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Pressure strongly modifies electronic and optical properties of solids. In this work we report ab initio
time-dependent density-functional theory calculations of the dielectric response of the high-pressure metallic
phase of aluminum hydride �AlH3� within the random-phase approximation. Besides the conventional free-
electronlike plasmon, which is highly damped, low-energy transitions between states near the Fermi level that
appear in this metallized phase give rise to a low-energy undamped collective mode. This feature is expected
to induce an abrupt edge in the experimentally measured reflectivity just below 1 eV and also affect electronic
correlations close to the Fermi energy. Our work shows that AlH3 is basically a hydrogen sublattice weakly
perturbed by Al atoms.
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I. INTRODUCTION

Compressed hydrides have been the focus of many theo-
retical and experimental studies as candidates for high-
temperature superconductors.1 Indeed, these hydrides contain
large fractions of H atoms and tend to be insulators at low
pressure, while at high pressure they are expected to metal-
lize. Since metallization of pure hydrogen has not been ob-
served experimentally so far even at pressures as high as 340
GPa,2–4 these hydrogen-rich materials, which are expected to
metallize at considerably lower pressure, are thought to be of
relevance for studying phenomena related to metallic hydro-
gen.

Along these lines, many hydrides such as CH4,5,6

SiH4,7–11 GeH4,12,13 or SnH4 �Refs. 14 and 15� have been
investigated for possible metallization at high pressures. In
particular, the binary alloy aluminum hydride �AlH3� has re-
cently been the subject of many theoretical and experimental
investigations. Pickard and Needs16 predicted using density-
functional theory �DFT� and a “random searching” technique
a metallic phase of AlH3 at 73 GPa with a structure of space

group Pm3̄n. Subsequently, Goncharenko et al.17 showed ex-
perimental evidence for the pressure induced hydrogen-
dense metallic state in this light covalent hydride at 100 GPa
with the same symmetry predicted in Ref. 16.

Pressure is known to change the bonding and electronic
properties of solids. For instance, recent calculations on
compressed lithium and sodium have shown a striking depar-
ture from the classical nearly free-electronlike model behav-
ior. In particular, calculations on the pressure-induced modi-
fication of the low-momentum dynamic electronic dielectric
response function in lithium18,19 have predicted an undamped
collective mode whose absorption power gradually redistrib-
utes from the conventional plasmon to this feature. In the
case of sodium, which becomes a charge-transfer insulator at
high pressures, strong variations in excitonic effects are
found with applied pressure. Moreover, the absorption spec-
trum of sodium is found to be strongly anisotropic, becoming
transparent in the visible range in one polarization direction
while remaining “metallic” in the other.20,21

Here, we focus on the study of the dynamic dielectric
electronic response and optical properties of the metallic
phase of AlH3 within time-dependent DFT �TDDFT�. Our ab
initio calculations show that, for vanishing momentum trans-
fer, the macroscopic dielectric matrix vanishes around 0.9
eV. This gives rise to a well-defined, undamped collective
excitation originated in intraband electron-hole excitations
but strongly affected by interband transitions. We have ex-
tended our study to an artificial system where the Al atoms in
AlH3 have been replaced with a compensating background
and we have found that the resulting hydrogen sublattice has
very similar electronic properties to those of AlH3. Unless
otherwise specified, atomic units are used, namely, �=me
=e2=4��0=1.

II. THEORY

The starting point of our calculations is a set of well-
converged Bloch states �nk and energies �nk, which are the
eigenfunctions and eigenvalues of the Kohn-Sham equation
of DFT. Then we evaluate the density-response function
�0�r ,r� ,�� of noninteracting electrons moving in the effec-
tive Kohn-Sham potential.22 Given the lattice periodicity of
the solid, the Fourier transform of �0 with respect to space
coordinates can be expressed as

�G,G�
0 �q,�� =

1

�
�
k

1BZ

�
n,n�

f�	nk� − f�	n�k+q�

	nk − 	n�k+q + � + i


� �nk�e−i�q+G�·r�n�k + q��n�k + q�ei�q+G��·r�nk� ,

�1�

where � represents the normalization volume, k and q are
wave vectors within the first Brillouin zone �1BZ�, G and G�
are reciprocal lattice vectors, 
 is a positive infinitesimal,
	nk=�nk−�F, and f�	� is the Fermi occupation function.

