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Abstract

In a previous work, we carried out inelastic neutron scattering (INS) spectroscopy experiments and preliminary first principles
calculations on alkali metal hydrides. The complete series of alkali metal hydrides, LiH, NaH, KH, RbH and CsH was measured in
the high-resolution TOSCA INS spectrometer at ISIS. Here, we present the results of ab initio electronic structure calculations of
the properties of the alkali metal hydrides using both the local density approximation (LDA) and the generalized gradient approx-
imation (GGA), using the Perdew–Burke–Ernzerhof (PBE) parameterization. Properties calculated were lattice parameters, bulk
moduli, dielectric constants, effective charges, electronic densities and inelastic neutron scattering (INS) spectra. We took advantage
of the currently available computer power to use full lattice dynamics theory to calculate thermodynamic properties for these mate-
rials. For the alkali metal hydrides (LiH, NaH, KH, RbH and CsH) using lattice dynamics, we found that the INS spectra calculated
using LDA agreed better with the experimental data than the spectra calculated using GGA. Both zero-point effects and thermal
contributions to free energies had an important effect on INS and several thermodynamic properties.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Alkali metal hydrides are of interest as model systems
with the simplest anion and cations in the periodic table,
but as potential hydrogen storage materials. Like the al-
kali metal halides, the alkali metal hydrides crystallize
with the rock-salt structure. With the exception of
LiH, these hydrides were found to transform to the CsCl
structure at high pressures [1,2]; LiH is predicted to
change its structure [3] but only at very high pressures
(P � 660 GPa).
0301-0104/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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In spite of the difficulty of growing single crystals of
high-purity LiH because of its reactivity towards atmo-
spheric gases, LiH and LiD have been the subject of sev-
eral experimental studies. Dispersion curves of LiD
obtained from neutron scattering experiments [4], and
complementary vibrational information for LiH ob-
tained from Raman spectroscopy [5], structural infor-
mation [6–9] and elastic data [10] are available.

Lithium hydride and deuteride have been also the
subject of extensive theoretical investigations using
atomistic simulations and ab initio electronic structure
methods. The most successful atomistic simulations on
LiH and LiD are those of Verble et al. [4] who proposed
a seven parameter shell model (model IV). With this
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model, it is possible to reproduce satisfactorily the
experimental dispersion curves. Their model did not,
however, reproduce the experimental elastic constants,
Cij, for instance the calculations predicted C12 = 30.4
GPa, while the experimental value at room temperature
is 14.7 GPa [10]. Another limitation of these calculations
was the use of an axially symmetric second neighbour
model with parameters restricted only by symmetry.
The parameters of the model are not distance dependent
and so it is not possible to consider the effects of temper-
ature or pressure on the calculated properties. To over-
come this last limitation, Haque and Islam [11] proposed
a shell model with interatomic potentials of the form
(Buckingham potential)

uijðrÞ ¼ Bij expð�aij=rÞ �
Dij

r6
; ð1Þ

where Bij, aii, and Dij are constants that depend on the
type of ions (i, j) and r is the distance between them.
For the NaCl structure, the shell model implies that
the Cauchy relation be obeyed, viz. C12 = C44. Experi-
mental data [10] for LiH (C12 = 14.2 GPa, C44 = 48.4
GPa) show that for LiH the Cauchy relation is not
obeyed. A correct description of elastic properties is
essential to reproduce properly the thermal behaviour
at low temperatures [12]. The incorporation of many
body forces could improve the quality of the potentials
allowing a correct reproduction of experimental disper-
sion curves and elastic data, but bonding in LiH is
clearly more covalent than in the analogous alkali metal
halides indicating that more investigation on atomistic
models is necessary.

First principles electronic structure calculations of
LiH have been more successful than atomistic simula-
tions in providing a quantitative description of its pho-
non spectra and derived elastic and thermal properties.
Roma et al. [13] carried out ab initio simulations of
LiH using the local density approximation (LDA) and
the plane wave pseudo-potential method. Their calcu-
lated dispersion curves were in good agreement with
the experimental data of Verble et al. [4] and clearly
showed the importance of taking into account zero-
point effects. The bulk modulus, for instance, decreases
by approximately 10% when zero-point effects are taken
into account, compared with the value obtained in the
static approximation. Bellaiche et al. [14] have shown
that electron correlation does not play an important role
in the determination of the equation of state of LiH – a
consequence of the small number of electrons in LiH.

