode {10"Hz)

'Reference 25.
'See text.
'See text.

0.306'
8.536
5.709
0.669

416.0
134

0.304(+0.002 }
8.604( +0.068)
5.747( +0.038)
0.668( —0.001)

425.5(+9.5)
11.2-13.5'

—(2.2- +0.1)
1.1
0.3
1,0
0.50
4.9
3.81

0.306(0.0)
8.62(+0.084)
6.18(+0.471)
0.717{+0.048)

$59.2( +43.2)

8.746(+0.21)

447.5(+31.5)
6.4( —7.0}

For crystals with the rutile structure, each cation is
surrounded by six anions forming an octahedron. This
octahedron is irregular, and the distances between the
cation and the anions take two values. If we demand
these two separations to be equal, the parameter x is then
related to c/a ratio by x = —,'[2+(c/a) ]. This is true to
within about 1.5% for most crystals for which the x
value is known (Table IV,3 of Ref. 24, except FeF2). For
MgHz, the value of x calculated from the experimental
c/a using the above expression is 0.306, which is the
same as the experimental result. One could argue on the
basis of a pair-potential model that these equal distances
are favored by the total energy of the crystal. The experi-
mental values of the c/a ratio of most crystals falls
within the range of about 0.65 to 0.7. To correlate this
with an approximate theoretical prediction, we can exam-
ine the variation of the Madelung energy with respect to
c/a. Since the Madelung energy alone does not give a
stable structure, we need to constraint the other parame-
ters. From the above discussion, it seems reasonable to
let the six nearest-neighbor Mg-H distances equal.
Another reasonable constraint is to Sx the unit cell
volume. %ith these two conditions, we obtain an energy
minimum at c/a =0.67. If we keep the nearest-neighbor
Mg-H distances constant instead of the cell volume, the
Madelung energy then minimizes at c/a=0. 71. Thus
the crude consideration of the Madelung energy seems to
give the c/a ratio which coincides with the range of the
experimental values. However, one should not conclude
from thc above results that these crystals are fully ionic.

8. Cohesive energy

The cohesive energy is takeo to be the difference be-
tween the total energy of the crystal and that of the
atoms. %e performed a spin-polarized calculation for the

H atom with thc Ceperly-Alder expression for the ex-
change and correlation functional. The calculated total
energy of the H atom is —0.958 Ry. The total energy of
the pseudo-Mg atom is —1.688 Ry. The crystal energy
calculated with the cutoff energy of 30 Ry is —8.209 Ry
per unit cell. Hence the cohesive energy is 13.6 eV per
unit cell. Taking into account the 0.9-eV decrease of the
total energy of MgH2 as the cuton'energy is extrapolated
to infinity, the calculated cohesive energy becomes 14.5
eV per unit cell. This result does not include the vibra-
tional energy of the solid. Since the Debye temperature
for MgH2 is fairly high, the zero-point energy may not be
neglected. At the present, there is no experimental value
availablc for the complete phonon spectrum or the Debye
temperature. Following Stander and Pacey, we use as
the Debye frequency the maximum frequency at which
the infrared absorption peak occurs, which is 3.48' 10'
sec '. This corresponds to a Debye temperature HD of
1670 K. Thc zero-point energy is approximated by
—', k&OD per atom using the Debye model. 2 The corrected
cohesive energy is 13.5 eV per unit cell. One may argue
that one should usc the exact total energy of the H atom,
that is, —1.0 Ry. The cohesive energy will then be 11.2
eV per unit cell. If the Gunnarsson-Lundqvist-%ilkins
expression for the spin-polarized exchange and correla-
tion potential is used, the total energy of the H atom is
—0.984 Ry and the cohesive energy of MgH2 is 12.1 eV
per unit cell. Wc consider that the theoretical value for
the cohesive energy ranges from 11.2 to 13.5 eV. %c
evaluated the experimental cohesive energy from the heat
of formation of magnesium hydride (0.70 eV/molecule),
the cohesive energy of Mg sohd (1.52 eV/atom), and the
bonding energy of H2 molecule (4.48 eV/molecule).
The experimental cohesive energy is 13.4 eV per unit cell.
The dNerence between our theoretical value and the ex-
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perimental value ranges from -0.0 to 0.37 eV/atom.
This difkrence is on the same order of magnitude as that
obtained in other local-density calculations for rnet-
als. ' ' We also calculated the total crystal energy at the
above equilibrium parameters using different forms of ex-
change and correlation potential. The Hedin-Lundqvist
expression' gives a cohesive energy greater than the re-
sult with Wigner interpolation formula' by 0.14
eV/atom. The Ceperly-Alder form for the exchange and
correlation' gives almost the same cohesive energy as the
Wigner interpolation formula.

