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1Laboratoire Léon Brillouin C.E.A.-C.N.R.S., CEA Saclay, 91191 Gif-sur-Yvette, France
2Max Planck Institute für Chemie, Postfach 3060, 55020 Mainz, Germany

3European Synchrotron Radiation Facility, 38043 Grenoble, France
4Department of Physics and Engineering Physics, University of Saskatchewan, Saskatoon, Saskatchewan S7N 5E2, Canada

(Received 23 October 2007; published 29 January 2008)

Two structural transitions in covalent aluminum hydride AlH3 were characterized at high pressure. A
metallic phase stable above 100 GPa is found to have a remarkably simple cubic structure with shortest
first-neighbor H-H distances ever measured except in H2 molecule. Although the high-pressure phase is
predicted to be superconductive, this was not observed experimentally down to 4 K over the pressure
range 120–164 GPa. The results indicate that the superconducting behavior may be more complex than
anticipated.
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Dense monatomic hydrogen is expected to show very
unusual physical properties, such as metallic conductivity,
high-temperature superconductivity, and quantum liquid
state at 0 K [1–4]. Despite enormous experimental efforts,
metallic solid hydrogen has never been observed experi-
mentally, even at pressures as high as 320–340 GPa [5–7].
There is another way to create a dense hydrogen-dominant
metallic lattice. Ubbelohde suggested that metal-hydrogen
alloys might show similar properties to those of metallic
hydrogen [8]. Indeed, many transition elements, rare
earths, or actinides absorb a significant amount of hydro-
gen, forming metallic alloys already at ambient pressure,
but metallic hydrogen has not been found [9]. In these
hydrides, hydrogen atoms are isolated in the interstitial
sites of the metal lattice and vibrate predominantly in
optical modes which only coupled weakly with conduction
electrons. It was suggested recently that a ‘‘hydrogen-
dominant’’ metallic state might be found under pressure
in covalent hydrides, which are insulators at ambient pres-
sure [10]. Contrary to interstitial hydrides, covalent hy-
drides are very compressible and their volumes are
expected to reduce by 50% to 70% at 100 GPa. The strong
compression should result in a wide overlap of electronic
bands and the hydrides become metallic. Assuming that in
the high-pressure metallic phases hydrogen atoms form a
three-dimensional net, one would expect to obtain a
hydrogen-dominant state having properties similar to me-
tallic hydrogen [10]. No evidence for a metallic state in the
covalent ‘‘light’’ hydrides has been reported so far. There
has been a recent report showing that SiH4 remains an
insulator up to a pressure of 215 GPa [11], whereas theory
suggests a superconducting state at pressures above
100 GPa [12]. Here we present the first experimental
evidence for a pressure-induced hydrogen-dense metallic
state in a light covalent hydride, AlH3, at 100 GPa.

Six different crystalline forms of AlH3 have been re-
ported at ambient pressure [13]. Four (�, ��, �, and �
phases) have been synthesized reproducibly and their crys-

tal structures determined [14–18]. These structures are
built from AlH6 octahedrons linked by Al-H-Al bridges.
Similar to other hydrides, the first-neighbor metal �M�-H
distances (1.7 Å) in the ‘‘bridges’’ are much shorter than
nearest H-H distances (2.3–2.5 Å). The crystal structure of
the most stable modification, �-AlH3, has been examined
by x-ray diffraction up to pressures of 35 GPa [19,20] and
by neutrons up to 7.2 GPa [21]. The R-3c structure was
found to be stable up to at least 35 GPa. There was the
suggestion that this structure and the insulating state will
be stable at 100 GPa and above [20]. Prior to the high-
pressure study, AlH3 was examined at ambient pressure by
x-ray and neutron diffraction. Only �-AlH3 was observed
without any trace of impurities. High-pressure x-ray dif-
fraction was performed at room temperature in a diamond
anvil cell (DAC) at the ID9A high-pressure beam line of
the European Synchrotron Radiation Facility in the angular
dispersive mode. To ensure quasihydrostatic conditions up
to 110 GPa, hydrogen was used as a pressure-transmitting
medium. Pressure was measured by the ruby-fluorescent
technique. Powder diffraction patterns were analyzed with
the FULLPROF software. Resistance and optical measure-
ments were performed at the Max Planck Institute in a
DAC using the quasi-four-probe technique with platinum
electrodes. No pressure-transmitting medium was used in
these measurements. The pressure was determined by ruby
fluorescence and from Raman shift of the high-frequency
edge of the stressed diamond. The absence of Raman
modes associated with molecular hydrogen indicates no
hydrogen dissociation up to 164 GPa. The low pressure
x-ray results are in agreement with earlier reports [19–21].
A monoclinic distortion of the � phase where Bragg peaks
deviated slightly from the calculated positions in the R-3c
space group were observed [20]. The deviations possibly
originate from a small uniaxial pressure component in the
pressure cell, are very small (�0:1%), and did not increase
even at 60 GPa. At higher pressure, drastic changes in the
diffraction pattern were observed at 63 GPa (Fig. 1). The
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new phase (phase II) can be described by a monoclinically
(a � b in hexagonal setting) distorted unit cell of the
initial R-3c structure (Fig. 1). Nevertheless, displacements
of diffraction peaks and discrepancies between measured
and calculated intensities suggest that the real symmetry
might be lower (i.e., triclinic). A second phase transition
(phase III) was observed at 100 GPa (Figs. 1 and 2). At this
pressure, the volume of AlH3 is only 45% of its ambient
value. The structure of phase III is remarkably simple and
completely different from structures found in other cova-
lent hydrides with two aluminum atoms forming a simple
body centered cubic lattice (Fig. 1). The positions of
hydrogen atoms cannot be determined from the x-ray
data. In a cubic unit cell consisting of 2 f.u., there are
two possibilities to locate 6 H atoms. In the first model, H
atoms occupy centers of the faces and centers of the edges
of the cubic cell. This is the well-known Im-3m ReO3 type
structure. In the second model, H atoms are grouped in