We have recently reported the inelastic neutron scat-
tering (INS) spectra of the complete series of alkali me-
tal hydrides: LiH, NaH, KH, RbH and CsH [15], and
calculated their spectra ab initio [16]. Except for LiH
there has been no previous experimental study on the
lattice dynamics of the alkali metal hydrides. In a com-
putational study of the lattice dynamics of the hydrides
other than LiH, Dick and Jex [17] developed a shell
model with force constants derived from those of LiD
and shell parameters obtained from the ion polarizabil-
ities. Haque and Islam [11] used a different shell model
to calculate the dispersion curves of LiH, LiD, NaH
and NaD. The calculations were carried out in the static
approximation, and so neglected zero-point contribu-
tions. Islam et al. [18] used their potential to calculate
elastic constants for lithium and sodium hydrides and
deuterides and their pressure and temperature depen-
dence [19]. Experimental and theoretical work on Li,
Na and K hydrides has been reviewed [20]. These vari-
ous models use a shell model with pair potentials and
hence require C12 = C44. The failure of the Cauchy rela-
tion for LiH (C12/C44 � 0.3) leads one to enquire
whether the relation should be obeyed by the other hy-
drides. No doubt the inclusion of three body forces
would improve these potentials [21], but the lack of
experimental data would make parameter fitting
difficult.

With our experimental INS spectra, we reported the
spectra calculated ab initio using density functional the-
ory within the LDA approximation [16] and lattice
dynamics. For all alkali metal hydrides, we found excel-
lent agreement between the experimental and calculated
INS spectra. The calculated dispersion curves of 7LiH
were found also in good agreement with experiment.
There are no experimental phonon dispersion curves
for the other alkali metal hydrides. The good agreement
between the experimental and computed INS spectra
gave us the incentive and confidence to calculate proper-
ties for the family of alkali metal hydrides. In this paper,
we present the results of our calculations and compare
with experiment. As a check of the computational proce-
dure, we have now used both the LDA and the generalized
gradient approximation GGA, using the parameteriza-
tion of Perdew, Burke and Ernzerhof (PBE) functional
[22]. Vibrational contributions have been taken into ac-
count explicitly using lattice dynamics within the quasi-
harmonic approximation and their relative importance
is also discussed. Properties calculated were lattice
parameters, bulk moduli, INS spectra, Born effective
charges, dielectric constants and electron densities.
2. Theoretical methods

In the quasi-harmonic approximation [23], it is as-
sumed that the Helmholtz energy of a crystal, F, at tem-
perature T is the sum of static and vibrational
contributions

F ¼ Estat þ F vibðT Þ. ð2Þ

Here, Estat is the potential energy of the static lattice in a
given configuration and Fvib is the sum of the harmonic
vibrational contributions from the normal modes. For a
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periodic structure, the frequencies xj(q) are obtained by
diagonalizing the dynamical matrix [24], so that Fvib is
given by

F vib ¼
X3N
j¼1

X
q

1

2
�hxjðqÞ þ kT ln 1� e�hxj=kT

� �� �
; ð3Þ

where the first term is the zero-point energy at T = 0 and
the second term is the thermal contribution. For a mac-
roscopic crystal, the sum over q becomes an integral
over a cell in reciprocal space, which can be evaluated
by taking successively finer uniform grids until conver-
gence is achieved. Vibrational frequencies do not depend
on temperature explicitly, but do so implicitly through
the position of the atoms in the unit cell, which deter-
mines the dynamical matrix. The free energy obtained
is a function of both some external coordinates, Rext,
which are here taken as the lattice parameters (a for a
cubic crystal, a and c for a hexagonal crystal, etc.) and
a set of internal coordinates which give the position of
the atoms within the unit cell Rint ¼ frg; this whole set
of coordinates is denoted collectively as R. For a given
temperature and applied pressure, Pext, the crystal struc-
ture is that which minimizes the availability ~G [25]

~GðRÞ ¼ F ðRÞ þ P extV ðRextÞ. ð4Þ
At the equilibrium configuration, P = Pext and the avail-
ability equals the Gibbs energy

~G ¼ G � F þ PV . ð5Þ

An efficient method to minimize ~G is described elsewhere
[26]. For crystals with the NaCl structure, there are no
internal degrees of freedom and so the free energy de-
pends only on the lattice parameter a.