-8.802

—8.804

eg —8.206
QP

C. Elastic constants and bulk modulus

From the quadratic fit of the total energy with respect
to the parameters a, c, and x described above (Sec. III A),
the elastic constants can be obtained. There are six elas-
tic constants for a tetragonal crystal. Four of these C»,
C ]2 C ]3 and C33 are related to the variation of the pa-
rameters a and c. Since the strain e, is always equa1 to e2
in our calculation, C» is coupled to C,2, and they cannot
be determined individually. The expression for the po-
tential energy density is

U =—,'[2(C))+C)2)e(e, +4C)3e)e3+C33e3e3] .

Comparing this expression with the quadratic fit, we ob-
tained the following values for the elastic constants:

C„+C,z
—l. 1 &( 10'2 dyn/cm

C&3 ——0.3 && 10' dyn/cm

and

C» —1.0&& 10' dyn/cm

No experimental results are available to our knowledge.
These elastic constants can be used to determine the bulk
modulus. Assuming the c/a ratio is unchanged with
volume, the strains e„e2,and e3 are equal. It is readily
shown that the bulk modulus is then given by

&o=-,'[2«ii+Ciz)+4Ci3+C33~ .

Substitution of the elastic constants gives 80 ——4.9g10»
dyn/cm .

To make a more accurate determination of the bulk
modulus and the pressure derivative of the bulk modulus,
we have calculated the total energy for large volume vari-
ations. In principle, the parameter x and c/a should be
allowed to vary for each given volume. However, due to
the complexity of the calculation, we have Axed these two
parameters at their respective equilibrium values. The
volume is allowed to vary within 10% of the equilibrium
value. The calculated energy versus volume curve is plot-
ted in Fig. 2. The squares are the calculated values, and
the solid line represents a 6t to the Murnaghan equation
of state. The root-mean-square difrerence between the
fit and the calculated values is 2.5X10 Ry. From the
fit, we obtain a bulk modulus Bo of 5.0X 10" dyn/cm .
The pressure derivative of the bulk modulus 80 is found
to be 4.9. These are also listed in Table I. This bulk

400
I t I l I I I I l i i I I I

420 440 460

Volume (a.u. )

FIG. 2. The total energy of MgH2 at difkrent unit cell
volumes. The parameters c/a and x are Axed at their equilibri-
um values, respectively. The squares are the calculated total en-

ergy, and the curve is a At to the Murnaghan equation of state.

modulus dilFers only by 2% from what we derived above
from the elastic constants. The experimental value for
the bulk modulus is not available for comparison. We
note that our calculated bulk modulus is greater than
that of the Mg metal (3.54X10" dyn/cm ). The addi-
tion of the H atom thus increases the stifFness of the ma-
terial.

We have not taken into account the eHect of changing
cia and x in the above calculations of the bulk modulus.
The inclusion of the variation of these two parameters
would result in a smaller bulk nodulus. The change in
the result can be estimated again from the quadratic 6t of
the crystal energy to the structural parameters. Relaxing
all the structural parameters, we determine the unit cell
volume which corresponds to the minimum energy at a
given hydrostatic pressure. The bulk modulus obtained is
4. 8 X 10"dyn/cm . Thus the bulk modulus decreases by
only 4% if the variations of the parameters c/a and x are
taken into account.

D. Zone-center phonon

Since there are six atoms in the primitive cell, there are
15 optical phonon modes. Most of these oscillations do
not preserve the symmetry of the crystal. However, there
is one optical mode at the center of the Brillouin zone
which is consistent with the symmetry of the crystal.
The phonon frequency of this optical mode I ~+ at the
center of the Brillouin zone is calculated with the frozen-
phonon method. This oscillation involves the motion of
the four hydrogen atoms in such a way that it corre-
sponds to the oscillation of a single parameter x. The
unit cell and the crystal symmetry are unchanged. By
displacing the four hydrogen ions up to 0.1 A, the total
energy is calculated as before. In the adiabatic approxi-
mation, the variation of the total energy is the potential
energy for this mode of oscillation. The calculated pho-
non frequency is 3.81g10' Hz by a quadratic least-
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squares fit. The experimental value is not available at
present. This Raman-active frequency is slightly higher
than the highest infrared-active mode as reported in Ref.

