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Neutron spectroscopy of aluminium trihydride
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Abstract. The lattice dynamics ofr-AlH3 and «-AlD3 were studied by inelastic neutron
scattering (INS). The hydrogen optic modes in the INS spectra were shown to form a broad
structured band which exhibited an harmonic isotopic behaviour. In contrast, the low-energy part
of the phonon spectra, formed mainly by the vibrations of the metal atoms, showed pronounced
anharmonicity. The temperature dependence of thesAlelat capacity derived from the INS
data agrees with the available experimental dependence at 50-150 K.

1. Introduction

The crystal structure o&-AlH 3, schematically shown in figure 1, essentially differs from
the structures of other metal hydrides. It has the trigonal space gréu@i six Al
molecules in a hexagonal unit cell with the dimensians- 4449 A and ¢ = 11.804 A
[1]. The structure consists of alternating planes of Al and H atoms stacked perpendicular
to thec axis and spaced at distancgl2. Columns of Al atoms and spirals of H atoms are
parallel to thec axis and form a three-dimensional network of AH-.--Al bridges. All
Al-H nearest distances are 1.7A5and the shortest Al-Al distances are 3.286

Any given hydrogen atom in aluminium trihydride has therefore only two nearest metal
neighbours and does not occupy any symmetrical interstitial position in the metal sublattice
as it does in most other hydrides (for example, in the hydrides of transition and rare
earth metals hydrogen usually occupies octahedral and/or tetrahedral interstitial positions
[2]). One could thus expect that the lattice dynamicsxef\IH3 should also have some
distinguishing features. In particular, due to rather large Al-Al distances and the Al-Al
bonding involving the hydrogen atom, the low-energy ‘lattice’ part of the phonon spectrum
should be noticeably influenced by the hydrogen vibrations.

The present paper reports on the measurement of phonon speetddidf anda-AlD 3
by using the inelastic neutron scattering (INS) techniques. The sample of aluminium
deuteride was contaminated with protium, and its INS spectrum was measured only roughly
in order to better understand some characteristic features of the gaéttrum.
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2. Experimental details and data treatment

The aluminium hydride powder with a grain size of 304t and a purity of 99.8 wt%

was prepared by a reaction of LiAjHvith AICl3 in ether solution at room temperature [3].
The aluminium deuteride powder with a grain size of;2® was prepared in the same way
using the deuterium-substitued reagents. The main impurity in the deuteride was protium
and the H/(H+D) atomic ratio made up5kt 0.5% according to the spectral analysis.

The INS spectrumfa 1 gsample of AlH was measured at 25 K using the time-focused
crystal analyser (TFXA) spectrometer [4] at the spallation neutron source, ISIS, Rutherford
Appleton Laboratory, UK. The spectrometer provided an excellent resolutiorip < 2%,
in the range of energy transfer from 2 to 500 meV. The measured data were transformed to
the dynamical structure factd(Q, w) versus energy transfer using standard programs (
and Q are the neutron energy and the momentum transfer, respectively).

Figure 1. Aluminium trihydride structure as seen in the (001) projection of a hexagonal unit
cell. Numbers give the position of atoms in units of a twelfth of the unit cell dimensian

The INS experiment on a 15 g sample of aluminium deuteride was carried out at 80 K
using the inverted geometry time-of-flight spectrometer KDSOG-M [5] installed at the IBR-2
pulse reactor in Dubna, Russia. The spectrometer has a very high neutron flux at the sample
position and provided a medium resolutiovaw/w ~ 4-10% in the studied range of energy
transfer from 1 to 200 meV. The data were transformed to the generalized vibrational density
of statesG(w) that is a standard procedure at the KDSOG-M spectrometer.

In both cases, a background spectrum determined in a separate empty-can measurement
under the same conditions was then subtracted from the obtained experimental spectrum.