Here, it is important to emphasize the difference be-
tween static calculations, calculations at 0 K, and at fi-
nite temperature, for instance 298 K. Static
calculations assume that atoms are fixed at their equilib-
rium positions, which are determined by minimizing the
static energy Estat. Vibrational contributions are not in-
cluded. Calculations at T = 0 K require the evaluation
of phonon frequencies and the minimization of
Estat þ

P3N
j¼1

P
q
1
2
�hxjðqÞ. The difference between static

and 0 K calculations involves the zero-point
energy contribution

P3N
j¼1

P
q
1
2
�hxjðqÞ. Although still

commonly used in the literature, it is misleading to use
the expression ‘‘calculations at 0 K’’ when referring to
static calculations. Calculations at finite temperature in-
volve the minimization of Estat þ

P3N
j¼1

P
q
1
2
�hxjðqÞþ

kT lnð1� e�hxj=kT Þ, including both the zero-point energy
and the thermal contribution kT lnð1� e�hxj=kT Þ.

Our calculations were carried out using plane wave
density functional theory as implemented in the com-
puter code Abinit [27]. Here, there are two main
approximations. The first approximation is the use of
pseudo-potentials to represent the core electrons, allow-
ing one to include relativistic effects in a mainly non-
relativistic code, and to reduce the number of planes
waves necessary to represent the wavefunction to a
number tractable with available computer power. The
second approximation is inherent in the use of density
functional theory. In the LDA the exchange and corre-
lation energies depends on the local density on each
point in space. In the generalized gradient approxima-
tion (GGA), electron density gradients are taken into
account to determine the exchange and correlation
energies [28].

In our earlier paper, we reported the INS spectra of
all alkali metal hydrides calculated using LDA [16].
However, because it has been proposed that, GGA gives
results on average, although not uniformly, in better
agreement with experiment than does LDA [29], we
have now carried out our calculations using both LDA
and GGA. The LDA calculations were done using the
Teter–Padé parameterization [30]; the GGA calculations
were based on the parameterization of Perdew, Burke
and Ernzerhof. We used the Hartwigsen–Goedecker–
Hutter pseudo-potentials (HGH) [31].

We have verified that convergence is achieved with re-
spect to the number of k-points in reciprocal space and
energy cutoff for the plane waves. Most calculation were
done using a mesh of 4 · 4 · 4 points in reciprocal space
and a cutoff of 50 Ha. The calculation of effective
charges and dielectric constants required a mesh of
8 · 8 · 8 point in reciprocal space to give converged val-
ues [32]. Phonon frequencies were calculated on the
same grid of points of reciprocal space used for the elec-
tronic structure calculations and the interpolation algo-
rithm of Gonze as implemented in the anaddb code [33].
From the phonon frequencies, free energies and derived
thermodynamic properties were determined using stan-
dard lattice dynamics calculations in the quasi-harmonic
approximation as described above.

The intensity, S, of an INS spectral band is a function
of both the energy, �hx, and the momentum, Q, ex-
changed during the scattering process. Recalling that
|q| = 2p/k and Q = |Q|, from the conservation of energy
and momentum, we have

Q ¼ qscattered � qincident; ð6Þ

�hx ¼ Etranf ¼ Eincident � Escattering

¼ �h2

2mn
jqincidentj

2 � jqscatteringj
2

� �
; ð7Þ

where qincident and qscattered are the momentum of the
neutron before and after the scattering process and
Eincident and Escattering are the corresponding kinetic ener-
gies of the neutron. Because of the geometry of the TOS-
CA instrument [34], the final energy of the instrument is
fixed to be 32 cm�1. Because of the relatively large
momentum transfer in the TOSCA measuring range;



Fig. 1. A two-dimensional representation of the momentum transfer in
a polycrystalline system; the circle represents a Q value of 3.1 zone
widths. The width of the Brillouin zone for LiH corresponds to about
1.5 Å�1.
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the projection of the momentum transfer maps uni-
formly into the first Brillouin zone [35], see Fig. 1.