This is not true in the case of MgF2 which also as-
sumes the rutile structure. Our calculated frequency is
comparable to the corresponding frequency in MgF2,
12.7X10' Hz (taken from Fig. 2 of Ref. 30), assuming
the two frequencies are inversely proportional to the
square root of the mass of the H and F atoms, respective-
ly.

It is interesting to note that the I ~+ mode is very har-
monic. The quadratic fit for the phonon frequency is
good to a few parts in 10 even when the displacement of
H atoms is increased to 0.6 A. The fitted phonon fre-
quency changes by 2% from the value that we obtained
above. If this harmonic behavior is true throughout the
entire phonon spectrum, the crystalline MgH2 should
have a high thermal conductivity.

ik&z

IV. KI,KCTROMC PROPERTIES

A. Band structure and density of states

The Brillouin zone of the tetragonal cell of MgH2 is
shown in Fig. 3(a). The symmetry points and symmetry
axes are indicated. The calculated band structure along
several high-symmetry directions is shown in Fig. 3(b).
We have adopted the notations of Ref. 31 for the group
representations. The calculated density of states is shown
in Fig. 4. To calculate the density of states, the eigenen-
ergies are computed at 50 k points within the —„thirre-
ducible part of the Brillouin zone, and the analytical
linear tetrahedron method is used. Only two conduction
bands are included in the density-of-states calculation.
The energy reference for the band structure and density
of states is arbitrary. Since the unit cell contains eight
valence electrons, the four valence bands are completely
filled and the conduction bands are empty. Thus mag-
nesium hydride is an insulator. An indirect gap is found
for the present system. The minimum of the conduction
band is along S at about 20% of the way from A, toward
Z&. The maximum of the valence band is not well dis-
tinguished. There are several maximum energies close to
each other within the range of 0.1 eV along dNerent sym-
metry axes. %e find that the maximum energy is half
way between I 4+ and X& along h. These close maximum
energies of the valence band result in high density of
states and a sharp cutoff of the density of states at the
valence-band edge. The calculated energy gap is 3.06 eV.
The calculated width of the valence band is 6.75 eV. The
density-of-states curve exhibits two main peaks in the
valence band. These two peaks come from the states near
A and R from the first two degenerate bands and the de-
generate third and fourth bands, respectively. The exper-
imental result of a UV-absorption study gives an ab-
sorption edge of 5.16 eV. Thus our calculated band gap
differs from the experimental value by 2.1 eV. This un-
derestimation of the band gap by about 40% is typical of
the calculations for semiconductors and insulators using
the local-density theory.

How does the band structure depend on the Mg and H

18.5

10.0

7 5
I

I
5,0

C40
8.5

0.0

XYMZ1AZURTASZ
FIG. 3. (a) Brillouin zone of the tetragonal structure of the

rutile type (space group P42/mnm) and its symmetry points and
axes. (b) Electronic energy-band structure plotted along several
high-symmetry directions. Symmetry labeling of Ref. 31 is
used.

potentials' To answer this question, we have looked at
the character of a hypothetical system in which the H
atoms are situated as in MgH2 but the Mg atoms are re-
moved. The energy-band structure is obtained from the
self-consistent calculation and is shown in Fig. 5. %e see
that the four lowest bands resemble very much those of
MgH2. This indicates that the Mg atoms are not very
influential on the valence bands of MgH2. The bottom
four bands span an energy range of 5.78 eV, which is
slightly smaller than the width of the valence band of
MgHz (6.75 eV). This difFerence could be due to the con-
tribution of the Mg potentials to the energy-overlap in-
tegrals in part and also the larger electron-electron
Coulomb repulsion in MgH2 because there are twice as
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FIG. 4. Electronic density of states per unit cell (solid line)
and the integrated density of states (dashed line) of MgH&.

many electrons in MgH2 than in this hypothetical H crys-
tal. The most significant dNerence betwt:en this hy-
pothetical system and MgH2 is in the fifth band where the
state I and the states near A becomes almost equal in en-
ergy. The "energy gap" increases to S.O eV compared to
3.06 eV calculated for MgHz. The Mg potentials are thus
important for determining the energy gap of MgHz. This
is consistent with our wave-function analysis that the
state at the conduction-band edge near the symmetry
point A has a large probability distribution around the
Mg atoms.