The contributions from the multi-phonon neutron scattering (up to four-phonon
processes) were calculated in an harmonic isotropic approximation by the multiconvolution
of the one-phonon spectrum using an iterative technique [6]. Experimental data in the energy
range of the lattice and hydrogen optic modes (the spectra in this range were normalized to
1/m, wherem is the mass of hydrogen or deuterium atom) were used at the first iterative
step as the one-phonon spectrum. At the second and subsequent steps, the one-phonon
spectrum was assumed to be the difference between the experimental one and that resulting
from the calculated multi-phonon spectra (also normalized/t#)1 The convergence was
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reached in three iterations for both experimental spectra.

To take account of higher-order multi-phonon contributions, from= 5 to 20, the
Sjplander approximation was used [7]. This approximation is based on the fact that by
convoluting p times an arbitrary form function of energy, we obtain at lagpga Gaussian
(central limit theorem of probability theory) with a mean vallieand a variance\, which
are p times larger than the mean value and variance of the energy for the initial function.
The calculations using the @ander approximation take a much shorter computer time as
compared with the method from [6] and give similar results for lgsgespecially ifE and
A are of the same order of magnitude (in the case of aluminium trihydfide, 86 meV
and A = 33 meV).

3. The INS spectrum of AlH;

The experimental INS spectrusyQ, o) for the AlH; sample is shown in figure 2. The
spectrum mainly results from neutron scattering on the hydrogen atoms because of the
much higher scattering cross section of H atoms than of Al atoms. The measured interval
of energy transfer can be divided to three ranges: (i) the lower energy range, 0-44 meV,
presumably associated with in-phase vibrations of hydrogen atoms with heavier metal atoms
(‘lattice vibrations™); (ii) the range 62—-131 meV of hydrogen optic modes and (iii) the range
above 131 meV of multi-phonon processes.

~ .
[ =

A28 4l | T

20 300
energy, meV

Figure 2. The INS spectrumS(Q, w) of AlH3 (points) measured at TFXA at a sample
temperaturel’ = 25 K. The calculated multi-phonon contributions are shown as a dashed line.
The solid line is the difference between the experimental data and the calculated multi-phonon
spectrum.

As is seen from figure 2, the calculated line for the multi-phonon neutron scattering
satisfactorily describes the measured spectrum at 131 meV. A certain discrepancy
in the calculated and measured intensities is most probably due to the use of an isotropic
approximation in the calculations for vibrations of hydrogen atoms whereas these vibrations
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are very likely to be essentially anisotropic. At< 131 meV, the contribution from the
one-phonon scattering is dominant, and the error in its determination (as the difference
between the experimental and multi-phonon spectra) is of the order of the experimental
error.

The experimental INS spectrum and calculated one- and multi-phonon spectra were
transformed to the generalized vibrational density of states (GVDS) according to

f (0, w)» 1)
0?[n(w) +1]
wheren(w) is the Bose factor. The results are shown in figure 3.

As is seen from figure 3, the obtained one-phonon spectrum has a rather intensive
‘lattice’ part and sharp low-energy and high-energy cutoffs of the hydrogen optic band.
Both features are not characteristic of the phonon spectra of hydrides of other metals, for
example, those of V, Nb, Pd, Ti, Zr, Ce, La, Pr, Nd and Y with different hydrogen contents,
from H/Me = 0.5 to 3, see [2].
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Figure 3. The GVDSG(w) of AlH3 derived from theS(Q, w) experimental data (points), the
multi-phonon (dashed line) and the one-phonon (solid line) spectra.

The optic band in the one-phonon spectrum of Alsirather broad, about 70 meV. As
the positions of all hydrogen atoms in the crystal structure ofsAdke crystallographically
equivalent [1], the large width of the optic band suggests a large dispersion of the hydrogen
optic phonon branches and, consequently, large H-H force constants. On the other hand, five
peaks are clearly seen in the band (with maxima at 76, 104.7, 117.4, 122.9 and 127.6 meV)
and the three rightmost of them are very narrow which is indicative of the presence of
corresponding phonon branches with almost no dispersion.