The intensity of an INS band, Sa, produced by atom
a when vibrating at a frequency xi with amplitude Ui is

SaðQ; nxiÞ ¼
ðQ � UiÞ2n

n!
expð�ðQ � UTÞ2Þ � ra ð8Þ

where n = 1 for a fundamental mode, 2 for a first over-
tone or binary combination, 3 for a second overtone or
ternary combination, and so forth; Q is the momentum
transfer defined before, ra is the scattering cross section
of atom a, Ui is the amplitude of the normal mode i and
UT is the total root-mean-square displacement of the a
atom in all the modes, both internal and external.

For a periodic solid, the solution of the vibrational
problem contains a dependency with the wavevector in
reciprocal space, the intensity is now
Table 1
Calculated and room temperature experimental lattice parameters (Å) of the

LDA G

Static QH (20 K) QH (298 K) S

LiH 3.938 4.017 4.038 4

NaH 4.738 4.835 4.855 4
KH 5.469 5.541 5.581 5
RbH 5.793 5.862 5.907 6
CsH 6.105 6.167 6.219 6

Calculated values at finite temperatures include vibrational contributions.
a See [9].
b See [37].
c See [38].
d See [39].
e See [40].
f See [41].
g See [42].
h See [43].
SaðQ; nxiÞ ¼
1

V Brillouin

Z ðQ �UiðqÞÞ2n

n!
expð�ðQ �UTÞ2Þ � ra dq

3.

ð9Þ

The integration has to be performed over the whole
Brillouin zone; VBrillouin is the volume of the Brillouin
zone. In order to calculate the INS spectra of the alkali
metal hydrides, we need a fine grid of points in the Brill-
ouin zone, we used a 16 · 16 · 16 grid to obtain well-
defined INS spectra. We do not need to undetake a full
electronic calculation in such a grid, instead we make
use of the anaddb program from the Abinit package.
The INS spectra were generated using the aClimax
program [36].
3. Results

To visualize the effects of lattice vibrations, we show
the calculated properties for the alkali metal hydrides
series calculated using LDA and GGA in the so-called
static approximation and, after considering temperature
effects, using the quasi-harmonic approximation of lat-
tice dynamics.

In Table 1, we show the values of the lattice parame-
ters calculated for alkali metal hydrides in the static
approximation and using quasi-harmonic lattice dynam-
ics at temperatures of 20 K and 298 K using both LDA
and GGA; we also show the room temperature experi-
mental values of the lattice parameters [37–43].

The calculated bulk moduli for all alkali metal hy-
drides calculated in the static limit and at 20 K and
298 K using quasi-harmonic lattice dynamics are given
in Table 2, together with room temperature experimen-
tal data [44,45].
alkali metal hydrides

GA Experiment

tatic QH (20 K) QH (298 K) RT

.025 4.112 4.142 4.084a

4.0856b

4.0752c

4.0835d

.869 4.937 4.976 4.89e

.692 5.768 5.835 5.704f

.047 6.134 6.198 6.037g

.429 6.505 6.584 6.388h



Table 2
Calculated and room temperature experimental bulk modulae (GPa) of the alkali metal hydrides

LDA GGA Experiment

Static QH (20 K) QH (298 K) Static QH (20 K) QH (298 K) RT

LiH 40.5 35.8 33.3 36.2 31.9 28.8 32.2a

31.9b

NaH 27.2 23.6 22.6 24.0 22.5 20.2 14.3 ± 1.5c

19.4 ± 2.0e

KH 17.4 15.2 12.4 13.4 12.4 10.1 15.6 ± 1.5c

RbH 14.7 13.1 10.7 11.1 9.72 9.08 10.0 ± 1.0c

CsH 11.9 10.6 9.5 9.0 8.5 8.1 7.6 ± 0.8c

8.0 ± 0.7d

Calculated values at finite temperatures include vibrational contributions.
a See [9].
b See [44].
c See [1].
d See [45].
e See [2].
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3.1. Lattice parameters

In Fig. 2, we represent the errors in the determination
of the lattice parameters in accordance with Table 1. In
the static approximation, Fig. 2(a), the agreement be-
tween the calculated and experimental lattice parameters
is better when using the GGA functional; the lattice
parameters calculated using the LDA functional are
underestimated by 3–5%.