In the framework of TDDFT,23 the Fourier coefficients of
the density-response function of interacting electrons,
��r ,r� ,��, are given by
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�G,G��q,�� = �G,G�
0 �q,�� + �

G1,G2

�G,G1

0 �q,���vG1
�q��G1,G2

+ fG1,G2

XC �n0	�q,��
�G2,G��q,�� , �2�

where vG�q�=4� / �q+G�2 is the Fourier transform of the
bare Coulomb potential and fG,G�

XC �n	�q ,�� are the Fourier
coefficients of the functional derivative of the time-
dependent exchange-correlation �XC� potential of TDDFT,
which accounts for the dynamical XC effects.

The inverse dielectric matrix, whose negative imaginary
part, −Im��G,G�

−1 �q ,��	, yields the loss function, is given in
terms of � by

�G,G�
−1 �q,�� = �G,G� + vG�q��G,G��q,�� . �3�

The macroscopic dielectric function is defined as

�M�q,�� = 1/�0,0
−1 �q,�� , �4�

where �0,0
−1 �q ,�� represents the first diagonal element of the

inverse dielectric matrix of Eq. �3�. In the absence of crystal
local-field effects, which arise when the microscopic electric
field varies rapidly over the unit cell,24 the off-diagonal ele-
ments of the inverse dielectric matrix are negligible and the
macroscopic dielectric function coincides, therefore, with the
first diagonal element of the dielectric matrix. In the random-
phase approximation �RPA�, which neglects XC effects
�fXC=0 in Eq. �2�	, the dielectric matrix is given by

�G,G�
RPA �q,�� = �G,G� − vG�q��G,G�

0 �q,�� . �5�

Collective excitations �plasmons� occur at energies where
both the real and the imaginary parts of the macroscopic
dielectric function are zero. The normal-incidence reflectiv-
ity R is defined as

R =
�n − 1�2 + 2

�n + 1�2 + 2 , �6�

where the index of refraction, n, and the extinction coeffi-
cient, , are related to the real and imaginary parts of the
macroscopic dielectric function for q→0 through the equa-
tions

Re �M = n2 − 2 �7�

and

Im �M = 2n . �8�

III. RESULTS AND DISCUSSION

Our ab initio calculations are based on the Pm3̄n structure
characterized in Ref. 17 at 110 GPa. We adopt an all-electron
approach where �nk and �nk were obtained using the gener-
alized gradient approximation �GGA� �Ref. 25� of the
exchange-correlation potential by means of the full potential
linearized augmented plane wave method26 using a
RKMAX=7 cutoff criterion. The muffin-tin radius of Al and
H was set to 2.1 and 1.3, respectively. The dielectric function
was obtained by using a 30�30�30 mesh in reciprocal

space, including states up to 68 eV above the Fermi energy
and a damping of 0.03 eV in Eq. �1�.27 We restrict our atten-
tion to the RPA response28 of AlH3 at the low-energy range
and vanishing momentum transfer �q→0�, where LFE29 and
dynamical XC effects are negligible.

The solid and dashed lines in Fig. 1�a� show the imagi-
nary and real parts of the dielectric function for q=1 /100
� �100� within the RPA. The diagonal elements of the imagi-
nary part of the RPA dielectric matrix are known to represent
a measure of the number of states available for real transi-
tions involving a given momentum transfer q and energy
transfer �. Below 1 eV, Im � shows two sharp peaks, one
centered at about 0.1 eV and another one with a double-
hump structure between 0.4 and 0.65 eV �see inset of Fig.
1�a�	 which reflect the availability for single-particle transi-
tions close to the Fermi level.

The Kramers-Kronig relations between the real and
imaginary parts of the macroscopic dielectric function guar-
antee that the real part has a “dip” whenever the imaginary
part has a “jump.” Because both the real part �dashed line�
and the imaginary part �solid line� vanish around 0.9 eV, a
well-defined, undamped plasmon peak builds up around this
energy. This plasmon cannot decay via single-particle exci-
tations so it has a very long lifetime as shown by the �
function in the energy-loss function displayed in Fig. 1�b�.