The high intensity of the ‘lattice’ part of the AW spectrum indicates that the
eigenvectors of hydrogen atoms are large for these modes and the ‘lattice’ phonons should
be strongly mixed with the hydrogen optic modes [8].

In the ‘lattice’ region, there are three small peaks at 12.8, 18.9 and 29.5 meV and one
strong peak at 40.5 meV with a shoulder at 34.5 meV. The rightmost peak was positioned
rather high in energy and its intensity was large, so it was not clear whether the peak
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originated from aluminium modes or not. In fact, the rightmost peak in the GVDS spectrum
of pure aluminium is observed at lower energy, about 35 meV [9], though the shortest Al-Al
distance in aluminium metal is 13% smaller than in Alldo one could rather expect the
opposite effect. On the other hand, this 40.5 meV peak in the; Alpectrum might be
either a split part of the usual hydrogen optic vibrations or, for example, some kind of a
resonant-like hydrogen mode in the range close to ‘lattice vibrations’ of the metal atoms,
similar to those observed in Nikgs [10].

4. The INS spectrum of AlD;

A prospective means for better understanding the nature of the peak in question was the
investigation of the GVDS spectrum of AYDbecause the parts of the AJland AlH;
spectra which correspond to the hydrogen optic modes should exhibit nearly harmonic
isotopic behaviour and hence should nearly coincide if the spectrum of iliglotted as

a function of

w = wexp/\/ mp/my ~ wexp/\fz-

The points in figure 4 represent the GVDS of aluminium trideuteride as measured on
the KDSOG-M spectrometer. One can see that the shape of this experimental spectrum,
Gexp(w), essentially differs from the curve (d) representitigy) for AID3. Curve (d) was
calculated in an harmonic approximation using the experiméhia) of AlH 3 (shown partly
with points in figure 3) which was smoothed to allow for the different resolutions of the
TFXA and KDSOG-M spectrometers (this smoothed spectrum is referred @aas(w)
hereinafter). The difference between the curves (a) and (d) in the range of deuterium
optic vibrations and multi-phonon processes ¢ 42 meV) was obviously due to the
neutron scattering on approximately 1.5% of protium contained in the sample of aluminium
trideuteride. This contribution from the protium atoms was estimated by minimizing the
integral

2
I(ny,np) = / [Gexp(w) —n1-GaHz(@) —no - GAng(w/\/i)] dow (2

where integration was taken over the interval 42 to 140 meV andnd n, were the
parameters to be determined.

The obtained values of; andn, were used to plot the calculated spectra for the AlH
and AID; constituents of the studied aluminium deuteride (figure 4, curves (b) and (d)).
The ‘experimental’ spectrum of Alp(curve (c)) was then determined by subtracting the
contribution of AlH;, curve (b), from curve (a).

The hydrogen content of the studied aluminium trideuteride estimated from the ratio
of the intensities of the calculated hydrogen (curve (b)) and deuterium (curve (d)) optic
bands was equal to 1.3% which agreed with the value.®f10.5% given by the spectral
analysis. The hydrogen optic band of the ‘experimental’ spectrum o AdDrve (c), was
similar to that calculated in the harmonic approximation, curve (d) (the low-energy cutoffs
were exactly the same, the positions of the maxima of the main peaks were also close to
each other). These facts suggest that the protium atoms in the studied trideuteride formed
large clusters, because in the case of protium atoms being randomly distributed over the
sample volume their vibrational spectrum would noticeably differ from the spectrum of
AlH 3 crystal.