The effect of the phonon contribution can be seen by
comparing Fig. 2(a) and (b). While the inclusion of zero-
point vibrational contributions improves the agreement
of the LDA calculations of the lattice parameters it
Fig. 2. Errors in percent of the calculated lattice parameter for the
series of alkali metal hydrides: (a) in the static approximation, where
no dynamical effects are considered, (b) zero-point effects are included,
and (c) zero-point effects as well as temperature effects are included.
worsens the agreement of the GGA calculations. When
temperature effects are now included in the calculations,
Fig. 2(c), the overall picture changes: LDA calculations
of the lattice parameters are slightly better than GGA
when compared with experiment. Still the LDA calcula-
tions underestimate the lattice parameters while the
GGA calculations overestimate the lattice parameters.

3.2. Bulk moduli

In Fig. 3(a), we show the errors in percent of the
experimental and calculated values of the bulk moduli
for the static approximation. The agreement between
Fig. 3. Errors in percent of the calculated bulk moduli for the series of
alkali metal hydrides: (a) in the static approximation, where no
dynamical effects are considered, (b) zero-point effects are included,
and (c) zero-point effects as well as temperature effects are included.



Table 4
Calculated and experimental dielectric constants for the alkali metal
hydrides at 298 K

LDA GGA Experiment

e0 e1 e0 e1 e0 e1

LiH 16.34 4.92 18.53 4.28 12.9 ± 0.5a 3.61a

NaH 9.87 3.35 10.47 3.12
KH 8.06 2.94 10.16 2.69
RbH 8.66 3.07 10.99 2.73
CsH 9.83 3.45 12.65 2.98

a See [47].

Table 3
Calculated and experimental Born effective charges at 298 K

LDA GGA Experiment

LiH 1.043 1.038 0.99 ± 0.04a

NaH 0.974 0.990
KH 0.975 1.004
RbH 1.034 1.049
CsH 1.139 1.119

a See [47].
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experiment and theory is not good, since errors over
40% are found. In the static approximation, the calcu-
lated bulk moduli are better for the GGA functional ex-
cept for KH, where the LDA calculation performs
marginally better.

In Fig. 3(b), when zero-point effects are taken into
consideration, GGA calculations show a marked
improvement with the experimental bulk moduli,
although LDA calculations also improve the agreement
with the experiment.

In Fig. 3(c), temperature effects are included and the
comparison with experiment should be more realistic. In
this case, LDA calculations perform slightly better over-
all than GGA calculations. Although major conclusions
cannot be made, we emphasize that new measurements
of the bulk moduli are required.

The effect of vibrations (at 0 K) is now comparatively
larger than that shown by lattice parameters and change
from static values by more than 10%. Neither LDA nor
GGA is better on the values of the bulk moduli obtained
from the calculations. However, the discrepancies may
well reflect the uncertainties in the experimental data
(see Table 2). The actual experimental errors for CsH,
for instance, may be larger that those quoted in Table
2 as the bulk modulus determined by Hochheimer
et al. [1] was determined from only three points of the
V/V0 vs. P curve, while Ghandehari et al. [45] were
forced to assume a value of the bulk modulus pressure
derivative of 4.0 due to the insufficient number of data
to fit a first order Birch equation. In passing, we note
that our calculations provide further support for the
bulk modulus of NaH determined by Duclos et al. [2]
in comparison to that reported by Hochheimer et al. [1].