From the variation of the valence bands with k vector,
we could separate the valence bands into two di8'erent re-
gimes. Figure 4 shows that the bottom of the valence
bands is free-electron-like. ln fact, by fitting the eigenen-
ergies to a quadratic expression of the three components
of wave vector, we obtain a fairly isotropic effective mass
at I which is about 1.1 times the free-electron mass.
This effective mass can be understood from the k.p

10.0

7.5

5.0
3

Q.Q

FB, XYMZFAZURTASZ
FIG. 5. Energy-band structure of the hypothetical tetragonal

crystal without the Mg atoms, but otherwise is the same as
MgH2.

method. The inverse effective mass tensor is given by the
summation of the inverse free-electron mass and a term
coming from the momentum matrices between the first
and higher states at I (see Appendix E of Ref. 33). The
nondiagonal elements of the mass tensor vanish identical-
ly due to the symmetry of the crystal; there is a mirror
symmetry which takes k, ~—k, and there is a 90 rota-
tion which takes k~ ~k~ and k~ ~—k, . To calculate the
diagonal inverse mass elements, we may consider just the
valence bands because the contribution of the conduction
bands should be small due to the large energy denomina-
tors. According to the angular momentum decomposi-
tion, all the valence states at I are symmetric with
respect to the reAection about the xy plane. Thus
(m ')33 is simply 1/m, neglecting the conduction bands.
The other two elements (m ')» and (m ')22 are also not
very different from 1/m, . The reason is that the wave
functions of all the valence states are mostly localized on
the H atoms and are mostly s-like, there is no k p matrix
element between states with the same angular momen-
tum. By inverting the efFective mass tensor, we should
obtain effective mass tensor with the diagonal terms close
to the free-electron mass.

The upper part of the valence bands is very narrow.
Examination of the wave function shows that the states
are fairly localized on the H atoms. One would thus ex-
pect to use a simple tight-binding model to describe the
bands. %e have attempted this by including only the s-
like orbitals on the H sites and five overlap integrals. Al-
though the general features of most part of the bands are
reproduced, there are some basic differences. Felsteiner
et a/ fitted th. e Compton profile with a LCAO calcula-
tion. They found that the calculated Compton profile did
not converge until the overlaps of 162 ions were con-
sidered.

8. Charge distribution and bonding

The valence charge density is obtained directly from
the self-consistent calculation. Two contour plots of the
valence charge distributions in the (001) plane (perpendic-
ular to the c axis) and in the (110) plane (parallel to the c
axis), are shown in Fig. 6. Both planes include the
nearest-neighbor Mg-H bonds, with slightly different
bond distances. The contour lines are in intervals of 5.0
electrons per unit cell volume. The average charge densi-
ty is 8 electrons per unit cell volume. The charge-density
plots show the ionic character of the crystal, the charges
are localized around the hydrogen sites in both projec-
tions. The highest charge density is 95.0 electrons per
unit cell volume at the hydrogen sites. Following the
common practice with ionic crystals, we can assign ionic
radii to Mg and H ions assuming the nearest-neighbor
ions are in contact with each other. In our case, the ionic
radius of H is determined by the nearest-neighbor H-H
distance and the radius of Mg is determined by the
nearest-neighbor Mg-H distance. %e then obtain a ra-
dius of 1.26 A for the H ions and 0.69 A for the Mg ions.
To estimate how ionic the crystal is, we calculated the
valence charges within the spheres of ionic radii. %'e find
0.05 electrons around the Mg ions and 1.6 electrons
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of the electrons in the interstitial region. The small H-H
distance also results in the fairly large overlap of the or-
bitals of the nearest-neighbor H-H ions. These could re-
sult in the complexity of the bands and might explain the
difference between the results of our simple tight-binding
model and the true band structure.

V. SUPERCQNDUCTIUI'nI'

S ~
8 5'

5 ~
8 ~

~ ~Ig % ~
~ ~

around each H ion. Ionic charges obtained by Krasko
are similar to our result. Since the valence electrons of
Mg decreased to 0.05 from the atomic value of 2.0, Mg
can be considered to be in the form of Mg +. However,
the H ions do not acquire ionic charge close to —1 and
there are about 1.5 electrons per unit cell (19% of the to-
tal number of valence electrons) in the interstitial region.
The crystal as a whole should not be taken as purely ion-
ic. A covalent bond is normally reflected by some closed
contour between the atoms. %e have made contour plots
with smaller increment (1.0). No closed contour lines be-
tween the nearest-neighbor H and Mg sites were ob-
served. The covalent bonding that was presumed to ex-
ist ' is thus nonexistent or negligible in this crystal.