The one-phonon spectrum of Adllerived from the ‘experimental’ spectrum (figure 4,
curve (c)) is shown in figure 5 by curve (c). The peak corresponding to one observed at



2534 A | Kolesnikov et al

0 40 80 120 160
energy, mevV

Figure 4. The GVDS for aluminium deuteride: (a) th@exp(w) Spectrum as measured on
the KDSOG-M at 80 K; (b) the experimental spectrum of Alsmoothed using the resolution
function of the KDSOG-M spectrometeG (w) = n1 - Gang(w); (C) the difference between
the curves (a) and (b) considered as the GVDS for purezAi@d) the calculated spectrum
representing the GVDS for pure A{On an harmonic approximation; (w) = nz-GA|H3(w/\/§)
atw > 42 meV andG (w) = nz - GaH,(w/+/33/30) atw < 42 meV. The coefficients; and
ny are from equation (2).

40.5 meV in the spectrum of AlH(figure 3) is now at 37 meV. The ratio )37 ~ 1.095
for the positions of these peaks is much closer to the square root of the ‘molecular’ mass
ratio

Vmap,/mam, ~ /33/30 ~ 1.049
than to square root of the mass ratio for hydrogen isotopes,

Jmp/my ~ V2~ 141

The peaks should therefore be ascribed to the ‘lattice’ modes.

In order to compare the low-energy parts of tiéw) spectra for Al and AlHg, the
latter was plotted in figure 4 as a function of,/33/30 atw < 42 meV. As is seen,
the ‘lattice’ parts of the AlR and AlH; phonon spectra, curves (c) an (d), are noticeably
different. To account for this difference, one needs to admit that the corresponding force
constants (presumably, those of Al-Al interactions) responsible for the ‘lattice’ modes in
AID 3 are smaller than in Algl The observed softening of the ‘lattice’ modes in AID
is a little surprising because interatomic distances in A#ide smaller than in Alkl (the
lattice parameters are = 4431 A, ¢ = 11774 A for the deuteride and = 4.449 A,
¢ = 11.804A for the hydride [1]) which usually results in an increase of interatomic forces.
It is worth noting, however, that there is no energy gap between the ‘lattice’ and hydrogen
optic modes in the spectrum of AtDwhile such a gap exists in the case of Alitompare
figures 3 and 5). The overlapping of these ‘lattice’ and optic modes can result in their
strong interaction which manifests itself in the softening of the ‘lattice’ modes ins AID
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Figure 5. The GVDS of AID;: (a) derived from the experimental spectrum (curve (c) in
figure 4); (b) the multi-phonon contributions; (c) the one-phonon spectrum (the difference
between the curves (a) and (b)).

5. The heat capacity of AlH; and AlD3

The heat capacity at constant pressurg, of AlH; was studied experimentally within the
temperature interval 30—298 K [11]. Aluminium trihydride is dielectric and its heat capacity
is determined by the density of phonon staigs). We estimated (w) from the measured
G(w) and used it to calculate the lattice heat capacity at constant volGyi&,), to be
compared with the experimental,(T).
The g(w) spectrum was derived frorGé (w) as follows. Firstly, the one-phonofi(w)
spectrum (figure 3, solid line) was divided by the Debye—Waller factor,(exp3)0?),
where the value for hydrogen mean-square displaceneft,= 0.024 A2, was estimated
from the experimentad; () in a standard way [2]. Secondly, under the usual assumptions
[12] that g(w) x G(w) in the ‘lattice’ part of the vibrational spectrum and that the squares
of the hydrogen eigenvectors of the ‘lattice’ and hydrogen optic modes are different, but
energy independent, the areas under the ‘lattice’ and hydrogen optic parts of the spectrum
were normalized to 18 and 54 states in accordance with the number of corresponding modes.
The obtaineq; (w) is plotted in figure 6, curve (a). The heat capacity was calculated as

2
Co(T) = ky / <,<B“)T) 2(@) n(@) [n(w) + 1] do ®)

whereg(w) was assumed to be temperature independent.