3.3. Effective charges and dielectric constants

The calculation of effective charge tensors Z�
i as

implemented in the abinit [27] code has been described
in detail by Ghosez et al. [46]. For the rock-salt structure
adopted by the alkali metal hydrides Z�

i is a diagonal
matrix with all equal diagonal elements (Z*). By symme-
try, Z�

M ¼ �Z�
H, where Z�

M and Z�
H are the effective

charges of the cation and anion, respectively. The value
of Z�

i represents the rigid ion charge needed to produce
the actual polarization resulting by an infinitesimal dis-
placement of the ion. A formal definition and compari-
son with other atomic charge definitions have been given
by Ghosez et al. [46], where it is also explained how
covalence effects can produce Z�

i values greater than one.
The calculated charges are shown in Table 3 [47];

experimental data are available only for LiH. Our calcu-
lated value for LiH (Z�

Li ¼ 1.043 using LDA and
Z�
Li ¼ 1.038 using GGA) are in good agreement with

the experimental value of Brodsky and Burstein [47]
ðZ�

Li ¼ 0.99� 0.04Þ and the calculations of Blat et al.
[48] ðZ�

Li ¼ 1.06Þ and Shukla [49] ðZ�
Li ¼ 1.046Þ. The cal-
culated values for NaH are also in good agreement with
the result of Blat et al. ðZ�

Na ¼ 0.99Þ. The values of Z�
i for

the different hydrides obtained using GGA are always
slightly larger than those obtained from LDA calcula-
tions and all are close to the formal charge of Z�

i ¼ 1.
In Table 4, we show the calculated values of the low

and high frequency limits of the frequency-dependent
dielectric constant. In the low frequency limit, when
both ions and electrons can respond to the applied elec-
tric field, the dielectric constants (e0) obtained from
LDA calculations are systematically lower that those
obtained using GGA. On the contrary, in the high fre-
quency limit, when only electrons can respond to the ap-
plied electric field, the dielectric constants obtained from
LDA calculations are systematically higher than those
obtained using GGA.

3.4. INS spectra simulation

In Fig. 4, we show the INS spectra measured on TOS-
CA together with the result of our calculations using
both LDA and GGA. The arrows indicate the energy
transfer limit for contributions from the fundamental
transitions; at higher frequencies the spectral intensities
are due to overtones and combinations. In these calcula-
tions, we used the quasi-harmonic approximation and
optimized the lattice parameters including the vibra-
tional effect at T = 20 K, the temperature at which
INS experiments were carried out. For all five alkali me-
tal hydrides, the spectra obtained from LDA simula-
tions are in much better agreement with experiment
than those obtained from GGA simulations. This, in
turn strongly suggests that vibrational and in general



Fig. 4. INS spectrum of: (a) LiH, (b) NaH, (c) KH, (d) RbH, and (e) CsH determined from LDA and GGA calculations using quasi-harmonic lattice
dynamics at T = 20 K, and from experimental data.
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dynamical properties of these solids are better described
by LDA than by GGA calculations.

As the primitive cell contains two atoms, dispersion
curves show in general six branches: three acoustic and
three optical. For all alkali metal hydrides, the acoustic
branches appear below 400 cm�1. The optical branches
correspond to two transversal branches (TO) and one
longitudinal (LO) branch. As a more compact, but
rather less informative, way of representing the quality
of the calculated results, we can use the position of the
centre of mass of the main peak (TO). The comparison
of the calculations at T = 20 K using LDA and GGA
using this compact form is shown in Fig. 5, where we
plot the percentage difference within calculated and
experimental positions of the main TO peak.

To study the importance of taking into account
vibrational contributions in calculating lattice parame-
ters (i.e., the effect of vibrations on thermal expansion)
and their effect on the INS spectra, we have repeated
the simulations using the lattice parameters obtained
in the static limit and using quasi-harmonic lattice
dynamics at T = 20 K using LDA. Instead of showing



Fig. 6. Percentage difference of the calculated position of the centre of
mass main peak (TO) with respect to experiment for all alkali metal
hydrides. Ab initio calculations were carried out in the static limit and
fully dynamically at T = 20 K including both zero-point and thermal
effects.