The features observed in the response function have their
origin in the band structure, which is shown in Fig. 2 along
with the density of states of AlH3. At an intuitive level, two
main features are to be expected. First, there should be a
conventional free-electronlike plasmon; the simplest ap-
proximation for its frequency in the case of AlH3 is �p

=�4���23.8 eV, thus placing it squarely in the range of
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FIG. 1. Dielectric properties of AlH3 for �q�→0 �q=1 /100
� �100�	. �a� The real �dashed line� and imaginary �solid line� parts
of the macroscopic RPA dielectric function. �b� The corresponding
loss function. The vertical line represents the � peak corresponding
to the undamped low-energy plasmon.
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electron-hole excitations, leading to large damping by single-
particle transitions. Second, the fact that the system is a
metal with small hole pockets around M and an electron
pocket around R produces a second, low-energy plasmon. To
get a sense of scale, a simple two fluids �electrons and holes�
analysis and an effective mass description of the relevant
bands suggest that this intraband plasmon should have fre-
quency �3.5 eV, outside the energy range where electron-
hole excitations provide decay channels. These energies are
higher than the energies of the peaks associated to the plas-
mons in the loss function of Fig. 1�b� �14.5 eV and 0.9 eV,
respectively�, the shift corresponding to the screening asso-
ciated to the interband electron-hole excitation not included
in the simple free-electron picture.

A careful analysis of all possible initial and final states
contributing to �0 in Eq. �1� shows that the origin of the first
peak are intraband transitions between electronic states close
to the R and the M points while the second peak stems ex-
clusively from interband transitions between states around
the M point. Furthermore, the band structure shows a gap for
nearly vertical transitions of about 4 eV for all initial states
with energies lower than −0.7 eV, which translates into a
flat �zero� region in Im �. For energy transfers larger than
this gap, the continuum of single-particle transitions gives
rise to the broad peak starting at 4 eV, corresponding to the
onset of excitations around X.

In order to better understand the role of the H atoms in
AlH3, the band structure of an hypothetical system composed
of only the hydrogen sublattice and a compensating back-
ground charge was computed �henceforth this will be re-
ferred to as the “hydrogen subsystem”�. As can be seen in
Fig. 2, the bands of AlH3 and of the hydrogen subsystem are
qualitatively very similar below the Fermi energy. Near the
Fermi energy, the presence of aluminum shifts the bands up
at the R point and down at the X point while leaving them
almost unchanged at M. Furthermore, two nearly parallel
bands arise in the XM and �M directions in the hydrogen
subsystem. It is straightforward to understand the effect of
the presence or absence of aluminum on the band structure
by considering the contribution to the total electronic density
coming from states of interest.30 The density contribution
from the states immediately below the Fermi energy at the R

point can be seen in Fig. 3. In the absence of aluminum,
electronic charge piles up at what would be the aluminum
sites. When these ions are present, the density profile is
modified because of aluminum’s repulsive ionic core and the
energy associated with these states is higher. Similarly, the
density contributions from states near the Fermi energy at the
M point �not shown� vanish at the aluminum sites �whether
the metallic ions are present or not�, thus making these
eigenstates and their corresponding eigenvalues qualitatively
oblivious to the presence of the metallic ions.

Figure 4 shows the real and imaginary parts of the dielec-
tric function of the hydrogen sublattice system together with
those of AlH3. As expected, the peak stemming from inter-
band transitions around the Fermi level is slightly shifted to
higher energies and broadened according to the change in the
bands in the hydrogen sublattice when approaching M from
X and �. Otherwise, both systems show qualitatively very
similar dielectric functions at low energies, in agreement
with our previous conclusions, i.e., that AlH3 is mainly a
hydrogen sublattice very weakly disturbed by the presence of
Al atoms.
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FIG. 2. �Color online� Left panel: bands of AlH3 �full black line�
and of the hypothetical system composed of the hydrogen sub-
system immersed in a jellium background �dashed blue line�, near
the Fermi energy. Right panel: density of states of AlH3 per unit
cell.
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The effect of the collective excitation predicted around 1
eV is susceptible to observation through optical
measurements.31 Figure 5 shows the refraction index, n, ex-
tinction coefficient, , and reflectance, R, of AlH3 derived
from the macroscopic dielectric function. Our calculations
show that incident light with frequency slightly above the
plasmon frequency should experience an abrupt decrease in
reflectivity with the subsequent near total loss of reflectivity
at about 0.9 eV. The dip in R at the plasmon frequency is
followed by a broader region which reaches a local maxi-
mum of 0.6 around 6 eV.

IV. SUMMARY AND CONCLUSIONS

We have calculated the dielectric and optical properties of
the metallic phase of AlH3 at 110 GPa. We have found that
for vanishing momentum transfer the real and imaginary
parts of the dielectric functions vanish simultaneously giving
rise to an undamped plasmon at 0.9 eV. We have demon-
strated that its energy is strongly affected by the onset of the
continuum of interband transitions at 4 eV. This plasmon just
below 1 eV should induce an abrupt decrease in the reflec-
tivity which should be measurable.
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