The calculated”, (T') is shown in figure 7 as a solid line. The fitting of this dependence
to a7® form at7 < 15 K gave a value of 471 K for the Debye temperature of AlH

As is seen from figure 7, the calculat€y(T) curve agrees well with the experimental
C,(T) data from [11] at temperatures from 50 to 150 K. At higher temperatures, however,
it goes noticeably higher, though one could rather expect the opposite relation b&tyween
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Figure 6. The density of phonon stategw) of AlH3 (a) and AID; (b) obtained from the

experimental one-phono@ (w) spectra. The dashed curve shows the hydrogen optic band for
AID 3 derived fromg(w) of AlH3, curve (a), in the harmonic approximation.
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Figure 7. Temperature dependences of heat capacifiés). The points show the experimental
Cp(T) for AlH3 [11]. The lower and upper solid lines represe€ht(T) for AlH3z and AlD3
calculated according to equation (3) from the ‘experimental’ phonon density of states (curves
(a) and (b) in figure 6). The dashed line depi€tgT) for AID3 calculated using the phonon
spectrum represented by curve (c) in figure 6.

and C,. This disagreement, along with the errors resulting from the approximations used
to calculateC,, might also be due to the low purity, about 95 wt%, of the Alsahmple
measured in [11].

Similar calculations were also carried out for AlDThe g(w) spectrum of Al} derived
from the one-phonorG (w) spectrum (figure 5, curve (c)) is presented in figure 6, curve
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(b). The calculated”,(T') dependence is shown in figure 7 as a solid line.

As the obtained INS data for AlPwere not very reliable, especially in the region of
‘lattice’ vibrations, we decided to test the response of the calcul@iéd) dependence to
changes in thg(w) spectrum. For this purpose, a neMw) spectrum (figure 6, curve (c))
was composed for AIR It had the same ‘lattice’ part as the Adkspectrum (curve (a)
at w < 42 meV) whereas its hydrogen optic band (the dashed line at42 meV) was
obtained from that of the Alklspectrum in the harmonic approximation, i.e. the data for
AlH 3 were plotted as a function @ = a)exp/ﬁ and normalized so that the area under the
curve was equal to 54 states.

The C,(T) dependence for AIp calculated using this compoung{w) is shown in
figure 7 as a dashed line. At low temperatures, below about 50 K, where the contribution
from the ‘lattice’ vibrations is dominant, this dependence practically coincides with the
dependence for Algl because they were both calculated using the same ‘lattice’ part of
g(w). At higher temperatures, the contribution from the hydrogen optic vibrations begins to
dominate the ‘lattice’ one, and the difference between the@w@’) dependences calculated
for AID 3 does not exceed a few per cent within the temperature interval 100-300 K.

One could hardly expect that more accurate INS measurements would resgtdn a
spectrum of Al which deviates from curve (b) much more than curve (c) does. So, in the
framework of the approximations used, the curves for Alifigure 7 should satisfactorily
represent its heat capacity at moderate temperatures.

6. Conclusions

As aluminium trihydride is thermodynamically unstable under normal conditions [3] and
can hardly be prepared in the form of a large enough single crystal, the powder INS data
are most informative for modelling its lattice dynamics. The INS spectrum of; Aids
measured in the present work with resolution and statistics sufficient to reveal rather strong
and narrow peaks in both ‘lattice’ and hydrogen optic bands, see figure 3, which is very
helpful in finding reliable force constants etc. The Aletystal, however, has 24 atoms in

the unit cell, so the total number of phonon modes is 72. This is too many for constructing
an unambiguous model on the basis of the available INS data.

The necessary additional information about the lattice dynamics of; Aftight be
obtained from the INS investigations at high pressures. According to the x-ray and neutron
diffraction data [13, 14], the crystal lattice of aluminium trihydride (figure 1) contracts
mainly in the basal plane as the pressure increases. All Al-H nearest distances and
the H—H nearest distances between hydrogens in different planes remain approximately
unchanged, whereas the H-H distances between neighbouring hydrogens belonging to one
plane decrease and approach those for hydrogens in different planes. The data of high
pressure INS measurements will thus allow the tracing of the effect of changing some
interactions with the others being fixed. The experiment is in progress now.
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