pairs and located on faces, forming linear chains along the
cubic axes. The symmetry of this structure is Pm-3n. Both
structures are characterized by the same H-H distances
(1.54 Å at 110 GPa). In the above structures the H-H
distances are the same and shorter than the Al-H distances
(1.54 and 1.72 Å in the Im3m and Pn-3m structures,
respectively). The structural transitions are accompanied
by drastic changes in electronic properties. At 60 GPa the
sample starts to darken, indicating a gradual transforma-
tion to a semiconducting state. At 100 GPa, at the onset
of the phase II—phase III structural transformation, the
sample becomes black and the electrical resistance shows a
remarkably sharp insulator-metal transition (Fig. 3).
Variation of electrical resistance in the temperature range
4–300 K shows a typical metallic behavior, but there is no
sign of a superconductive transition. Increasing pressure
from 100 to 165 GPa does not change the conductivity
significantly, and no evidence for another electronic tran-
sition was found.

The observation of a hydrogen-dense, highly symmetric,
and metallic (while not superconducting) state in the co-
valent hydride is highly interesting. It has no analogues
among knownM-H phases. The H-H distances in phase III
at 110 GPa are the shortest ever reported except for the H2

molecule. From the extrapolation of low pressure data,
H2-H2 distances of the same value are expected in molecu-
lar hydrogen at 400 GPa [22]. One can also estimate the
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FIG. 2 (color online). Volume per formula unit in AlH3 as a
function of pressure. Black lines are fits of the experimental data
by the Murnaghan-Birch equation. The volume of phase II was
calculated in the monoclinic model. The fitting parameters are
the following: V0 � 33:5�1� �A, B0 � 42:3�5� GPa, B1 � 3:5�1�
for phase I; V0 � 31:7�5� �A, B0 � 44:9�10� GPa, B0 � 2:7�2�
for phase II; V0 � 27:0�5� �A, B0 � 50:4�10� GPa, B0 � 3:5�2�
for phase III. Red lines are results from ab initio calculations. In
insets, left: c=a ratio in phase I versus pressure; right: partial
hydrogen volume per H atom in AlH3 (circles) compared with
volume per H atom (blue curve) and per H2 molecule (red curve)
expected in molecular hydrogen. Double line is a guide for the
eye.
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FIG. 1 (color online). X-ray diffraction patterns of phases I, II,
and III of AlH3. Incident wavelength is 0.412 Å. Solid lines are
calculated diffraction patterns. Asterisks mark diffraction peaks
from the pressure-transmitting medium. The hexagonal (a �
4:44 �A, c � 11:8 �A) unit cell of phase I at ambient contains 6
formula units, Al in 6b �0; 0; 0� positions and H in 18e �0:63; 0; 1

4�

positions, in agreement with Refs. [14,15]. Phase II at 72 GPa
was described in a monoclinic (space group P2) unit cell with
lattice parameters a � 3:21 �A, b � 6:18 �A, c � 2:95 �A, â �
119:7� containing 3 f.u. [solid (red) line] or in a trigonal (a �
3:83 �A, b � 5:12 �A, c � 6:72 �A, � � 112:6�, � � 111:9�,
� � 56:6�) unit cell (space group P1) containing 6 f.u. sug-
gested by theory (blue line). Phase III has a cubic structure with
Al atoms in positions �0; 0; 0� and �12 ;

1
2 ;

1
2�, a � 3:08 �A at

110 GPa. Bragg R factor for phase III RB � 7%.
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partial ‘‘hydrogen’’ volume in the hydride from subtraction
of the atomic volume of pure aluminum [23] measured at
the same pressure. This procedure has been widely used for
interstitial hydrides. At ambient pressure, the partial hydro-
gen volume (5:5 �A3) is about twice that in a typical tran-
sition metal hydride [24]. At 110 GPa, it drops to only
1:5 �A3. For comparison, a similar volume is expected per
H2 molecule in molecular hydrogen at 800 GPa (see inset
of Fig. 2).