Fig. 5. Percentage difference of the calculated position of the centre of
mass main peak (TO mode) with respect to experiment for alkali metal
hydrides. Ab initio calculations were carried out fully dynamically at
T = 20 K including both zero point and thermal effects.
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the calculated and experimental spectra for all alkali me-
tal hydrides, we resort to a more compact plot similar to
that presented in Fig. 5. In Fig. 6, we show the difference
between the experimental and calculated, using LDA,
main peaks both in the static approximation and at
T = 20 K. The agreement of the spectra calculated using
Fig. 7. Electron density as a function of distance calculated from LDA simu
(110), and (c) (111). In all cases, a H atom is located at the origin; vertical lin
is found. Vertical lines, from left to right correspond to LiH, NaH, KH, Rb
lattice parameters in the static limit with the experimen-
tal data is much poorer than that obtained from lattice
parameters calculated using the quasi-harmonic approx-
imation at T = 20 K. The spectra obtained from simula-
lations in the static limit along three different directions: (a) (100), (b)
es indicate the distance where a nearest neighbour along each direction
H and CsH. All plots use the same scale.
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tions using the lattice parameters calculated at T = 298
K, not shown here, also show a poorer agreement with
experiment than that obtained from simulations at 20
K, though the discrepancy is not so large. We see that
for the simulation of INS spectra and the calculation
of lattice parameters it is crucial to take vibrational con-
tributions and temperature effects into account.

3.5. Electron density and elasticity

In Fig. 7, we show the electron density as a function
of distance along three directions. In all cases, a hydro-
gen atom is located at the origin. Along the (100) direc-
tion (Fig. 7(a)) there is an alkali metal nearest neighbour
at a/2. Next nearest neighbours, hydrogen atoms, are
found along the (110) direction (Fig. 7(b)) at

ffiffi
2

p

2
a, and

second cation nearest neighbours are found along the
(111) direction (Fig. 7(c)) at

ffiffi
3

p

2
a. The minimum electron

density along the nearest neighbour direction, Fig. 7(a),
is at approximately 1.48 Å for LiH and at values ranging
from 1.63 to 1.66 Å for the other alkali metal hydrides.
The electron density at the minimum is approximately
0.0177 electron/Bohr [3] for LiH and ranges from
0.0136 to 0.0126 electron/Bohr [3] for the other hy-
drides. This suggests that the hydrogen anion is smaller
in LiH than in the other hydrides, where it has an
approximately constant size. This is consistent with the
more covalent character of the H-metal bond in LiH
compared to the other hydrides as expected from the
higher polarization power of the Li+ ions. In all three
directions shown in Fig. 7 there is a higher interionic
electron density in LiH than in the other hydrides.
Potassium, rubidium and caesium hydrides show a very
similar electron density, with NaH being intermediate
between these and LiH.

The relatively more covalent bonding in LiH can also
be inferred from the Cauchy violation in the elastic con-
stants. If only two body forces were responsible for the
bonding in theses solids, the quotient C12/C44 should be
close to 1. In sodium chloride, a typical example of ionic
bonding the value is 1.09. For LiH C12/C44 is 0.20 (Ta-
ble 5), while for NaH, KH and RbH the value is 0.6. The
calculated value for CsH is �0.25.

Because of computer power limitations, we were able
to calculate the elastic constants for the alkali metal hy-
drides only in the static approximation, neglecting the
effect of vibrations. Mainly as a consequence of experi-
Table 5
Elastic constants calculated in the static approximation

C11 C12 C44

LiH 100.9 10.3 51.4
NaH 56.9 15.9 24.7
KH 39.4 6.3 10.4
RbH 35.1 4.5 7.6
CsH 33.4 1.2 4.7
mental difficulties in growing single crystals, experimen-
tal values for the elastic constants are limited to LiH
[10]. The room temperature experimental values are
C11 = 67.2, C12 = 14.8 and C44 = 46.1 GPa. While these
values differ somewhat from than those calculated here
(100.9, 10.3 and 51.4 GPa), the main reason could be
the neglect of vibrational effects in the calculations.
For comparison, the bulk modulus calculated in the sta-
tic approximation (40.5 GPa) is appreciably larger that
that calculated using quasi-harmonic lattice dynamics
at 298 K (33.3 GPa), which is then in good agreement
with the experimental value of 32.2 GPa.
4. Conclusions

In this paper, we have presented properties of the al-
kali metal hydrides (LiH, NaH, KH, RbH and CsH) ob-
tained from ab initio calculations, using two different
functionals and including vibrational contributions. Pre-
vious theoretical and experimental work was summa-
rized to show that, for this system, atomistic models
like the shell model are not suitable for describing even
qualitatively the elasticity and thermal behaviour of
these materials.