The ionic radius of H ion we obtained above is 1.26 A,
which is different from 2.08 A, the value given by Paul-
ing for H while the radius of Mg + (0.69 A) is con-
sistent with Pauling's value (0.65 A). The difFerence be-
tween Pauling's radius for H and the smaller value of
the H ion in the present system is compatible with the
charge of the H ions. The hydrogens in this crystal are
not H but approximately H ' . This leaves a portion
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FIG. 6. Contour plots of valence electron charge density in

(a) (001) plane and (b) (110) plane. The solid squares indicate
the positions of Mg ions and the solid circles the positions of H
ions. The charge density is in units of electrons per unit cell
volume.

Based on our calculations of the band structure and the
charge density, we suggest that magnesium hydride sub-
stitutionally doped with a monovalent element could be-
come a superconductor. This conclusion is drawn from
the following observations.

(1) The valence band of magnesium hydride is deter-
mined predominantly by the hydrogen-hydrogen interac-
tion, the cation has very little inhuence on the valence-
band structure [see Figs. 3(b) and 5]. To the first order of
approximation, the rigid-band model is valid. Hence,
magnesium hydride can be made metallic if it is doped
substitutionally with a monovalent element. The carriers
will be of the hole type.

(2) The density of states will be very high for this
doped magnesium hydride. (See Fig. 4.)

(3) The orbitals of the carrier will be mainly of the
character of hydrogen orbital. That is, the carrier will in-
teract strongly with the hydrogen potential. Regardless
of the type of pairing mechanism involved, a strong
electron-ion interaction is necessary (but not sufficient)
for a strong effective electron-electron coupling.

There exist metal-hydride systems which are supercon-
ductors, a noted example is PdH„(x=0.8) with T, =9
K. In this case, the superconductivity is believed to
arise from the electron-phonon coupling with the hydro-
gen optical mode. Superconductivity also correlates with
the amount of hydrogen states at the Fermi level. One of
the reasons that 7; is only 9 K for PdH„could be that
the electronic structure of PdH„ is dominated by the Pd
d states, and the hydrogen exerts only a small eff'ect on
the band structure. The electronic structure of magnesi-
um hydride, on the other hand, is dominated by hydro-
gen. One may think of magnesium hydride as a metallic-
hydrogen system which is stabilized by magnesium.
However, magnesium hydride is not metallic. By doping
it with a monovalent element, we are compromising be-
tween metallic behavior and stability.

%hat should we dope MgH2 with~ Lithium seems to
be a good candidate because Li+ has a size similar to
Mg +. It is not certain that magnesium hydride can be
doped suSciently for superconductivity and yet remains
structurally stable in the rutile structure. %'e have per-
formed some calculations on LiMgH4, replacing one Mg
in the unit cell by Li and keeping the H ions in the calcu-
lated equilibrium positions of MgHz. The result indicates
that the crystal energy of LiMgH4 is only slightly above
that of MgHz (by about 0.2 eV/atom). It is reasonable to
expect that magnesium hydride doped with 10-20 Vo of
Li will be stable. Furthermore, hydrides of
MgosLio, Xo, (X=Ni, Zn, Sn,Si,cu) alloys have been re-
ported in connection with a hydrogen storage study.
No conductivity measurements nor structural analyses
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were reported for these alloys. How much lithium is
needed? It is difficult to predict the optimal dopant level.
If we draw a comparison with the oxide superconductors,
we would estimate a dopant level of 10 to 20%. Since
MgH2 is an ionic system, charge compensation implies
that there will be hydrogen vacancies. It may be neces-
sary to anneal the sample under hydrogen atmosphere.

The view of metallic hydrogen in the form of metal hy-
dride has also been put forth by Overhauser. He ana-
lyzed the structure of LiBeH3 and LiBeH4 and suggested
that if these compounds are metallic then they could be
high-temperature superconductors for the same reasons
that metallic hydrogen could be a high-temperature su-
perconductor.

VI. SUMMARY

%e have investigated the structural, dynamical, and
the electronic properties of MgH2 with the pseudopoten-

tial formalism. Good agreement with the available exper-
imental results w'ere obtained. The crystal is found to be
ionic but with fair amount of charge in the interstitial re-
gion. No covalent bonding was found. The structure of
the valence bands are weakly dependent on the Mg po-
tentials. However, the band gap is strongly inAuenced by
the Mg potentials. Based on the electronic calculations,
the possibility of superconductivity in doped MgH2 is
suggested. Future experimental results on the structural,
dynamical, and electronic properties are necessary in or-
der to con5rm our calculations.
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