The structural stability, electronic structure, and phonon
dynamics of AlH3 under pressure were studied by first
principles density functional pseudopotential plane-wave
calculations [25]. A structural search using a genetic algo-
rithm found that at pressures above 60 GPa AlH3 trans-
forms to a lower symmetry and lower enthalpy triclinic
structure formed by distorted and shifted triangular Al
planes. The predicted lattice parameters [26] and unit cell
volumes from 65 to 100 GPa (Figs. 2) fits reasonably well
the experimental data (Fig. 1). At pressures above 100 GPa
a cubic structure becomes energetically favorable. The
Im-3m and Pm-3n hydrogen arrangements described
above were examined, and the latter structure was found
to be energetically more favorable [Fig. 4(a), right]. The
difference in energy is very large (2 eVat 100 GPa) and far
exceeds any anticipated error in the calculations. We con-
clude that the Pm-3n structure is likely to be the structure

of phase III. Electronic band structure calculations show
that the Pm-3n structure is metallic [Fig. 4(b)]. The calcu-
lated valence bandwidth is very broad (17.5 eV) and shows
strong hybridization among the Al and H orbitals. Bader
topological analysis [27] of the valence charge density
have identified bond critical points between H and Al
and with neighboring H atoms, although the strength of
interaction is weaker in the latter case. Electron-phonon
calculations indicate phase III should be superconducting
with a mass enhancement parameter � � 0:74. Employing

FIG. 4 (color online). (a) Left: the Im3m (up) and Pm-3n
(down) structures suggested for phase III. Aluminum atoms
are shown in red and hydrogen atoms are shown in blue. Each
cell contains 2 f.u., aluminum atoms occupy positions �0; 0; 0�
and �12 ;
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Right: calculated enthalpy in the R-3c, Im3m, and Pm-3n
structures. (b) Calculated electronic band structure (left) and
projected density of states (right) in the Pm-3n phase. (c) Plots
of the nesting function at 110 GPa and 165 GPa (left) showing
significant nesting in the R–M direction at 110 GPa but dimin-
ished at 165 GPa. (Right) Possible nesting vectors connecting the
2 pieces of Fermi surfaces at 110 GPa.
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FIG. 3 (color online). Electrical resistance in AlH3 at the
pressures of 120 and 164 GPa as a function of temperature.
Residual resistance at the lowest temperature in part originates
from the electrical contacts due to the quasi-four-probe tech-
nique. In insets, top: image of the sample and the electrical
contacts before and after the insulator-metal transition; bottom:
electrical resistance measured at room temperature and different
pressures.
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the extended McMillan equation [28] with a nominal
Coulomb repulsion parameter �� � 0:14 [10], the pre-
dicted critical temperature (Tc) is 24 K at 110 GPa. So,
why was superconductivity not observed at this tempera-
ture experimentally? To answer the question, calculations
were extended to higher pressure to study the sensitivity of
electron-phonon coupling to the shape of the Fermi sur-
face. At 110 GPa, the strong phonon coupling is dominated
by a nesting of the Fermi surface [28,29]. The nesting is
extremely sensitive to electron density and pressure
[Fig. 4(c)]. At 165 GPa the calculated Tc is only 6 K. It
is also found that at 110 GPa, low frequency vibrations
(�220 cm�1), which are close to the estimated supercon-
ductivity band gap (�170–200 cm�1), contribute signifi-
cantly to the electron-phonon coupling. The role of such a
soft phonon mode to superconductivity is still an open
issue. They are not present in pure hydrogen, but they
might appear in hydrogen-dominant hydrides. It has been
suggested [30] that phonon modes with energy close to or
less than the superconductivity band gap will decrease the
Tc. Removing the low frequency modes from the calcula-
tion of the electron-phonon coupling parameter reduces Tc
to 6 K at 110 GPa. A larger value of �� will reduce the Tc
even further. Finally, it appears that the high-Tc super-
conductivity in hydrogen-dominant alloys is not as
straightforward as anticipated [10] and might exist in
some ‘‘window’’ of parameters such as pressure and elec-
tronic density or frequency of low-energy phonon modes
[31].
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