Ab initio calculations were carried out using HGH
pseudo-potentials and plane waves as implemented in
the code abinit and considering both LDA and GGA
functionals. For these systems, the crystal structure is
completely determined by the lattice parameter a. In
the static approximation, i.e. neglecting the contribution
of phonons to the free energy, lattice parameters calcu-
lated using GGA are in good agreement with available
room temperature experimental data while those calcu-
lated using LDA underestimate the experimental values
by over 4%. The inclusion of vibrational effects, how-
ever, makes an important contribution to the free ener-
gies, even at 0 K, and increases the calculated values of
the lattice parameters. The finite temperature contribu-
tion to the free energy (obtained from fully dynamical
optimizations) allows the proper comparison of the
experimental and calculated properties. Lattice parame-
ters calculated using LDA and fully dynamical optimi-
zation are in good agreement with the experimental
data while values calculated using GGA appreciably
overestimate the experimental values.

A similar situation occurs with the calculated bulk
moduli. In the static approximation, values calculated
using LDA overestimate available room temperature
experimental data; whereas values calculated using
GGA show a better agreement with the experiment.
The incorporation of vibrational effects, by performing
fully dynamic optimization, decreases the calculated
bulk moduli improving the agreement of the calcula-
tions using LDA, which are now, overall, in better
agreement with experiment than those using GGA.
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LiH gives a striking example of the importance of vibra-
tional contributions: while the experimental bulk modu-
lus of LiH is 32.2 GPa, the values calculated using LDA
in the static approximation and including vibrational
contributions are 40.5 and 33.3 GPa. The neglect of
vibrational contribution would lead, at least for this sys-
tem, to a large overestimate of the bulk modulus.

The effective charges calculated using both LDA and
GGA are in all cases close to the formal value of 1, with
values obtained using GGA sometimes slightly higher
than those calculated using LDA. However, and in spite
of the high formal charges of these ions, the bonding has
important covalent contributions, as evidenced from the
deviations of the Cauchy relations and the electronic
density maps. For NaCl, a typical example of ionic
bonding C12/C44 � 1.09 while for the series LiH to
CsH the values calculated using LDA in the static
approximation are 0.20, 0.64, 0.61, 0.59 and 0.26. Vibra-
tional contributions are unlikely to appreciably change
the quotient C12/C44. It is worth remembering that
atomistic models with two body forces only, give C12/
C44 = 1 [21], and deviations from this value only arise
when three or many body forces are considered. From
the electronic density plots given in Fig. 7, it was shown
that the hydrogen anion is comparatively smaller in LiH
than in the other hydrides, due to the higher polarizing
power of the Li+ ions. From the plots given in Fig. 7, it
can also be seen that the electronic density as a function
of distance from a hydrogen atom strongly depends on
the direction, a characteristic feature of covalent
bonding.

We have also calculated the INS spectra for the whole
series of alkali metal hydrides using both LDA and
GGA. If the phonon spectra are calculated using lattice
parameters obtained in the static approximation, GGA
results show a better agreement with experiment than
those obtained from LDA calculations. However, when
fully dynamic calculations are carried out, LDA per-
forms systematically better than GGA. It is worth
stressing that temperature effects, included in lattice
dynamics through quasi-harmonic calculations, are not
negligible and should always be included.

Although LDA calculations show a better agreement
with experiment when fully dynamic calculations are
carried out it is worth noting that calculations using
GGA in the static approximation show also a very good
agreement with the experiment. Though for the alkali
metal hydrides the simple NaCl structure (where only
one parameter needs to be optimized) has allowed us
to carry out extensive ab initio lattice dynamic calcula-
tions this may not be the case for more complicated sol-
ids. For crystals with more complicated structures, free
energies have to be minimized with respect to several lat-
tice parameters and internal coordinates. Computer
time may make the calculations unfeasible and so
GGA calculations in the static approximation could be
considered as an approximate alternative. Of course,
more theoretical work in this area is required before
making more general conclusions.
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